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Difluoroester solvent toward fast-rate anion-
intercalation lithium metal batteries under
extreme conditions

Yao Wang1,3, Shuyu Dong2,3, Yifu Gao1, Pui-Kit Lee2, Yao Tian1, Yuefeng Meng1,
Xia Hu1, Xin Zhao1, Baohua Li 1, Dong Zhou 1 & Feiyu Kang1

Anion-intercalation lithium metal batteries (AILMBs) are appealing due to their
low cost and fast intercalation/de-intercalation kinetics of graphite cathodes.
However, the safety and cycliability of existing AILMBs are constrained by the
scarcity of compatible electrolytes. Herein, we showcase that a difluoroester
can be applied as electrolyte solvent to realize high-performance AILMBs,
which not only endows high oxidation resistance, but also efficiently tunes the
solvation shell to enable highly reversible and kinetically fast cathode reaction
beyond the trifluoro counterpart. The difluoroester-based electrolyte
demonstrates nonflammability, high ionic conductivity, and electrochemical
stability, along with excellent electrode compatibility. The Li| |graphite AILMBs
reach a high durability of 10000 cycles with only a 0.00128% capacity loss per
cycle under fast-cycling of 1 A g−1, and retain ~63% of room-temperature
capacity when discharging at −65 °C, meanwhile supply stable power output
under deformation and overcharge conditions. The electrolyte design paves a
promising path toward fast-rate, low-temperature, durable, and safe AILMBs.

Facing formidable environmental challenge, substantial progress in
battery technology is paramount for enabling a transformative shift in
energy paradigms, ultimately aiming for a society with reduced carbon
footprints. As a promising candidate for next-generation battery sys-
tem that offers higher energy density, lithium (Li) metal batteries
(LMBs) are highly pursued owing to the unparalleled theoretical spe-
cific capacity (3860 mAh g−1) and the lowest redox potential (−3.04 V
vs. standard hydrogen electrode) of Li metal anodes1–3. However, the
practical implementation of LMBs has been plagued by the prevailing
transition metal oxide-based cathodes, which not only suffer from high
costs and raise concerns of an economically and geopolitically con-
strained supply, but also exhibit sluggish intercalation/de-intercalation
kinetics and limited lifespan arising from cathode structure dete-
rioration (e.g., transition metal dissolution, gas evolution)4. The later
issues will be further exacerbated under fast-rate and low-temperature
operating conditions2. Therefore, it is essential to eliminate transition

metal elements from cathode materials and thus, re-design battery
chemistry for the developments of LMBs. In this regard, anion-
intercalation LMBs (AILMB) have emerged by replacing the Li+-hosting
transition-metal oxide cathodes with cost-efficient graphitic carbons
as anion hosts5,6. In contrast to the “rocking-chair” mechanism in tra-
ditional LMBs based on transition-metal oxide cathodes, the simulta-
neous redox process on both the anion-intercalation cathode and
cation-plating anode in AILMBs potentially weakens the de-solvation
barrier, endowing this battery system with fast-rate and low-
temperature characteristics7. However, the high operating voltage (5
V-class vs. Li/Li+) of the anion-intercalation chemistry at graphite
cathodes causes irreversible side reactions with conventional electro-
lytes, leading to the formation of high-resistance cathode|electrolyte
interphase (CEI) on the cathode surface which seriously inhibits anion
insertion8–10. Moreover, the substantial and repeated cathode volume
change (>130%) and the co-intercalation of solvent molecules trigger
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an exfoliation of graphite layers during cycling, significantly deterior-
ating the graphite cathode structure11. As for the Li metal anode, the
fragile solid electrolyte interphase (SEI) and uncontrollable dendrite
growth during cycling results in low Coulombic efficiency (CE) and
even catastrophic safety issues (e.g., internal short circuit)3,12,13. These
drawbacks lead to the degraded cycle life and serious self-discharge in
existing AILMBs8,14.

Electrolyte engineering is promising for enhancing the electrode|
electrolyte compatibility, thereby achieving durable AILMBs. Ether-
based electrolytes have been widely employed in traditional LMBs due
to their relatively low reactivity with Li metal15,16. Nevertheless, they are
incompatible with anion-intercalation cathodes because of their
intrinsic oxidative instability at high voltage (<4 V vs. Li+/Li)15,17. In
contrast, linear carbonates represented by ethyl methyl carbonate
(EMC) endow a reversible anion intercalation/deintercalation on gra-
phite cathode in AILMBs. However, the safety concerns originating
from their high flammability, the insufficient stability of linear carbo-
nates toward Li metal anode together with solvent co-intercalation on
the cathode, remain to be solved18,19. Although applying high-
concentration salt can alleviate above issues via reducing the propor-
tion of free solvent molecules, the high salt cost along with high
viscosity and poor electrode wettability of such concentrated elec-
trolytes significantly restrict the application feasibility20,21. Recently,
ester solvents have been widely utilized to enhance the low-
temperature and fast-charging performance of Li-ion batteries bene-
fiting from their low freezing points and low viscosities22,23. However,
their poor compatibility with Li metal anode and limited oxidation
stability (<4.7 V vs. Li+/Li) greatly block their application in AILMBs24; to
the best of our knowledge, the esters have not been reported as a
solvent in AILMB system yet. Thereby, designing highly compatible
electrolyte systems for safe, durable, fast-charging, and low-
temperature AILMBs remains a significant challenge.

Herein, we systematically investigated a family of fluorinated
esters as the solvent for the electrolytes of AILMBs. Our findings reveal
that fluorination to ester molecules effectively enhances both the anti-
oxidative property and stability with Li anode. Unexpectedly, as ver-
ified by computational modeling and experimental results, compared
with the trifluoro (-CF3) counterpart, the difluoroester (-CHF2) effec-
tively attenuates the anion-solvent interactions, thereby reducing
corresponding anion de-solvation kinetic barrier and suppressing
solvent co-intercalation into graphite cathodes. This balanced elec-
trolyte design enables highly reversible and kinetically fast anion
intercalation. The difluoro 2,2-difluroethyl acetate (DFEA)-based elec-
trolyte demonstrates high ionic conductivity (7.2 mS cm−1, 25 °C),
remarkable electrochemical stability (up to 5.5 V vs. Li+/Li), excellent
compatibility with the Li metal anode and high safety without com-
bustion concerns. Under fast-cycling condition of 1 A g−1, the as-
developed AILMB exhibits record-high durability of 10,000 cycles with
a capacity retention of 88.0% (with negligible capacity fade of
0.00128% per cycle only), much beyond the reported LMBs based on
LiFePO4 (LFP) or LiNi0.8Co0.1Mn0.1O2 (NCM811) cathodes. More
importantly, this AILMB remains ~63% of room-temperature (RT, 25 °C)
capacity when discharging at −65 °C, and offers steady power output
of pouch cells under abusive conditions (e.g., deformation and over-
charge). This work represents a significant advancement in LMB per-
formance and is particularly advantageous for applications in extreme
conditions (e.g., fast-charging electric vehicles, aerospace and polar
region devices).

Results
Screen of ester solvents and investigation on anion-intercalation
It is known that despite the merits including appropriate dielectric
constant (6.02), low viscosity (0.45 mPa s), and low melting point
(−84 °C)22, ethyl acetate (EA) exhibits large overpotential and poor Li
stability in LMBs originating from the high de-solvation energy and the

inability to form a protective SEI, respectively22. Besides, as seen from
inset of Fig. 1a, the 1.2 M LiPF6 salt in EA electrolyte demonstrates high
flammability with a self-extinguishing time (SET) of 110 s g−1 due to the
high volatility of EA solvent. More seriously, the EA-based electrolyte
fails to support the anion-intercalation chemistry on the graphite
cathode. During the initial charging process at 20 mA g−1 (0.2 C) in an
AIMIB, this electrolyte exhibits an abnormal charging profile, char-
acterized by a large irreversible charging capacity and an inability to
reach the cutoff voltage of 5.2 V, which can be attributed to the con-
tinuous electrolyte decomposition (Fig. 1b, left panel). No distinct
position change of the graphite (002) peak is observed in the X-ray
diffraction (XRD) pattern (Fig. 1b), suggesting a constant graphite
d(002) spacing (0.336 nm, Fig. 1c) caused by the blocked PF6

− anion
intercalation by the tick, non-uniform CEI as oxidative product of
electrolyte (5.7 to 8.1 nm, Fig. 1c). To tackle this issue, the terminal
methyl group (-CH3) of the EA molecule was functionalized to an
electron-withdrawing -CF3 group, thereby enhancing both the Li metal
compatibility and anti-oxidative stability (Fig. 1d). The as-obtained
1.2 M LiPF6 salt in 2,2,2-trifluoroethyl acetate (TFEA) electrolyte deli-
vers nonflammable properties with a SET of 0 s (inset of Fig. 1d). Fur-
thermore, the TFEA-based electrolyte facilitates a reversible anion
intercalation into/de-intercalation from the graphite host, as evi-
denced by the multiple voltage plateaus on the charge-discharge curve
with a CE of 53.8% (the left panel of Fig. 1e) and redox peaks during the
initial cyclic voltammetry (CV) curve (Supplementary Fig. 1a). Notably,
the d(002) diffraction peak of graphite cathode progressively shifts to
23.9° (i.e., an interlayer spacing of 0.373 nm) upon charging to 5.2 V,
whereas for the fully discharged state, the appearance of a distinct
shoulder peak at lower angle implies incomplete PF6

− extraction or
graphite expansion caused by solvent co-intercalation (the right panel
of Fig. 1e and Supplementary Fig. 2). This phenomenon was verified by
the irreversible lattice structure change of the distorted graphite
cathode after 1st cycle, even though a thinner (~2.8 nm) and more
uniform CEI is formed compared to the EA-based electrolyte (Fig. 1f).
As revealed by the in-depth X-ray photoelectron spectroscopy (XPS)
analysis, the graphite cathode after tested in EA electrolyte displays
increasing amounts of organic species including C-O, C = O, ROCO2Li
and Li2CO3 (Supplementary Fig. 3a), as the accumulated decomposi-
tion products of EA solvent. Besides, large amounts of LiF and LixPOyFz

species are observed in the core F 1 s spectrum due to the LiPF6

decomposition (Supplementary Fig. 4a). In contrast, the TFEA elec-
trolyte achieves reduced amount of these components for the cycled
cathode (Supplementary Figs. 3b and 4b), confirming alleviated side
reactions between the electrolyte and graphite electrode.

Subsequently, the degree of fluorination was tuned by transi-
tioning from -CF3 groups to -CHF2, resulting in a more stable solvent,
DFEA (Fig. 1g). The asymmetric -CHF2 group contains a local dipole,
which enhances Li+ solvation and reduces PF6

− coordination compared
to the symmetric -CF3 group, as discussed later. The commonly used
fluoroethylene carbonate (FEC, 10 wt%) was added to the 1.2 M LiPF6

salt in DFEA electrolyte (Supplementary Fig. 5), henceforth referred to
as DFEA-based electrolyte. In addition to inheriting the high non-
flammability from the TFEA (inset of Fig. 1g), the DFEA-based electro-
lyte enables a reversible anion de-/intercalation process on the gra-
phite host (Supplementary Fig. 1b, c) with an improved CE of 82.0%
(the left panel of Fig. 1f). The interlayer spacing of the graphite cathode
expands to 0.370 nm at the fully charged state, and reversibly reverts
to 0.337 nm upon discharging to 3.0 V (Fig. 1h and Supplementary
Fig. 2). This illustrates that the application of DFEA solvent efficiently
precludes solvent co-intercalation. The transmission electron micro-
scope (TEM) image shows that the high resistance of DFEA to oxidation
contributes to an in situ construction of a uniform and thin (~1.4 nm)
CEI with reduced resistance for ion migration (Fig. 1i). The uniformity
stability of the formed CEI was further verified by the XPS depth pro-
filing, showing no obvious evolution in the LiF and LixPOyFz contents as
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the etching time was increased (Supplementary Fig. 4c). In addition,
amounts of products derived from solvent decomposition was sig-
nificantly reduced (Supplementary Fig. 3c). All these verify the super-
iority of DFEA in developing durable AILMBs.

Electrochemical performance of the anion-intercalation Li metal
batteries
Li| |graphite AILMBs were assembled to assess their cycling perfor-
mance under a high cycling current density of 1 A g−1 (corresponding to
10 C, 1 C = 100 mAh g−1 based on the mass of graphite active material)
at 25 °C. Li| |LFP LMBs using a commercial electrolyte of 1.2 M LiPF6 salt
in ethylene carbonate (EC)/diethyl carbonate (DEC) (denoted as EC/
DEC electrolyte) were used for performance comparison (Fig. 2a). It is
seen that the Li| |LFP cell exhibits a 47.6% capacity retention after 3000
cycles (Supplementary Fig. 6), associating with a huge polarization
increase upon cycling (Supplementary Fig. 7a). The AILMB with TFEA
electrolyte delivers an initial discharge capacity of ~85.7 mAh g−1, which
gradually declines to ~24.1 mAh g−1 at the 500th cycle (Fig. 2a, b),
accompanied by a noticeable growing polarization (Supplementary
Fig. 7b) and low CE. This short lifetime is primarily caused by structural
deterioration of graphite cathode (Supplementary Fig. 8a, seen from
the wrinkled thin sheets) caused by solvent co-intercalation. In sharp
contrast, the DFEA-based electrolyte effectively alleviates the rise in
cell polarization (Supplementary Fig. 7c), ensuring the preservation of
voltage platforms with minimal deviation upon cycling. Furthermore,
the average CE is as high as ~99.7% over 10,000 cycles, benefiting from

the protective effect of interphases on both the graphite cathode and
the Li metal anode. Notably, the cycled graphite electrode displays a
well-maintained structural integrity with laminar microstructure
(Supplementary Fig. 8b). Consequently, the AILMB operates stably for
10,000 cycles with a capacity retention of 88.0% and negligible capa-
city fade of 0.00128% per cycle. To the best of our knowledge, this
work shows improved fast-cycling stability compared to LMBs based
on LFP or NCM811 cathodes and other AILMBs (Supplementary
Table 1).

Furthermore, cells employing the DFEA-based electrolyte
demonstrate an exceptional rate performance (Fig. 2c and Supple-
mentary Fig. 9a), with retentions as high as ~93.0%, ~89.7%, and ~83.4%
of the maximum capacity at 0.5 A g−1 when the cycling rate increases to
6 A g−1, 7 A g−1, and 8 A g−1, respectively (Fig. 2d). This remarkable ultra-
fast rate capability suggests that the PF6

–anion de-/intercalation pro-
cesses from/into the graphite cathode is facile and highly reversible in
the DFEA-based electrolyte. In contrast, the TFEA electrolyte provides
rapid capacity decay at current densities higher than 1 A g−1, associated
with an increased cell polarization (Supplementary Fig. 9b). Although
LFP-based LMB is capable of achieving higher capacities at low current
rates (i.e., 0.1–1 A g−1), the reversible capacity is much inferior to that of
AILMB when the current density exceeds 1.5 A g−1, with capacity
retention of only 39% and 36.5% at 7 A g−1 and 8 A g−1, respectively
(Fig. 2c, d). The rapid capacity decay is ascribed to the growing cell
polarization with increased current density (Supplementary Fig. 9c).
The AILMB delivers a substantially shorter charging time of ~5.5 min to
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Fig. 1 | Investigation of esters on anion-intercalation. Molecule structure and
characteristics of (a) EA, (d) TFEA and (g) DFEA. Combustion tests for electrolyte
samples are shown in the insets. Intensity contour maps obtained from the ex-situ
XRD patterns of Li| |graphite cells during initial charge-discharge processes at

20 mA g−1 using (b) EA, (e) TFEA and (h) DFEA (with 10 wt% FEC) electrolytes. The
corresponding voltage-testing time curves are shown on the left panels. TEM
images of the graphite cathodes after the 1st cycle in (c) EA, (f) TFEA, and (i) DFEA
(with 10 wt% FEC) electrolytes.
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reach a 100% state-of-charge (SOC, i.e., the maximum reversible
capacity), compared to ~1.4 h and ~1.8 h required for the LFP-based and
NCM 811-based LMBs (Supplementary Fig. 10), respectively. The
charging time of this AILMB can be further reduced to within 1 min
when reaching a 90% SOC (Fig. 2e). These results suggest that the
anion-intercalation cathode chemistry effectively enhances the high-
rate capability of LMBs, which is among the best performance reported
for fast-charging LMBs (Supplementary Table 2).

The parasitic reactions on the graphite surface of AILMBs at
charged state were further examined by potentiostatic tests (Fig. 2f).
The cells were pre-cycled at 20 mA g−1 for three cycles, followed by
charged to and maintained at a constant voltage of 5.1, 5.2, and 5.3 V for
10 h, subsequently. Notably, as the voltage is raised, the cell with TFEA
electrolyte exhibits much higher leakage currents compared to that
with the DFEA-based electrolyte. The AILMB with TFEA-based elec-
trolyte displays a leakage current of ~0.03 mA at 5.3 V, mainly attrib-
uted to the serious side reactions between graphite cathode with co-
intercalated solvent. In contrast, the DFEA-based electrolyte effectively

stabilizes the graphite cathode even at 5.3 V. Above excellent long-
term durability and ultrafast-cycling capability infer that the DFEA-
based electrolyte greatly facilitates the electrode reaction kinetics in
AILMBs.

Physicochemical properties and coordination chemistry of
electrolytes
Density functional theory (DFT) simulations were conducted to assess
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energies of EA, TFEA, and DFEA
solvent molecules with various degree of fluorination. As depicted in
Fig. 3a, TFEA (−8.1 eV) and DFEA (−8.0 eV) exhibit reduced HOMO
energy levels compared to EA (−7.7 eV), suggesting superior anti-
oxidative resistance due to the incorporation of electron-withdrawing
fluorine atoms into the solvent structure25. This result was further
confirmed by the anti-oxidative stability of electrolytes evaluated via
linear sweeping voltammetry (LSV) on a Pt electrode. As expected,
compared with the EA electrolyte with an oxidation potential of 4.6 V
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vs. Li/Li+, both TFEA and DFEA-based electrolytes remain stable up to
5.5 V, satisfying the need of high-voltage anion-intercalation cathode
(Fig. 3b). Meanwhile, TFEA and DFEA also display a decline of LUMO
levels (−0.22 eV and −0.13 eV, respectively) compared with EA, bene-
fiting their preferential reduction on Li metal anodes to form robust
SEI layers. To verify the ion-solvent coordination environment in
electrolytes, the electrostatic potential (ESP) distribution of solvent
molecules (Supplementary Fig. 11) and binding energies of both Li+-
solvent complexes and PF6

−-solvent complexes were calculated by DFT
(Fig. 3c and Supplementary Fig. 12a–c). It is seen that the DFEA mole-
cule exhibits stronger binding energy with Li+ (−101.27 kJ mol−1 vs.
−96.46 kJ mol−1) but weaker binding energy (−9.84 kJ mol−1 vs.
−17.95 kJ mol−1) with PF6

− compared to the TFEA. This is consistent with
the ESP results (Supplementary Fig. 11), suggesting a weakened DFEA-
PF6

− interaction which reduces the corresponding anion de-solvation
kinetic barriers and suppresses the co-intercalation of solvents during
the charging process of AILMB. In addition, the DFEA-Li+ interaction is
enhanced due to the existence of local dipole on the -CHF2 (Supple-
mentary Fig. 12d–h), which is similar to the recent report by Bao et al. 3.
Solvation energy (ΔGsol) values of the electrolytes were further deter-
mined using a homemade H-type cell to investigate the solvation
structures (Supplementary Fig. 13)26. The DFEA-based electrolyte
exhibits a much lower ΔGsol (2.83 kJ mol−1) compared to the TFEA
electrolyte (10.64 kJ mol−1, Fig. 3c), further confirming the stronger

coordination between Li ions and DFEA, which promotes the Li salt
dissociation and thus gives rise to a higher ionic conductivity of DFEA-
based electrolyte (7.2 mS cm−1 at 25 °C) than the TFEA-based electro-
lyte (2.5 mS cm−1 at 25 °C). Moreover, the Li+ transference number of
DFEA-based electrolyte (0.49, Supplementary Fig. 14 and Supplemen-
tary Table 3) is quite close to 0.5, which is beneficial to balance the
active ions in the AILMBs.

Raman vibrational spectroscopy was applied to get an in-depth
understanding of the electrolyte solvation structures (Fig. 3d). Two
peaks at approximately 741 and 749 cm–1 are attributed to the solvent-
separated ion pair (SSIP, i.e., uncoordinated PF6

−) and the contact ion
pairs (CIPs, i.e., PF6

− ions interacting with one Li+ ion)/aggregates
(AGGs, i.e., PF6

− ions interacting with two or more Li+ ions),
respectively27. The peak at around 729 cm–1 is assigned to the FEC
(Supplementary Fig. 15). Compared with the TFEA-based electrolyte,
the weaker CIP/AGG peak for DFEA-based electrolyte indicates that
PF6

– anions predominately exist in the form of SSIP, enhancing the fast
ion transport. This can be further validated by molecular dynamics
(MD) simulations. The MD snapshot in Supplementary Fig. 16a reveals
that TFEA electrolyte displays a CIP/AGG-rich structure, where 1.22
PF6

− coordinate to one Li+ based on the radial distribution functions
result (Fig. 3e). In contrast, the difluoro DFEA facilitates a SSIP-rich
electrolyte structure (Supplementary Fig. 16b), with 0.35 PF6

− coordi-
nating to one Li+ (Fig. 3e). Moreover, it is seen that the solvated PF6
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TFEA

710 720 730 740 750 760 770

DFEA

3 4 5 6
0

100

200

300 EA
 TFEA
DFEA

C
ur

re
nt

 d
en

si
ty

 (u
A 

cm
−2

)

Voltage (V vs. Li/Li+)

-9.0

-8.4

-7.8

0.0

0.6

1.2

En
er

gy
 le

ve
l (

eV
)

EA DFEA TFEA

LUMO

HOMO

Raman shift (cm-1)

In
te

ns
ity

( a
.u

.)

FEC

SSIP

CIP/AGG

a b

c d

e f

0

−5

−10

−15

−20
Binding energy

Bi
nd

in
g

en
er

gy
 (k

J 
m

ol
−1

)

TFEA DFEA
0
2
4
6
8
10
12
14

ΔGsolv

ΔG
so

lv
(k

J 
m

ol
−1

)

0 2 4 6 8 10
0

1

2

3

4

5 PPF6--CH3/CH2 (TFEA)

PPF6--CH3/CH2 (DFEA)
g(
r )

r / Å
0

3

6

9

12

15

C
oo

rid
in

at
io

n
nu

m
be

r

0 2 4 6 8 10
0

3

6

9

12

15

18

g(
r)

r / Å

Li+-PPF6- (TFEA)

Li+-PPF6- (DFEA)

0

1

2

3

4
C

oo
rid

in
at

io
n

nu
m

be
r

Fig. 3 | Electrolyte properties and coordination chemistry. a LUMO and HOMO
energy values of the EA, DFEA, and TFEA solvent molecules. The molecular struc-
tures and corresponding visual LUMO and HOMO geometry structures are shown
in the insets. Gray, white, red, and green balls represent carbon, hydrogen, oxygen,
and fluorine atoms, respectively. b LSV curves of the electrolytes at a scan rate of
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TFEA and DFEA solvents, and binding energies of PF6
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molecules. d Raman spectra of TFEA and DFEA-based electrolytes. e Li+ and (f) PF6
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RDF obtained from MD simulations of TFEA and DFEA-based electrolytes. Solid
lines represent g(r) while dashed lines represent coordination number.
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distinctly coordinated with the -CH3/CH2 groups on the fluorinated
solvent molecules, confirming the synergetic solvation environment of
PF6

− (Fig. 3f). This result further verifies the balanced solvation affinity
and salt dissociation of DFEA-based electrolyte, which is expected to
achieve rapid de-solvation and fast ion migration of both PF6

− and
Li+ ions.

Interfacial compatibility between electrolyte and the Li
metal anode
The Li plating/stripping cycling behavior was investigated using Li| |Li
symmetric cells at a constant current of 0.5 mA cm−2 (Fig. 4a). The cell
employing EC/DEC electrolyte exhibits a substantial increase in over-
potential upon cycling (302 mV at 1400 h), in stark contrast to the
lower overpotential and extended lifespan (16.5 mV at 3000 h)
achieved in the DFEA-based electrolyte (inset in Fig. 4a). Electro-
chemical impedance spectra (EIS) of symmetric Li| |Li cells were con-
ducted upon cycling to monitor the interfacial resistance, and thus, the
distribution of relaxation times (DRT) analysis was derived. The peak
located at ~10−6 to 10−4 s represents the SEI, while the peak at ~10−4 to
10−2 s is related to transfer process28,29. It is seen that the integrated area

of these two peaks for the cell using EC/DEC electrolyte increases
remarkably with cycling (insets in the Fig. 4b and Supplementary
Fig. 17), which is attributed to the thickening of highly resistive SEI on
the Li metal and thus leading to rapid cell failure. On the contrary, the
cell with DFEA-based electrolyte exhibits much smaller integral area
values with slight variations as cycling, primarily due to the formation
of a stable and highly conductive SEI against detrimental parasitic
reactions (Fig. 4b and Supplementary Fig. 17). Moreover, the ability of
the DFEA-based electrolyte to stabilize Li metal becomes more pro-
nounced when increasing the plating/stripping current densities. At an
improved current density of 1 mA cm−2 with a cycling capacity of
1 mAh cm−2, a reduced lifespan is observed for the symmetric cell with
EC/DEC electrolyte, with the overpotential rising to 777 mV after only
750 h (Supplementary Fig. 18). Impressively, DFEA-based electrolyte
exhibits much smaller overpotential and negligible fluctuation upon
repeated plating/stripping processes (~80.0 mV at 1660 h). Moreover,
upon further increasing the plating/stripping areal capacities, the Li| |Li
cells employing DFEA-based electrolyte still demonstrate significant
improvements in the cycling capability with areal capacities of
3 mAh cm−2 (930 h and 300 h at 1 mA cm−2 and 3 mA cm−2, respectively)
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and 4 mAh cm−2 (730 h and 500 h at 1 mA cm−2 and 2 mA cm−2,
respectively; Supplementary Fig. 19). These results represent a com-
pelling advancement comparable with reported electrolytes (Supple-
mentary Table 4). The Li| |Li cell with DFEA-based electrolyte
consistently exhibits low and stable overpotential within a wide range
of current densities from 0.5 to 5 mA cm−2, while substantial voltage
fluctuation emerges in the cell using EC/DEC commercial electrolyte,
especially when increasing the current density to 5 mA cm−2 (Fig. 4c).
This further confirms that the DFEA-based electrolyte enables fast Li+

migration and robust SEI formation.
EIS measurements of the Li| |Li cells after 20 cycles were con-

ducted at various temperatures, and subsequently fitted by an
equivalent circuit to calculate the activation energy (Ea) values (Sup-
plementary Fig. 20 and Supplementary Table 5). It is seen that Ea values
of SEI (Rsei) and charge transfer (Rct) resistances of the cell using DFEA-
based electrolyte are much lower than that using EC/DEC electrolyte
(43.70 vs. 67.56 kJ mol−1, Fig. 4d; and 48.19 vs. 68.06 kJ mol−1, Supple-
mentary Fig. 21, respectively). The former indicates that the SEI derived
from DFEA-based electrolyte is advantageous for rapid Li+ transport,
meanwhile the later verifies that the DFEA-based electrolyte facilitates
Li+ de-solvation from the ion pairs. The stability of the electrolytes
toward Li metal anodes was further estimated by the average Li plat-
ing/stripping Coulombic efficiency (CEavg) of Li| |Cu asymmetric cells30.
The CEavg of DFEA-based electrolyte (99.0%) is dramatically higher

than the cell using EC/DEC electrolyte (81.4%, Supplementary Fig. 22).
This phenomenon is associated with the Li deposition morphology on
Cu foil presented by field emission scanning electron microscope (FE-
SEM). As observed from Fig. 4e, the EC/DEC electrolyte shows a highly
loose and dendritic Li deposition structure with a thickness of 18.7μm,
far exceeding the theoretical value (about 4.85μm) and leading to the
low CEavg. In comparison, the DFEA-based electrolyte contributes to a
compact Li deposit as aggregated large bulks, with a thickness
(approximately 6.8μm) quite close to the theoretical value (Fig. 4f).
This dendrite-free morphology is beneficial for achieving high CEavg

and long Li cycling stability.
The microstructures of SEI shells onto a Cu grid from Li| |Cu cells

(after 20 cycles and finishing with a charge process) were character-
ized via TEM. As displayed in Fig. 5a, for the SEI forming in the presence
of EC/DEC-based electrolyte, Li2O ((111) plane, 2.74 Å) and Li2CO3 ((111)
plane, 3.1 Å) nanoparticles dispersing within an amorphous SEI matrix
mainly resulting from the decomposition of EC/DEC solvents. Upon
cycling in the DFEA-based electrolyte (Fig. 5b), in contrast, the lattice
spacing of 2.05 and 2.36 Å are well matched with the (200) and (111)
crystal planes of LiF nanoparticles. This LiF-rich SEI is believed to sta-
bilize the Li|electrolyte interphase, and promote uniform Li plating
during cycling. Time-of-flight secondary ion mass spectrometry (TOF-
SIMS) characterizations were further performed to verify the compo-
sition/structural evolution of the SEI. It is seen that in the EC/DEC
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electrolyte, C2H
− (mass charge ratio (m/z) = 25, as fragments of the

organic products, Fig. 5c) and LiF2
− (m/z = 45, fragment of LiF, Fig. 5d)

signals were clearly observed throughout the 400 s-depth profiling,
suggesting the formation of a thick SEI with the layer thickness
exceeding 80 nm. However, the intensity of C2H

− and LiF2
− almost

disappeared in DFEA-based electrolyte after sputtering for 35 s and
90 s, respectively. This indicates that the DFEA-based electrolyte
contributes to a thinner SEI (around 18 nm) enriched in LiF, facilitating
both rapid transport and uniform deposition of Li+. The roughness and
thickness of the SEI were examined by atomic force microscopy (AFM).
As demonstrated in the inset of Fig. 5e, the plated Li in EC/DEC elec-
trolyte exhibits a rough surface with an average roughness of ~290 nm,
considerably higher than the value of ~80.9 nm in the DFEA-based
electrolyte (inset of the Fig. 5f). In addition, the Young’s modulus of the
SEI derived from the DFEA-based electrolyte (1500 MPa, Fig. 5f) is
much higher than that formed in the EC/DEC electrolyte (749 MPa,
Fig. 5e), mainly attributes to the abundant LiF species with high shear
modulus (~55.1 GPa, nearly 11 times higher than that of Li metal31) as the
decomposition product of both LiPF6 salt and fluoride solvent in the
SEI. This robust LiF-enriched SEI in the DFEA-based electrolyte is
advantageous for improving the interfacial energy and durability
against the dramatic volume change during cycling32, thus resulting in
the superior Li plating/stripping performance in Fig. 4. Notably, it is the
combined effect of FEC and DFEA that endows the Li| |Li cell with long-
term cycling stability (Supplementary Fig. 23a, b). Both FEC and DFEA
solvent contribute to the LiF-rich SEI on the Li metal, while the FEC
addition effectively suppress the excessive decomposition of DFEA
solvent (Supplementary Figs. 24 and 25). Furthermore, it is the DFEA
solvent, rather than the FEC addition, that supports the reversible
cathode reaction (Supplementary Fig. 23c, d).

Low-temperature performance and battery safety evaluation
The ionic conductivities of the EC/DEC and DFEA-based electrolytes
were compared to verify the feasibility of DFEA-based electrolyte in
developing low-temperature AILMBs. As expected, the DFEA-based
electrolyte exhibits high ionic conductivity (0.1–10.9 mS cm−1) across a
wide range of temperature (−60 to +60 °C, Supplementary Fig. 26),
mainly due to its wide liquid range (as seen from the differential
scanning calorimetry (DSC) measurement in Fig. 6a, where no phase
change is observed within the temperature range from −80 °C to
+90 °C) and balanced solvation affinity. In contrast, the EC/DEC elec-
trolyte experiences a sudden decline in the ionic conductivity as the
temperature drops below −20 °C, attributing to the electrolyte solidi-
fication which can be validated by the two distinct endothermic peaks
at around −2.4 °C and −17.2 °C in the DSC curve (Fig. 6a). The low-
temperature cycling performance of Li|DFEA-based electrolyte|gra-
phite AILMB and Li|EC/DEC electrolyte|LFP LMB were assessed at
−20 °C, employing the constant-current-constant-voltage (CCCV)
model for charging process with a current density of 100 mA g−1, fol-
lowed by discharging at 500 mA g−1. (Fig. 6b). The AILMB yields a
remarkable cycle stability with a remaining capacity of ~80 mAh g−1

over 3000 cycles without capacity degradation, the low-polarization
voltage curves indicating a fast and reversible reaction kinetics of PF6

−

and Li+ at low temperature (Supplementary Fig. 27a). Even at an ultra-
high discharge current density of 8 A g−1 (i.e., 80 C) under −20 °C, the
AILMB retains 87.7% of its maximum capacity at 0.1 A g−1 (Supple-
mentary Fig. 28). The conventional Li| |LFP LMB, however, delivers a
low reversible capacity of only ~34.0 mAh g−1 in the initial cycle (Sup-
plementary Fig. 27b), and subsequently suffers from battery failure
within 4 cycles due to electrolyte freezing (Inset of Fig. 6b). It is noted
that even changing the conventional carbonate-based electrolyte to
ether-based electrolytes (Supplementary Fig. 29), the Li| |LFP LMB still
exhibits much lower reversible capacity in comparison with AILMB
using DFEA-based electrolyte at −20 °C. Above findings indicate that
the fast migration/reaction kinetics of both cations and anions in

AILMBs is pivotal in enhancing low-temperature applicability of LMBs.
Moreover, the AILMB with DFEA-based electrolyte was cycled at var-
ious temperatures, as displayed in Fig. 6c. The AILMB retains 97%, 89%,
81%, 72%, 68%, 61%, and 51.5% of its RT capacity when cycled at 10, 0,
−10, −20, −30, −40 and −50 °C, respectively. The clear discharge pla-
teaus from charge/discharge curves at −50 °C illustrate the fast elec-
trode reaction kinetics (Supplementary Fig. 30). Notably, when
charging at RT followed by discharging at −65 °C, the cell still retains
~63% of its RT capacity (inset of Fig. 6c). Furthermore, the capacity of
the AILMB with DFEA-based electrolyte successfully recovers to 100%
and 98.3% of its RT capacity when the testing temperature is reverted
to 25 and 45 °C, respectively, reflecting the applicability of this battery
system under wide temperature range. Besides, critical parameters
(e.g., the capacity ratio between the anode and cathode (N/P ratio)) in
cell evaluation should be reduced for practical considerations33. It is
seen that the AILMB exhibits a high capacity retention of ~93.0% with
minimal cell polarization throughout 500 cycles under N/P ratio of ~5.7
(Supplementary Fig. 31a), and it can sustains 140 cycles with ~90.7%
retainable capacity under N/P ratio of ~2.0 (Supplementary Fig. 31b).

Single-layer pouch cells comprising graphite (9 mg cm−2) or LFP
(8 mg cm−2) cathodes, and Li foil anodes with a thickness of 50μm,
were constructed to assess the cell safety and reliability under abusive
conditions. The anion-intercalation Li| |graphite pouch cell employing
the DFEA-based electrolyte exhibits excellent cycling performance
with 92.2% capacity retention after 300 cycles (charge at 1 C and dis-
charge at 2 C, Fig. 6d), in stark contrast to the fast capacity degradation
for the Li| |LFP pouch cells (Supplementary Fig. 32). Beyond this, the
AIMIB pouch cell consistently powered a light-emitting diode under
bending, folding and even rolling (insets in Fig. 6d), owing to the
robust interphases on both cathode and anode against violent shape
deformation. More importantly, the total exothermic heat generated
from the delithiated LFP with EC/DEC electrolyte is as high as
461.12 J g−1 (Fig. 6e), which is believed to be the origin of a succession of
exothermic reactions that lead to uncontrollable battery thermal
runaway34,35. Unexpectedly, the charged graphite cathode with DFEA-
based electrolyte exhibits an endothermic peak during the DSC test
(Fig. 6e). This finding is consistent with previous report36, clearly
indicating the high thermal stability of the charged Cn(PF6) cathode
has been distinctively improved by the protective CEI layer derived
from DFEA-based electrolyte. To further assess the safety of the DFEA
electrolyte-based AILMB, an overcharge abuse test was carried out by
charging the pouch cells from open circuit voltage (OCV) to 9 V at a
rate of 20 mV s−1 (Fig. 6f). Clearly, the current density of the LFP-based
LMB increases abruptly from 6.5 V, accompanied by an elevated skin
temperature of 49.9 °C at a voltage of around 7.8 V (upper-panel insets
of Fig. 6f), typically triggered by the decomposition of the electrode
interphases under thermal abuse. The AILMB utilizing the DFEA-based
electrolyte, in contrast, exhibits superb overcharging resistance up to
9 V without obvious change in current density, as evidenced by the low
skin temperature less than 35 °C (lower-panel insets of Fig. 6f). Such a
high overcharge resistance is primarily attributed to the superior anti-
oxidative stability of the DFEA-based electrolyte, the robustness of the
protective CEI formed on the graphite cathode, as well as the intrinsic
stability of the Cn(PF6) structure. Above results well-support the
dependability of our AILMB under extreme working conditions.

Furthermore, a 440 mAh Li| |graphite multi-layer pouch cell was
packaged, with the specific energy being calculated as ~141.7 Wh kg−1

(Supplementary Fig. 33 and Supplementary Table 6). Moving forward,
it is imperative to conduct further research on modifying graphite
cathodes (e.g., surface treatment, doping), optimizing electrolytes
(e.g., anions with smaller sizes, multivalent anions with more charge
numbers, and solvent with lower density), and refining engineering
issues, to improve the specific energy of AILMBs without compro-
mising their superior fast-cycling, low-temperature, and safety
characteristics.
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Discussion
We developed a difluoroester-based electrolyte to realize ultra-fast,
long-term cycling stability of transition metal-free AILMBs under
extreme working conditions. Compared with the trifluoro counterpart,
the difluoroester as solvent effectively modulates the solvation struc-
ture by attenuating the anion-solvent interactions, thereby striking a
balance between the solvation affinity and salt dissociation of DFEA-
based electrolyte. This not only endows rapid de-solvation and fast
migration for both Li+ cations and PF6

− anions to accelerate electrode
reaction kinetics, but also efficiently suppresses the co-intercalation of
solvent molecules to promote the cathode reaction reversibility. Our
DFEA-based electrolyte simultaneously possesses high ionic con-
ductivity, remarkable thermodynamically oxidative stability, excellent
Li metal cyclability, and high safety without the risk of combustion.
Morphological analysis and interphase investigations confirm the
formation of highly stable protecting interphases on both graphite
cathode and Li metal anode, contributing to a durability of 10,000
cycles (with negligible capacity fade of 0.00128% per cycle) at 1 A g−1,

an excellent rate capability at 8 A g−1 (with a retention of ~83.4% of the
maximum capacity at 0.5 A g−1), superior ultra-low temperature cap-
ability with ~63% of their RT discharge capacity at −65 °C, and abuse-
tolerant capabilities (e.g., robustness against deformation and over-
charge) for AILMBs. The electrolyte engineering proposed in this work
is anticipated to expedite the re-design of Li metal batteries, enabling
the adoption of cost-effective and environmental benign cathode
materials, therefore advancing the development of high-rate cycling Li
metal batteries under severe actual working conditions.

Methods
Electrolyte preparation
LiPF6 (purity ≥ 99.95%) salt, FEC (purity ≥ 99.99%) solvent, EC
(purity ≥ 99.99%) solvent, and DEC (purity ≥ 99.99%) solvent were
purchased from Dongguan Shanshan Battery Materials Co., Ltd. EA
(purity > 99.5%) solvent was obtained from Aladdin Bio-Chem Tech-
nology Co. Ltd. DFEA (purity 99%) solvent and TFEA solvent (purity
99%) were purchased from Shangfluoro. Before use, all solvents were

0 500 1000 1500 2000 2500 3000
0

30

60

90

120

Di
sc

ha
rg

e
ca

pa
cit

y
(m

A
h

g−1
)

Cycle number

LFP-LMB
DFEA-AILMB

3 4 5 6 7 8 9
0

100

200

300
DFEA-AILMB

C
ur

re
nt

 d
en

si
ty

 (m
A

cm
−2

)

Voltage (V vs. Li/Li+)

 LFP-LMB

−80 −40 0 40 80
−6

−3

0

3
EC/DEC
DFEA

H
ea

t f
lo

w
 (W

g−1
)

Temperature (oC)

0 20 40 60 80 100
0

20

40

60

80

100

DFEA-AILMB

C
ap

ac
ity

re
te

nt
io

n
(%

)

Cycle number

49.9 oC
44.6 oC

36.4 oC
30.6 oC

29.6 oC
31.8 oC

34.1 oC

Flat Bent Folded Rolled

EC/DEC

143 s g-1

a

c d

e f

b

1

Temperature (oC)

H
ea

tf
lo

w
(W

g−1
)

25 10
0

−10

−20
−30

−40 −50

25 45

oC

35.0 oC

32.7 oC

EC/DEC DFEA

−20 C overnight

0 35 70 105 140
3

4

5

Vo
lta

ge
 (V

)

Capacity (mAh g-1)

−65 oC 25 oC

0.0

0.5

1.0
LFP-LMB

461.12 J g−1

100 200 300 400

0.0

0.5

1.0

−

DFEA-AILMB

-80.26 J g−1

0

0 50 100 150 200 250 300
0

20

40

60

80

100
−

DFEA-AILMB

Di
sc

ha
rg

e
ca

pa
cit

y
(m

A
h

g−1
)

Cycle number

Pouch cell
Li foil: 50 μm
Cathode loading: ~9 mg cm−2

0 500 1000 1500 2000 2500 300070
80
90

100
LFP-LMB
DFEA-AILMB

Co
ul

om
bi

c
ef

fic
ie

nc
y

(%
)

Cycle number

Fig. 6 | Electrochemical performance of anion-intercalation Li metal batteries
under low-temperature and abusive conditions. a DSC cooling and heating
curves of EC/DEC and DFEA-based electrolytes. b Long-term cycling performance
of the AILMB (using DFEA-based electrolyte) and the LFP-LMB (using EC/DEC
electrolyte) at −20 °C, employing the CCCV model for charging process with a
current density of 100 mA g−1, followed by discharging at 500 mA g−1. Insets show
the Coulombic efficiency (upper panel) and the optical images of the electrolytes
after storage at −20 °C overnight (lower panel). c Capacity retentions of AILMB
using DFEA-based electrolyte under various temperatures (45, 25, 10, 0, −10, −20,

−30, −40 and −50 °C). Inset shows the discharge profiles when the cell is charged at
RT followed by discharged at RT or –65 °C. d Cycling performance of the 50μm-
thick Li foil| |graphite pouch cell at a charge rate of 1 C and a discharge rate of 2 C.
Optical images of the LED powered by the pouch cell under various deformations
are shown in insets. e Heat generation of fully charged graphite and LFP cathodes
together with their respective electrolytes measured by DSC. f LSV curves and
corresponding infrared thermal imaging photographs (shown in insets) of the Li| |
graphite and Li| |LFP pouch cells at a scan rate of 20 mV s−1 from OCV to 9 V.

Article https://doi.org/10.1038/s41467-024-49795-9

Nature Communications |         (2024) 15:5408 9



further dehydrated using 4 Å molecular sieves (provided by Sigma-
Aldrich) for 48 h. The electrolytes were prepared by dissolving 1.2 M
LiPF6 salt in EA, TFEA, DFEA, and commercial EC/DEC (1:1 by volume)
solvents, respectively. 10 wt% FEC was added into the 1.2 M LiPF6 in
DFEA electrolyte. All electrolyte preparations were conducted in an
argon-filled glove box with O2 and H2O levels maintained
below 0.1 ppm.

Electrolyte characterizations
The Raman spectroscopy was conducted with a Micro-laser confocal
Raman spectrometer (Horiba LabRAM HR800, France) with a 532 nm
laser to investigation the solvation structure. In the combustion test,
1 g electrolyte samples were poured into a stainless-steel dish, then
optical photographs and movies were recorded. The melting points of
the electrolytes were evaluated using differential scanning calorimetry
(DSC, MDTC-EQ-M06-01). The electrolytes were sealed in stainless-
steel crucible, weighed (15μL) and subjected to DSC measurement
with a ramp rate of 5 °C min−1. The ionic conductivities of different
electrolytes at various temperatures were determined from the EIS
results, obtained using two symmetrically placed stainless-steel elec-
trodes in the electrolyte. The test cells were equilibrated at each
temperature for at least 1 h before EIS measurements. The electro-
chemical stabilities of the electrolytes were evaluated by LSV tests
conducted on a three-electrode system, with a sweep rate of 5 mV s−1. Li
foil served as counter and reference electrodes, while platinum foil was
used as the working electrode37. The onset of the oxidation current
density was defined as 30μA cm−2 and the potential values were
recorded. The solvation energy of electrolytes was evaluated using an
H-type cell, where symmetrical Li metal electrodes immersed in the
reference electrolyte (1.2 M LiPF6-DEC) and the tested electrolyte were
connected by a salt bridge (3 M LiPF6-EMC). The measured open circuit
potential (Ecell) determined the solvation free energy (ΔGsol), as illu-
strated below26:

Ecell =
�ΔGsol

F
ð1Þ

Where F is the Faraday constant.
To investigate the impact of the electrolyte on the long-term

durability of the Li metal anode, galvanostatic cycling of Li | |Li sym-
metric cells was conducted at current densities of 0.5 mA cm–2 and
1 mA cm–2, respectively, with an areal capacity of 1 mAh cm−2. The rate
capability of Li metal anode was assessed through repeated 1 h
charge–1 h discharge cycles at various current densities ranging from
0.5 mA cm–2 to 5 mA cm–2. For activation energy (Ea) measurements,
symmetric Li | |Li cells with various electrolytes were cycled 20 times at
a current density of 0.5 mA cm−1 with an areal capacity of 0.5 mAh cm−1.
Subsequently, these cycled cells were subjected to temperature-
dependent EIS measurements at 278, 283, 288, 293, and 298 K. By
fitting the EIS data via an equivalent circuit, the SEI resistance (Rsei) and
charge transfer resistance (Rct) values were derived. The Ea was then
calculated according to the Arrhenius equation as follows38,39:

k =
T

Rres
A exp � Ea

RT

� �
ð2Þ

where k denotes the rate constant, T is the absolute temperature, Rres

corresponds to Rct or Rsei, A signifies the preexponential constant, and
R is the standard gas constant. The CEs of Li deposition/stripping were
evaluated using Li | |Cu cells, based on the Aurbach’s CE test protocol30.
Initially, the Cu electrode was pre-deposited with Li metal at a capacity
of 5 mAh cm–2 at a current density of 0.5 mA cm–2 and subsequently
stripped Li to 1 V. Next, the Cu was deposited with 5 mAh cm–2 of Li to
form a Li reservoir (QT). Afterwards, the cell underwent repeated
charge/discharge cycles with a capacity of 1 mAh cm–2 (QC) for n cycles,

followed by stripping all remaining Li reservoir to 1 V (QS). The average
CE (CEavg) over n cycles can be calculated as follows30:

CEavg =
nQC + QS

nQC + QT
ð3Þ

Battery assembly and characterizations
Metallic Li foils with thickness of 450μm and 50μm were purchased
from China Energy Lithium Co. Ltd (Tianjin, China). Thinner Li foils
with a thickness of 20μm was purchased from Guangdong Canrd New
Energy. Graphite (SAG-R) and LFP were purchased from Shenzhen
Kejing Star Technology Co. Ltd. and Shenzhen Dynanonic Co., Ltd.,
respectively. Acetylene black and Super P were provided by Alfa Aesar.
Polyacrylic acid (PAA, MW 450,000) binder and poly(vinylidene
fluoride) (PVDF, MW 1,200,000) binder were purchased from Sigma
Aldrich and Arkema, respectively. N-methylpyrrolidone (NMP, purity
99.9%) was provided by Aladdin Bio-Chem Technology Co. Ltd.
NCM811 particles, 2032-type coin cells, and other battery materials
were provided by Guangdong Canrd New Energy. The graphite cath-
ode slurry was prepared by mixing graphite powder as the active
material, acetylene black and carbon nanotubes (CNT, TUBALL BATT
NMP) as conductive agents, and PAA as binder in a mass ratio of 85:
4.5:0.5:10, using NMP as the solvent. The LFP and NCM 811 slurry were
obtained by blending the active material, Super P and PVDF at a weight
ratio of 80: 10: 10. These homogeneous slurries were coated onto Al
foils with a doctor blade and dried at 80 °C. The dried electrodes were
punched into circular sheets with a diameter of 12 mm, and the average
mass loading of active material on each electrode was 2 ± 0.5 mg cm–2.
The thickness was 33 ± 4μm for graphite electrodes and was 30 ± 3μm
for LFP and NCM 811 electrodes. The graphite electrode was further
dried at 150 °C, while the LFP and NCM811 electrodes were dried at
100 °C under vacuum overnight before cell assembly. The CR2032-
type coin cells, comprising the obtained electrodes and Li metals
(450μm), were fabricated in an Ar-filled glove box with O2 and H2O
content below 0.1 ppm. A PVDF membrane (Merck Millipore Ltd., pore
size: 0.2μm) with a diameter of 19 mm was employed as the separator,
and the electrolyte/graphite ratio in each cell was set at around
60μL mg−1. Galvanostatic charge–discharge tests were carried out on a
Neware battery testing system. The Li | |graphite, Li | |LFP, Li | |
NCM811 cells underwent three formation cycles at a current density of
20 mA g–1. Subsequently, the cells were cycled at a constant current of
1000 mA g–1 within the voltage ranges of 3–5.2 V (for Li | |graphite),
2.5–4.3 V (for Li | |LFP), and 2.8–4.4 V (for Li | |NCM811). The rate cap-
ability was assessed by varying the charge/discharge rate from
100 mA g–1 to 8 A g–1. Potentiostatic tests were performed on Li | |gra-
phite cells, which were charged to and maintained at constant voltages
of 5.1, 5.2, and 5.3 V for 10 h each. The CV, LSV, and impedance mea-
surements were executed using the Bio-Logic potentiostat (VMP3). CV
tests of Li | |graphite cells were conducted at a scan rates of 0.1 mV s–1,
while LSV tests were performed on a Ti working electrode at a sweep
rate of 5 mV s–1. Impedance measurements were carried out by apply-
ing a 10 mV potential amplitude within the frequency range from
100 kHz to 10 mHz. The DRT analysis was carried out using the DRT
tools developed by Francesco Ciucci et al.29 For low-temperature
electrochemical tests, the Li | |graphite or Li | |LFP cells were initially
activated for 100 cycles at room temperature with a current density of
1000 mA g–1. The cells were then transferred to a temperature cham-
ber allowed to equilibrate for 2 h to reach –20 °C, followed by cycling
under a CCCV model. Specifically, the cells were charged to 5.4 V (Li | |
graphite) and 4.5 V (Li | |LFP), respectively, at 100 mA g–1 and the vol-
tage was maintained until the charging current decreased to 10 mA g–1,
followed by discharging at a constant current density of 500 mA g–1. To
evaluate the capacity retention at various temperatures, after the
activation process depicted above, the cells were charged at
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200 mA g–1 (45 °C), 100 mA g–1 (45, 25, 10, 0, –10, –20 °C), 20 mA g–1

(–30, –40 °C) and 10 mA–1 (–50 °C), respectively, using the CCCV
mode, followed by discharging at a constant current density of
100 mA g–1. The test at –65 °C was conducted with RT-charge at
100 mA g–1 using the CCCV mode, followed by discharging under
–65 °C at 10 mA g–1.

Single-layer pouch cells were assembled utilizing the graphite
electrode or the LFP electrode as the cathode (cathode dimension:
50 mm × 40 mm), paired with a 50μm-thick Li foil as the anode (anode
dimension: 52 mm × 42 mm). Al and Nickel strips were affixed to the
sides of cathode and anode, respectively, to serve as electrode tabs.
The mass loading of the cathode was 8–9 mg cm−2. The N/P ratios were
~15.5 and ~10.6 for the Li | |graphite and the Li | |LFP pouch cells,
respectively. A PVDF separator impregnated with 20μL cm–2 electro-
lyte was laminated and assembled into Al plastic film packages, which
were then sealed under vacuum. Subsequently, the cells were aged at
25 °C for 12 h and degassed following the initial cycle. The assembled
pouch cells were pre–cycled between 3–5.2 V at 20 mA g–1. Subse-
quently, the pouch cells were charged at 100 mA g to 5.2 V and dis-
charged at 200 mA g–1. A 440 mAh Li | |graphite multi-layer pouch cell
with a N/P ratio of ~2.4 was packaged. The pouch cell was charged at
20 mA g−1 using the CCCV mode, followed by discharging at a constant
current rate of 20 mA g−1. The specific energy of the AILMB was cal-
culated as follows40,41:

Efull = Cfull × V cell=ðmtotalÞ ð4Þ

where Vcell and Cfull are the average working voltage and the reversible
capacity of the full cell, respectively, mtotal is the total weight based on
the sum of current collector, cathode, anode, separator and electro-
lyte. The weight of the packing cell bag is excluded from the specific
energy calculation due to our limited size of cell42,43. To assess the
overcharge-safety, the pouch cells were charged from the open circuit
voltage to 9 V at a scan rate of 20 mV s–1, and the infrared thermo-
graphy images of the pouch cells were captured using a FLIR ONE PRO.

Postmortem analysis of cycled batteries
The cycled cells were disassembled in a glove box. The electrodes were
rinsed with dimethyl carbonate (DMC) solvent several times to remove
residual electrolyte, and then dried in the antechamber under vacuum
of the glove box. Ex-situ XRD (Rigaku D/max-2500) with Cu Kα radia-
tion (λ = 1.5418 Å), was conducted to investigate the crystal structure
changes during the initial charging and discharging processes. The
evolutions in the interphases and morphologies for the cathode
materials and Li metal anodes were studied using a field-emission
scanning electron microscope (FE-SEM, SU8010) and a transmission
electron microscope (TEM, FEI Tecnai G2 F30). X-ray photoelectron
spectra (XPS) was obtained using a PHI 5000 Versa probe II spectro-
meter using monochromatic Al K(alpha) X-ray source. The depth
values in the XPS depth profiles were estimated from the calibrated
sputtering of SiO2. The collected spectra were calibrated based on the
C 1 s binding energy of 284.8 eV and analyzed using Multipak software.
Time-of-flight secondary ion mass spectrometry (TOF-SIMS) was per-
formed on a Nano TOF-2 instrument (ULVAC-PHI, Japan) with a 30 kV
Bi3 + + beam cluster primary-ion gun and Ar+ beam (3 keV 100 nA) for
depth profiling with a sputtering rate of 0.2 nm s–1. The surface
roughness and 3D morphologies of the cycled Li metal anodes were
characterized using atomic force microscopy (AFM, Bruker Dimension
Icon). To investigate the thermal stability of the charged electrodes,
the cells were pre–cycled twice and finally charged to 5.2 V (Li | |gra-
phite) and 4.3 V (Li | |LFP), respectively. DSC samples were prepared by
scraping the dried electrode materials off the Al current collector, and
1 mg of the material was sealed in a Mettler high-pressure stainless-
steel pairing with 3μL of electrolyte. The DSC measurement was

conducted from room temperature to 400 °C with a ramp rate of
5 °C min−1.

Computations
The ORCA software package was used to carry out DFT calculations,
with molecular geometries for the ground states optimized at the
B3LYP-D3/def2-TZVP level44. Molecular orbitals and ESPs were ana-
lyzed using Multiwfn and visualized through VMD45. MD simulations
were conducted here to investigate the solvation structures of above
electrolytes. Interactions between ions and molecules were described
based on the Optimized Potentials for Liquid Simulation All-Atom
(OPLS-AA) force field. All MD simulations were performed using the
LAMMPS software46. The simulation boxes were constructed with
PACKMOL software47. The molar ratios were taken from experiments
in this study. Each system commenced with energy minimization
employing the conjugate gradient algorithm, followed by a 1 ns
Brownian dynamics at 500 K to relax the system temperature and
randomize the initial shape of each component. Subsequently, a 10 ns
NpT equilibration at 298 K was conducted to ensure the equilibrium of
salt dissociations. A 20 ns NVT production run at 298 K and then per-
formed, with the final 5 ns reserved for data analysis. The MD snap-
shots were visualized using Ovito software. A velocity-Verlet integrator
was employed to update the positions and forces of atoms with a
timestep of 1 fs. To account for long-range interactions, a particle-
particle particle-mesh method was utilized, with a global cutoff of 12 Å
established for both Lennard-Jones and Coulombic interactions. Peri-
odic boundary conditions were applied in all dimensions48.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.
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Electric Field-Guided Ion Orchestration for Multi-Chemistry
Zinc Metal Batteries

Yao Wang, Jinkai Zhang, Xin Zhao, Zetao Ren, Mingkun Tang, Ran Han, Guang Feng,*
Baohua Li, Dong Zhou,* and Feiyu Kang*

While nonaqueous cosolvents alleviate hydrogen evolution reaction and
dendritic growth in aqueous zinc (Zn) metal batteries (ZMBs), persistent H2O
activity at Zn|electrolyte interfaces originating from unregulated ion
distribution leads to premature failure. Here, an electric field-guided ion
orchestration (EF-IO) strategy is proposed, leveraging cation interfacial
modifiers to reconfigure electric double layers (EDLs) and solvation
configurations. Interfacial simulations combined with experimental
investigations verify that the ion-orchestrated-EDL synergistically diversifies
Zn2+/Na+ solvation configurations and homogenizes localized electric fields,
thereby forming an organic–inorganic gradient solid electrolyte interphase
(SEI) that suppresses parasitic reactions. This enables dendrite-free Zn
plating with 3400 h cyclability in Zn||Zn symmetric cells, while
Zn||V10O24·12H2O full cells exhibit exceptional durability along with wide
temperature adaptability (−45 to 55 °C). Crucially, this EF-IO strategy unlocks
ClO4

−-based reversible anion storage in high-voltage organic cathodes. By
bridging interfacial dynamics and multi-chemistry compatibility, this work
establishes a promising paradigm for robust and versatile ZMBs.

1. Introduction

The global transition toward renewable energy systems ne-
cessitates advanced electrochemical storage technologies that
reconcile operational safety with economic viability.[1] The
aqueous zinc (Zn) metal battery (ZMB) have emerged as a
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frontrunner in this energy revolution,
leveraging unique advantages of the Zn
metal anode including earth abundance,
appropriate redox potential (−0.76 V vs the
standard hydrogen electrode (SHE)),
and exceptional theoretical capacity
(820 mAh g−1 gravimetric, 5855 mAh
cm−3 volumetric).[2] These attributes not
only circumvent geopolitical constraints
and flammability risks inherent to lithium-
ion batteries (LIBs), but also establish
ZMBs as technically and economically
viable solutions for grid-scale storage.[3]

Despite these merits, the practical realiza-
tion of aqueous ZMBs faces formidable
challenges rooted in the irreversibility of
Zn metal anodes during repeated strip-
ping/plating processes. The adoption of
aqueous electrolyte fosters parasitic re-
actions and dendrite proliferation at the
electrode|electrolyte interface,[4] where re-
activeH2Omolecules within electric double
layers (EDLs) trigger persistent hydrogen

evolution reaction (HER, 2H2O + 2e− → H2 + 2OH−)
and Zn corrosion.[5] The resultant OH− generation initiates
self-accelerating degradation through irreversible byproduct
formation,[6] while the low H2O decomposition potential (1.23 V
vs SHE) severely limits high-voltage cathode operation due to
oxygen evolution reaction (OER).[7] Therefore, the poor interfa-
cial compatibility between highly active H2Omolecules and elec-
trodes represents significant obstacles to the implementation of
ZMBs.
The Introduction of nonaqueous cosolvent has emerged as a

pivotal electrolyte engineering strategy to circumvent these is-
sues and improve electrode compatibility.[8] Among them, deep
eutectic electrolytes (DEEs), formed via intermolecular interac-
tions (e.g., Lewis acid-base interactions, hydrogen bonding, and
van der Waals interactions)[9] between multiple components,
have gained prominence due to their facile synthesis and tunable
solvation structures.[10] These DEEs not only suppress dendrites
by stabilizing Zn2+ coordination environments[11] and confin-
ing H2O within bulk solvation structures,[12] but also depressing
freezing points of aqueous electrolytes. However, uncontrolled
ion distribution and solvation structures at the Zn|electrolyte
interface fail to fully eliminate residual H2O activity, and the
critical interplay between solvation configurations and elec-
tric field-driven interfacial behavior remains largely neglected.
This oversight perpetuates thermodynamic instability at the Zn
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surface, accelerating parasitic reactions that degrade Coulombic
efficiency (CE) and cycle life of ZMBs. Moreover, conventional
DEEs exclusively cater to Zn2+ redox in typical vanadium- or
manganese-based inorganic cathodes,[9] neglecting the untapped
potential of anion storage in sustainable organic hosts. Such
limitations stem from the disconnection between bulk solvation
regulation and interfacial electrochemistry, ultimately restricting
ZMBs to narrow chemical paradigms. These issues fundamen-
tally hinder the rational design of durable and versatile ZMBs.
Herein, for the first time, we propose a paradigm shift through

electric field-guided ion orchestration (EF-IO), a strategy that fun-
damentally enhances the diversity of interfacial solvation config-
urations to suppress parasitic reactions at the Zn|electrolyte in-
terface. Rational cation screening based on hydration enthalpy
identifies Na+ as an optimal interfacial modifier to reconfigure
EDLs. Under operational electric fields, Na+ preferentially accu-
mulates in the inner layer of EDLs, screening localized electric
fields and inducing anion enrichment. This ion orchestrated-
EDL diversifies Zn2+/Na+ solvation configurations, driving the
formation of an organic–inorganic gradient solid electrolyte in-
terphase (SEI) that enables [002]-textured Zn deposition with
dendrite suppression and dramatically reduces HER. This strat-
egy yields an expanded electrochemical stability window (ESW)
of 2.5 V, endows the Zn||Zn symmetric cell with remarkable cy-
clability exceeding 3400 h at 1 mA cm−2 alongside a 44-fold re-
duction in corrosion current, and the Zn||Cu asymmetric cell
with 99.5% average CE over 400 cycles. Practical validation using
V10O24·12H2O (VOH) cathode demonstrates exceptional full-cell
durability (>10 000 cycles, 0.0076% capacity decay per cycle) with
wide-temperature operation (−45 to 55 °C). Remarkably, this EF-
IO design unlocks novel anion storage in high-voltage organic
cathode of 1,4-bis(diphenylamino)benzene (BDB), delivering
103 mAh g−1; via reversible two-electron ClO4

− redox. This work
establishes new design principles for robust andmulti-chemistry
ZMBs, while advancing fundamental understanding of interfa-
cial electrochemistry.

2. Results and Discussion

2.1. EF-IO Design and Investigation on Bulk Solvation Structures

As depicted in the left panel of Figure 1a, the conventional aque-
ous Zn(ClO4)2·6H2O-H2O system (denoted as Zn-AE), character-
ized by limited coordination diversity, induces exacerbated HER,
Zn corrosion, electrolyte solidification at low temperatures, with
its restricted ESW hindering multi-chemistry compatibility at
high voltage. To mitigate these issues, a typical DEE system was
constructed by mixing Zn(ClO4)2·6H2O (acting as a Lewis acid
and hydron bond (HB) acceptor) and ethylene glycol (EG, serving
as a Lewis base andHB donor) with a rationalized formula of 2m
Zn(ClO4)2·6H2O-EG (denoted as Zn-EG, Figure S1, Supporting
Information). Nevertheless, residual H2O activity persists at the
Zn|electrolyte interface due to unregulated ion distribution and
suboptimal solvation structure (the middle panel of Figure 1a).
To suppress interfacial H2O activity in the Zn-EG system, a
thermodynamic selection criterion is proposed for cationic
modifiers based on their hydration characteristics. The designed
strategy prioritizes cations with weak hydration tendencies
to establish H2O-depleted interfacial environments through

electric field-driven adsorption, thereby facilitating anion-
enriched solvation structures and enhancing solvation con-
figuration diversity (the right panel of Figure 1a), as will be
validated later. The hydration propensity of cations (Mz+) can be
predicted through hydration enthalpy (ΔHhyd) calculations using
the established empirical relation:[13 ]

ΔHhyd = − 930(z − 0.2)2

r + 1 − (1∕2z)
kJmol−1 (1)

where z and r represent the charge number and Pauling uni-
valent radius, respectively. Higher (more negative) ΔHhyd val-
ues correlate with stronger Mz+-H2O interactions that stabilize
tightly bound hydration shells, thereby suppressing anion as-
sociation (e.g., Mz+-ClO4− ion pairing). Although multivalent
cations leverage economic advantages from abundant raw metal
materials, their excessive hydration effects (e.g., ΔHhyd, Al

3+ =
−4665 kJ mol−1) preclude effective interfacial engineering (Re-
gion I in Figure 1b). In contrast, monovalent cations in Re-
gion II (Figure 1b, e.g., Li+, K+) demonstrate weaker hydration,
but face scalability challenges due to cost limitations. This cost-
performance paradox is resolved by Na+ in Region III (Figure 1b,
ΔHhyd, Na

+ = −405 kJ mol−1), which balances sufficient hydra-
tion weakness for anion enrichment with favorable economic via-
bility. Potential of mean force (PMF) calculations corroborate this
selection criteria rationale, demonstrating significantly weaker
Na+-H2O binding compared to Region I cations (e.g., Zn2+ and
Ca2+, Figure S2 and Table S1, Supporting Information). Experi-
mental results identify NaClO4 as the singularly effective mod-
ifier, constructing the 2 m Zn(ClO4)2·6H2O+3 m NaClO4-EG
(henceforth referred to as Zn-Na-EG) system, which suppresses
HER activity by attenuating H2O penetration at the anode sur-
face (Figure S3, Supporting Information). This superiority of
the stems from the low hydration tendency of Na+ and its elec-
tric field-driven preferential accumulation in the inner EDLs, as
demonstrated later.
To elucidate the solvation structure modulation mechanism,

molecular dynamics (MD) simulations were systematically per-
formed (Figure S4, Supporting Information). The radial num-
ber density analysis reveals that EG ligands effectively enter the
first solvation shells of both Zn2+ and H2O, as evidenced by pro-
nounced O-atom distribution peaks at ≈0.2 nm from Zn2+ and
H atoms of H2O, respectively (Figures S5 and S6a,b, Support-
ing Information). This competitive coordination displaces H2O
molecules from Zn2+ migration pathways, effectively decoupling
H2O activity from interfacial Zn deposition (Figure 1c,d). Con-
currently, the induced EG ligand enhances Zn2+-ClO4

− coordi-
nation, elevating contact ion pair (CIP) formation from 4% to
13% (Figure S7a,b, Supporting Information). This trend ampli-
fies significantly upon NaClO4 addition (Figures S6c and S7c,
Supporting Information), where ClO4

− exhibits enhanced coordi-
nation with both Zn2+ and H2O (Figure 1e,f). Notably, compared
to Zn2+, the induced Na+ exhibits stronger binding for ClO4

−

while weaker binding with H2O, as revealed by PMF calculations
(Figure S8, Supporting Information). This drives 87.3% of Na+

to form CIPs in the Zn-Na-EG system (Figure S7c, Supporting
Information). This ion-specific selectivity is beneficial for adap-
tively establishing an anion-enriched and H2O-depleted interfa-
cial environment through electromigration accumulation during
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Figure 1. EF-IO design and investigation on bulk solvation structures. a) Schematic illustration of the EF-IO strategy with diverse solvation configurations.
b) Hydration enthalpy of cations and associated metallic costs. c–f) Radial number density distributions of O (H2O) around (c) Zn

2+ and (d) H (H2O),
and O (ClO4

−) around (e) Zn2+ and (f) H (H2O). g) Proportion of H2Omolecules engaged in H-bonding interactions with neighboring H2Omolecules.
h) Raman spectra of various electrolytes. i) Optical photographs of the Zn-AE (the upper panel) and the Zn-Na-EG (the lower panel) systems at low
temperatures.

cycling, which will be further validated later. Crucially, the solva-
tion configuration diversity expands progressively across the elec-
trolyte systems. In the baseline Zn-AE, Zn2+ adopts only seven
distinct coordination types dominated by [Zn(H2O)6]

2+ clusters
(Figure S9a, Supporting Information), which results from the
strong coordination between Zn2+ and H2O (Figure 1c,e). The
introduction of EG ligands dramatically expands this diversity
to 17 unique configurations (Figure S9b, Supporting Informa-
tion), primarily through the competitive displacement of H2O by
hydroxyl groups of EG. In the Zn-Na-EG system, the O donors
from H2O, ClO4

−, and EG effectively solvate Na+, all of which

exhibit a prominent peak at ≈0.25 nm (Figure S5c,e; Note S1,
Supporting Information). Subsequent Na+ incorporation in the
Zn-Na-EG system further amplifies solvation configuration diver-
sity, which is primarily driven by its strong affinity with anions
that promote anion participation in solvation complexes, yield-
ing over 46 resolvable solvation complexes (Figure S9c,d, Sup-
porting Information). This enhancement of configuration mul-
tiplicity contributes to elevated system entropy, thermodynami-
cally favoring interfacial stability as well as lowering the freez-
ing point. In addition to the solvation structures, systematic in-
vestigations reveal fundamental restructuring of the HB network
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of electrolyte systems. The Zn-AE system exhibits an extensively
interconnected HB network, characterized by a high H2O-H2O
HB concentration of 44.33 nm−3 (Table S2, Supporting Infor-
mation), where 91.1% of H2O molecules participate in form-
ing multiple HBs (Figure 1g). Remarkably, the introduced EG
ligands disrupt HB connectivity, reducing HB concentration by
97.7% to 1.04 (Table S2, Supporting Information) while dramat-
ically increasing the population of non-bonded H2O molecules
to 68.8% (Figure 1g). This disruption mechanism becomes more
pronounced upon NaClO4 introduction, where competitive H2O-
ClO4

− interactions (Table S2, Supporting Information) further
suppress multi-HB configurations, elevating isolated H2O con-
tent to 71.3% (Figure 1g).
Raman spectroscopy and Fourier-transform infrared (FTIR)

spectroscopy provide critical insights into H2O speciation and
ion coordination. As illustrated in Figure 1h, the broad Raman
band corresponding to the O─H stretching vibrations of H2O
molecules can be deconvoluted into three Gaussian components,
representing strong (3230 cm−1), medium (3430 cm−1), and weak
(3550 cm−1) HB configurations, respectively.[14] Quantitative
analysis demonstrates that EG incorporation reduces the strong
HB fraction from 31.3% (Zn-AE) to 18.3%, while enhancing the
weak HB proportion from 16.5% (Zn-AE) to 28.1% (Figure S10,
Supporting Information). NaClO4 co-introduction amplifies this
trend, diminishing strongHB content to 10.7%, indicative of syn-
ergistic anion-mediated HB suppression. FTIR analysis corrobo-
rates this structural evolution, showing a characteristic blueshift
(1645 to 1650 cm−1, Figure S11a, Supporting Information) in the
O─H bending vibration and decreased free H2O content in the
Zn-Na-EG compared to the Zn-AE system.[15] This spectral shift
confirms stronger H2O confinement via EG/ClO4

− coordination.
Apparently, the anion coordination environment also changes,
as evidenced by characteristic redshifts in both FTIR (1079 to
1069 cm−1, Figure S11b, Supporting Information) and Raman
spectra of the ClO4

− vibration modes (934 to 932 cm−1, Figure
S11c, Supporting Information), confirming a transition from free
ClO4

− to coordinated ClO4
− species (i.e., Zn2+-ClO4

− ion pair and
ClO4

−-H2O interactions).[16] These findings demonstrate that EG
and NaClO4 collaboratively restructure the electrolyte with sup-
pressed free H2O activity.
The deliberate disruption of long-range HB ordering within

the Zn-Na-EG system also elevates the thermodynamic barrier
for crystalline ice nucleation and formation, as demonstrated
by differential scanning calorimetry (DSC) analysis (Figure
S12, Supporting Information). Unlike conventional aqueous
electrolytes exhibiting distinct freezing transitions at −20 °C,
the Zn-Na-EG system maintains complete liquid characteristics
down to −60 °C, indicating a significantly elevated energy bar-
rier for ice nucleation and growth. This anomalous behavior
is achieved through EG-mediated molecular confinement and
anion-coordinated hydration shell distortion. Corresponding vi-
sual freezing tests corroborate these findings, demonstrating that
the Zn-Na-EG electrolyte retains fluidity at −50 °C, contrasting
sharply with the fully frozen aqueous counterpart (Figure 1i).
These observations consistent with the above DSC results, es-
tablishing the Zn-Na-EG system as a robust strategy for wide-
temperature ZMBs. Furthermore, volatility assessments reveal
exceptional environmental stability, of the Zn-Na-EG system,
with 100% electrolyte retention after 150 h versus 32% loss in

the AE aqueous electrolyte (Figure S13, Supporting Information).
Such remarkable stability arises from strengthened anion-H2O
coordination and EG-mediated H2O molecular confinement.

2.2. Electrochemical Behavior and Corrosion Resistance toward
Zn Anode

The self-corrosion behaviors of Zn metal in various systems
were systematically assessed through Tafel polarization analysis
(Figure S14, Supporting Information). The corrosion potential
(Ecorr) reflects thermodynamic susceptibility while the corrosion
current (jcorr) determines the corrosion kinetics of electrodes.[17]

As summarized in Figure 2a, the Zn-Na-EG exhibits a higher Ecorr
(57.9 mV vs Zn2+/Zn) than that in the Zn-AE (7.42 mV), sig-
nifying suppressed thermodynamic corrosion propensity. More
strikingly, it demonstrates a 44-fold reduction in jcorr (0.39 mA
cm−2), endowing a diminished corrosion rate during the Zn plat-
ing/stripping process. This exceptional corrosion resistance out-
performs most reported eutectic/organic electrolytes (Figure 2a),
confirming exceptional interfacial protection through the EF-IO
strategy. The ESW expansion mechanism was probed by linear
sweep voltammetry (LSV) using an electrochemically inert tita-
nium (Ti) working electrode. As demonstrated in Figure 2b, the
Zn-AE displays a constrained ESW of 1.9 V (vs Zn/Zn2+) only,
with premature HER initiation at −0.02 V and OER onset at
1.88 V, characteristic of unmitigated H2O reactivity. Strikingly,
the Zn-Na-EG postpones the onset potential of HER to −0.15 V
and OER to 2.35 V, achieving an expanded ESW of ≈2.5 V, which
is critical for enabling high-voltage anion redox chemistry, as later
experimentally validated. This significant improvement stems
from the highly enhanced solvation disorder that reduces H2O
molecule polarization susceptibility. Chronoamperometry (CA)
analysis at an applied potential of −150 mV provides critical in-
sights into the nucleation and deposition behavior of the Zn an-
ode (Figure 2c). In the Zn-AE, the current density increases con-
tinuously due to the “tip effect” induced by non-uniform electric
fields, implying an unrestricted 2D diffusion process during Zn
plating. Consequently, Zn deposition occurs preferentially at the
tips of pre-existing irregular crystal nuclei to minimize surface
energy, ultimately leading to uncontrolled dendrite formation.[18]

In contrast, the Zn-Na-EG maintains a near-constant current
density through 3D diffusion control (Figure 2c), consistent with
previous reports.[19] This behavior indicates homogeneous ion re-
distribution enabled by the EF-IO, which promotes the formation
of a uniform and compact Zn deposition layer.
The electrochemical reversibility of Zn anodes was rigorously

evaluated through Zn||Cu asymmetric and Zn||Zn symmetric
cells. As illustrated in Figure 2d, under a current density of 1 mA
cm−2 with a fixed capacity of 1 mAh mA cm−2, the Zn||Cu cells
utilizing the Zn-AE experiences rapid CE fluctuations and volt-
age profile instability after 110 cycles, ultimately failing due to
dendrite-induced short circuits and cumulative interfacial side
reactions. In stark contrast, the Zn-Na-EG enables an extended
lifespan of over 400 cycles with a stabilized average CE of 99.5%,
while maintaining remarkably consistent voltage profiles even
post 400 cycles (Figure S15, Supporting Information). These
results suggest the formation of a SEI with exceptional elec-
trochemical stability. To further substantiate the benefit of the
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Figure 2. Electrochemical behavior and corrosion resistance toward Zn anodes. a) Tafel polarization plots of Zn-AE, Zn-EG, Zn-Na-EG systems in com-
parison with state-of-the-art DEEs. b) LSV curves for various electrolyte systems. c) Chronoamperometric curves under constant potential polarization
of −150 mV in various electrolytes. Inset shows the enlarged view of the Zn-Na-EG system. d) CE measurements of Zn||Cu cells at 1 mA cm−2 with a
capacity of 1 mAh cm−2. The corresponding CE of the Zn-Na-EG system between 350 and 400 cycles is shown in the inset. e) Voltage profiles of Zn||Zn
symmetric cells at 1 mA cm−2 with a capacity of 0.5 mAh cm−2. f) Shelving-recovery performances for Zn||Zn symmetric cells with a 72h-aging after
every 100 cycles. g) Comparative analysis of cycle time, average CE, and CPC of previously reported works on DEEs and this work.[11,20]

SEI, the long-term cycling stability of Zn||Zn symmetrical cells
was investigated. As shown in Figure 2e, Zn||Zn cells with Zn-
AE and Zn-EG electrolytes exhibit abrupt polarization fluctua-
tions and short circuits after 220 and 1330 h of cycling, respec-
tively, due to Zn dendrite growth and uncontrollable side reac-
tions. In comparison, Zn||Zn cells formulated with the Zn-Na-
EG showcase excellent long-term cycling durability exceeding
3400 h with stable polarization voltages. It is noted that Zn||Zn
and Zn||Cu cells show satisfactory stability when replacing the
EG by a more cost-effective ethanol solvent, and reducing the salt
concentrations (Figures S44 and S45, Supporting Information),

suggesting the effectiveness of the EF-IO strategy in stabilizing
Zn anodes. Rate capability assessments further demonstrate the
interfacial robustness, where Zn-Na-EG maintains stable opera-
tion up to 10 mA cm−2 compared to Zn-AE failure at above 5 mA
cm−2 (Figure S16, Supporting Information). This superior rate
performance originates from enhanced interfacial charge trans-
fer kinetics.
Practical reliability of the Zn-Na-EG system was assessed

through shelving-recovery tests, where Zn||Zn cells were sub-
jected to a 72h-rest period after every 100 cycles at 1mA cm−2 with
a capacity of 0.5 mAh cm−2 (Figure 2f). Remarkably, the cell with
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the Zn-Na-EG exhibits stable operation for over 1400 h, dramati-
cally outperforming the Zn-AE counterpart (< 200 h, Figure S17,
Supporting Information). This finding underscores the superior
interfacial passivation of the Zn-Na-EG system against parasitic
reactions. To confirm that the enhanced electrochemical perfor-
mance of the Zn anode was attributed to the Na salt, a Na+-free
5 m Zn-EG system was used as a control. Results reveal signif-
icantly reduced cycling stability (Figure S18, Supporting Infor-
mation), compromised rate capability (Figure S19a, Supporting
Information), and limited shelving endurance (≈700 h, Figure
S19b, Supporting Information), unequivocally confirming the in-
dispensable role of Na+ in stabilizing dynamic interfaces through
solvation configurationmodulation.When benchmarked against
state-of-the-art DEEs (Figure 2g; Table S3, Supporting Informa-
tion), our Zn-Na-EG system excels in terms of cycle life, cumula-
tive plated capacity (CPC), and average CE, representing a signif-
icant advancement in electrolyte design for durable ZMBs.

2.3. EF-IO Effect on Interfacial Architecture

To elucidate the EF-IO effect and realistic solvation coordina-
tion under operational electric-fields, constant-potential molec-
ular dynamics (MD) simulations were performed to probe the
Zn|electrolyte interfacial dynamics. Simulations reveal critical re-
configuration of EDL, withH2Omolecules exhibiting a character-
istic adsorption peak at ≈0.3 nm from the Zn surface (Figure 3a),
positioning closer than EGmolecules which display a distinct ad-
sorption peak at 0.4 nm (Figure S20a, Supporting Information).
Notably, the Zn-Na-EG system exhibits distinct ion orchestration
effects. While Zn2+ occupies the second adsorption layer (peak
at ≈0.4 nm), Na+ preferentially accumulates in the inner layer of
the EDLs (peak at ≈0.3 nm, Figure 3b) through potential-driven
electrosorption. This stratified cation arrangement enables dual
critical functions. First, the Na+-rich inner layer establishes elec-
trostatic shielding to homogenize localized electric field distri-
bution, effectively suppressing tip-enhanced dendrite growth.[21]

Second, strong Na+-ClO4
− ion pairing induces substantial an-

ion enrichment within the EDLs (Figure 3c). Under −0.5 V
polarization, H2O and Zn2+ maintain analogous number den-
sity distributions (Figure 3d,e). Despite electrostatic repulsion-
driven anion depletion at the interface, Na+ retains its preferen-
tial positioning in the Zn-Na-EG system. The robust Na+-ClO4

−

association preserves interfacial anion enrichment (Figure 3f),
which is critical for ion orchestration. Furthermore, EG exhibits
potential-independent adsorption behavior (Figure S20, Support-
ing Information), governed primarily by van der Waals inter-
actions rather than potential-dependent electrochemical adsorp-
tion. This unique property enables EG to suppress both H2O
and ionic species adsorption at the anode surface (Figure S20a,b,
Supporting Information), which largely reduces the absorption
peak of water by ≈80% (Figure 3a,b). The competitive adsorption
mechanism becomes particularly evident in spatial distribution
analysis (Figures 3g–i; S21, Supporting Information), where EG
molecules form a continuous interfacial matrix that sterically ex-
cludes H2O from reactive Zn sites, thereby mitigating HER. The
reconstructed HB network provides further mechanistic insights
into HER suppression. EG incorporation notably disrupts bulk-
like H2O─H2O bonds, replacing them with H2O-EG and H2O-

ClO4
− interactions (Figure S22, Supporting Information). This

HB redistribution kinetically hinders proton transport pathways
along the original H2O network, creating an additional energy
barrier for HER.
It is seen that the EF-IO fundamentally reconstructs cationic

solvation configurations (Figures 3J; S24, Supporting Informa-
tion). First, ClO4

− enrichment at the interfaces induces anion-
mediated solvation configurations even under −0.5 V polariza-
tion, increasing anion coordination in the solvation shell of the
interfacial Zn2+/Na+ (Figures 3J; S23, Supporting Information).
In addition, EG ligands preferentially coordinate via dual ether-
oxygen chelation over H2O, which effectively solvate Zn

2+ with a
peak of radial number density distribution exhibiting at 0.2 nm
(Figure S24b, Supporting Information). ForNa+, all of the species
with O donor enter its first solvation shell, with peaks of radial
number density distribution exhibiting at 0.25 nm (Figures S23
and Note S1, Supporting Information). These synergistic coor-
dinated effects diversify interfacial solvation configurations, ex-
panding from six distinct types in the Zn-AE to 18 in the Zn-
EG, and ultimately achieving 51 Zn2+/Na+ solvation variants in
the Zn-Na-EG (Figures 3k,i; S25, Supporting Information). This
highly diverse solvation configurations induced by EF-IO effect
alters interfacial proton dynamics through disrupting HB con-
centration in the outer EDL regions (Figure S22, Supporting In-
formation), significantly suppressing HER by impeding proton
migration toward the electrode surface, as verified by highly im-
proved electrochemical performance in Figure 2.

2.4. Surface Morphology and Component Analysis of Cycled Zn
Anodes

Characteristics of cycled Zn anodes are explored by multiscale
morphological and compositional analyses. The impact of the
EF-IO on the regulation of Zn deposition behavior was investi-
gated through real-time operando monitoring in a transparent
Zn||Zn cell. As illustrated in Figure 4a, the cell with the Zn-AE
system exhibits localized corrosive pits and progressive gas evo-
lution during prolonged operation, resulting in chaotic Zn de-
position with loosely packed dendrite architecture. This instabil-
ity originates from restricted solvation configurations where ac-
tive H2O molecules participate in both HER and non-uniform
nucleation processes. In contrast, the induced diverse solvation
configurations in the Zn-Na-EG system offers dual functional-
ity. First, it effectively resists H2O-induced parasitic reactions
through solvation sheath reconstruction, as evidenced by the ab-
sence of bubbles. Secondly, it guides Zn deposition to align par-
allel to the Zn surface in a planar configuration, contributing
to a flattened and uniform deposition layer devoid of dendrites
(Figure 4b). Confocal laser scanning microscopy (CLSM) and
3D topography reconstruction (500 μm × 500 μm, Figure 4c)
demonstrate striking contrasts: the Zn-AE system develops den-
dritic architectures with severe surface corrugation (roughness:
2.91 μm), whereas the Zn-Na-EG systemmaintains exceptionally
planarity (roughness: 0.69 μm) through 50 deposition cycles. This
disparity highlights the critical role of ion orchestration in tem-
plating homogeneous Zn deposition through dynamic electric
field modulation. The surface geometry and potential distribu-
tion of the cycled Zn anode were verified through atomic force
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Figure 3. EF-IO effect and the consequent interfacial architecture restructuring. a–f) The number density distribution of (a) H2O, (b) Zn
2+, and

(c) ClO4
− at 0 V, and (d) H2O, (e) Zn

2+, and (f) ClO4
− under the polarization of −0.5 V. g–i) 2D number density distribution in the interfacial region of

(g) H2O in Zn-AE, (h) H2O and (i) EG in Zn-Na-EG. j) Radial number density distribution of O (ClO4
−) around Zn2+ in the interfacial region. k,l) Propor-

tion of Zn2+ with different number O-donors (from H2O, ClO4
−, and EG) in the first solvation shell (0.3 nm) for (k) Zn-AE and (l) Zn-Na-EG systems.

“n” refers to the number of Zn2+ solvation configurations from interfacial MD simulations. The configurations less than 1% are concluded in others.

microscopy (AFM) coupled with Kelvin probe force microscopy
(KPFM, Figures 4d; S26 and S27, Supporting Information). The
contact potential difference (CPD) variations with surface geome-
try were scrutinized by comparing the same position lines. In the
Zn-AE, the cycled Zn anode exhibits localized charge accumula-
tion at topographic peaks with a rough surface (average rough-
ness Ra = 95.1 nm), creating electric field hotspots that drive den-
drite initiation through the “tip effect” (Figure S26a–d, Support-
ing Information). In contrast, the elimination of such tip effect is
achieved in the Zn-Na-EG system via a uniform potential distri-
bution as well as relatively flat and uniform surfacemorphologies
(Ra = 25.3 nm, Figure S26e,f, Supporting Information). Comple-
mentary scanning electronmicroscopy (SEM) characterization at

mesoscopic scales confirms these observations. It is noteworthy
that flake-like deposits proceed along the interface with irregular
Zn dendrites in the Zn-AE system (Figure S28a,b, Supporting
Information). Oppositely, flat surfaces constituted with densely
deposited Zn are observed using the Zn-Na-EG (Figure S28c,d,
Supporting Information). The above results are attributed to the
regulation of interfacial structure that effectively modulate the
electric field distribution, which coincides with the CLSM and
AFM observations.
X-ray diffraction (XRD) was carried out to evaluate the crys-

tal structure and the composition of Zn deposits on anodes. The
Zn-Na-EG system promotes the preferential growth of Zn de-
posits along the c axis, as evidenced by the dominant [002] plane,

Adv. Mater. 2025, e11163 © 2025 Wiley-VCH GmbHe11163 (7 of 13)
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Figure 4. Surface morphology and component analysis of cycled Zn anodes. a,b) In situ optical microscopy observations of the Zn deposition process
at a current density of 5 mA cm−2 on Zn foil in (a) Zn-AE and (b) Zn-Na-EG. c) CLSM images of Zn foils after 50 cycles in Zn-AE (the upper panel) and
Zn-Na-EG (the lower panel). d) CPD maps (the upper panel) and line profiles (the lower panel) taken from the KPFM images for the Zn deposition layer
in the Zn-Na-EG. e–g) Composition analysis of the SEI on the Zn electrodes after cycling in the Zn-Na-EG system using (e) HR-TEM images, (f) Cl 2p
XPS spectra, and (g) C 1s XPS spectra.

in contrast to the [101] plane in the Zn-AE (Figure S29a, Support-
ing Information). Specially, the intensity ratios of the [002]/[102],
[002]/[101], and [002]/[100] increase from 0.7, 0.7, and 0.1 in the
Zn-AE to 4.8, 1.1, and 7.1, respectively, in the Zn-Na-EG (Figure
S29b, Supporting Information). This crystallographic reorienta-
tion correlates with the ion orchestration-mediated Zn2+ flux
homogenization, as the compact structure of [002] plane mini-
mizes surface energy and dendrite propensity.[22] Critical com-
positional differences emerge in the 10.5°–11° 2𝜃 region (Figure
S30, Supporting Information). While Zn-AE shows basic byprod-

ucts (Znx(ClO4)y(OH)2x‑y·nH2O, e.g., Zn4ClO4(OH)7) from par-
asitic HER,[23] Zn-Na-EG reveals a distinct Zn5(OH)8Cl2·H2O
phase at 10.9°, confirming the formation of Cl-rich inorganic
species. Immersion tests (Figure S30, Supporting Information)
conclusively demonstrate that Zn5(OH)8Cl2·H2O formation re-
quires electrochemical cycling, rather than spontaneous chemi-
cal corrosion observed in the Zn-AE. The nanoscale architecture
of the interface shells on Cu grids from Zn||Cu cells (after 10
cycles and finishing with a charge process) were examined via
high-resolution transmission electron microscopy (HR-TEM).

Adv. Mater. 2025, e11163 © 2025 Wiley-VCH GmbHe11163 (8 of 13)
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In the Zn-AE system, a non-uniform SEI (≈38 nm) dominated
by amorphous basic byproducts (Figure S31, Supporting Infor-
mation) forms through uncontrolled side reactions. In contrast,
the Zn-Na-EG system generates a multi-component SEI, demon-
strated by the presence of both crystallized and amorphous re-
gions with a thickness of ≈18.5 nm (inset of Figure 4e). A mix-
ture of crystalline lattice fringes of ZnO (101), ZnCO3 (104), ZnO
(100), and Zn5(OH)8Cl2⋅H2O (110) is identified within the inter-
face (Figure 4e I–IV), which is believed to effectively resist detri-
mental side reactions due to its high interfacial energy.[24] This
finding is consistent with the above XRD results and contributes
significantly to the achievement of durable Zn anodes.
The chemical composition of the SEI in the Zn-Na-EG system

was further delved by in-depth X-ray photoelectron spectroscopy
(XPS). As shown in Figure 4f, the interface evolves into a chem-
ically graded structure where Cl-Zn species (Zn5(OH)8Cl2·H2O)
dominate the outer layer while organic (Cl─C)-inorganic hybrid
components prevail in the inner region. Remarkably, the emer-
gence of Cl─C bonding during sputtering implies a synergistic
decomposition of the dual salts and EG molecules, consistent
with previous finding.[10a,25] forming a stress-adaptive organic
matrix that complements the inorganic framework. In contrast,
obvious contrast is observed in Cl-related species for the Zn-AE,
where only subtle phase transitions of Cl─Zn are found in the in-
ner layer (Figure S32, Supporting Information). In the C 1s spec-
tra for Zn anodes cycled in the Zn-Na-EG, as the sputtering time
increases, the signals from the organic C─O/C─Cl and inorganic
Cl─Zn components increase accompanied by the reduction in
the C─C/C─H. Consistent with the Cl 2p spectra, the organic
C─O/C─Cl species derived from the ligand decomposition is ab-
sent in the outer layer (Figure 4g). These findings validate the
construction of a gradient-structured SEI in the Zn-Na-EG sys-
tem, where the inorganic-dominated outer layer isolates the elec-
trode from undesirable HER and corrosion reactions, while the
inner inorganic-organic hybrid layer buffers interfacial stress to
simultaneously achieve dendrite inhibition and strain relaxation
during cycling.

2.5. Electrochemical Performance for VOH Cathode-Based ZMBs

The effectiveness of the EF-IO design was further validated
through full cells employing Zn metal anodes and layered
VOH cathodes (Figure S33, Supporting Information). The cyclic
voltammetry (CV) curves of Zn||VOH cell in the Zn-AE at var-
ious scan rates (from 0.1 to 0.6 mV s−1) exhibit two pairs of re-
dox peaks, corresponding to themultistep insertion/extraction of
Zn2+/H+ (Figure 5a).[26] Apparently, a new pair of peaks emerge
at ≈1.66 V (oxidation)/1.49 V (reduction) with the Zn-Na-EG sys-
tem (Figure 5b), which can be ascribed to an additional storage
process of the VOH cathode. These redox peaks persist as the
scan rate increases, indicating reversible and rapid cathode re-
actions. This result is further corroborated by the significantly
enhanced reversible capacity in the Zn-Na-EG compared to the
Zn-AE system, particularly at high rates (Figure S34, Supporting
Information). The long-term cycling stability of Zn||VOH cells
was conducted at a current density of 1.5 A g−1. Although the
initial capacity provided by the cell using the Zn-AE is relatively
high, it rapidly decays to only 48.4 mAh g−1 after 1500 cycles, as

evidenced by the huge voltage polarization (the upper panel of
Figure 5c). In contrast, after 100 activation cycles, the cell based
on the Zn-Na-EG maintains distinct voltage plateaus even after
5000 repeated cycles (the lower panel of Figure 5c). It is noted
that the expanded voltage window (1.8 V cutoff) enhances capac-
ity by 55.7% through full utilization of 1.66 V/1.49 V redox cou-
ples (Figure S35a, Supporting Information), which is mainly due
to the inhibited OER at the cathode through reducing H2O ac-
tivity. Notably, the Zn-Na-EG system achieves long-term stability
for over 10 000 cycles with a low decay rate of 0.0076% per cycle
(Figure S35b, Supporting Information), contrasting sharply with
the faster capacity decline (< 20% capacity retention within 2000
cycles) in the Zn-AE system (Figure 5d). These results suggest
that the Zn-Na-EG system effectively suppresses undesirable re-
actions on Zn anodes and mitigates the disintegration of V cen-
ters on cathodes,[3b] representing a significant advancement com-
parable to reported Zn||VOH performance (Table S4, Supporting
Information). The distribution of relaxation times (DRT) analy-
sis for cycled Zn||VOH cells was performed to evaluate the elec-
trode|electrolyte interfacial behavior.[26] The peaks with different
time constants were fitted based on the corresponding EIS results
(Figure S36, Supporting Information). Clearly, the integrated ar-
eas of interfacial processes, particularly for charge transfer and
Zn2+ diffusion in the Zn-Na-EG, are significantly lower com-
pared to those in the Zn-AE (Inset of Figure 5d), indicating less-
resistive interfaces with decreased accumulation of by-products
on both electrodes.
As verified earlier in Figures 1i and S12 (Supporting Infor-

mation), the solvation entropy-enhanced system effectively de-
presses the freezing point via diversified cation coordination con-
figurations. This strategy enables remarkable temperature adapt-
ability, with Zn||VOH cells delivering specific capacities of ≈103
mAh g−1 at −40 °C and ≈183 mAh g−1 at 55 °C (Figures 5e;
S37, Supporting Information). Even under extreme conditions of
−45 °C, the system maintains a reversible capacity of 137.2 mAh
g−1 through implementing a constant current-constant voltage
(CCCV) charging protocol. Extended cycling validation at −20 °C
confirms exceptional durability (Figure S38a, Supporting Infor-
mation), with Zn||VOH battery maintaining a reversible capac-
ity of 103.2 mAh g−1 after 1200 cycles (92.3% capacity retention,
Figure S38b, Supporting Information) and minimal voltage po-
larization during cycling (Figure S38c, Supporting Information).
Thus, the Zn-Na-EG electrolyte enables stable electrochemical re-
versibility across an exceptional 100 °C temperaturewindow (−45
to 55 °C), stemming from the increased solvation configurations
that promote rapid ion desolvation at cryogenic temperatures, a
robust SEI that simultaneously regulate Zn2+ flux and isolates
active H2O from the Zn anode, and a reconfigured HB network
that facilitate ion transport.
As one of the most critical metrics for practical energy storage

deployment, the anti-self-discharge properties of Zn||VOH cells
were explored. The Zn||VOH cells are charged to 1.8 V and rested
for 30 days, followed by discharging to 0.5 V to record the avail-
able reversible capacity. The rate of self-discharge per day (r, the
percentage of capacity loss per day) can be calculated based on
the following equation:[27]

r =
Ct − C0

C0t
(2)
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Figure 5. Electrochemical performance for VOH cathode-based ZMBs. a,b) CV curves at varying scan rates for Zn||VOH cells with (a) Zn-AE and
(b) Zn-Na-EG. c) Voltage curves of the Zn||VOH cells after different cycles with Zn-AE (the upper panel) and Zn-Na-EG (the lower panel). d) Long-term
cycle stability of the Zn||VOH cells under 1.5 A g−1. The corresponding DRT profiles of the cells after 100 cycles are shown in the inset. e) Temperature-
dependent reversible capacities (25 to −45 °C) of Zn||VOH cells. f) Ex situ GCMS and relevant CT images (shown in insets) of Zn||VOH pouch cells
with Zn-AE (the upper panel) and Zn-Na-EG (the lower panel). g,h) Ultrasonic transmission images and corresponding ultrasonic transmission waves
at the positions marked by letters.

where Ct and C0 represent the discharge capacities before and
after the rest, respectively. After aging for 30 days, the Zn-AE dis-
plays an ultralow CE of 5.0%, corresponding to a high r of 3.2%.
The severe self-discharge with the Zn-AE primarily arises from
the hydrolysis of the vanadium-based cathodematerial, corrosion
of the Zn anode, as well as the reactivity of the electrolyte.[28] In
comparison, the CE increases by ten times and the r decreases
significantly in the Zn-Na-EG system (Figure S39, Supporting
Information).
The single-layer pouch cell with a size of 6 cm × 5 cm was

assembled to further validate the practicability of the EF-IO strat-
egy. The pouch-type Zn|Zn-Na-EG|VOH cell provides a stable en-
ergy output, remaining 70.8% capacity retention after 1000 cy-
cles without an obvious increase in the cell polarization (Figure
S40a,b, Supporting Information). In contrast, the capacity of
the Zn|Zn-AE|VOH pouch cell decreases to only ≈19 mAh g−1

within 300 cycles (Figure S40a, Supporting Information), due
to a significant voltage polarization between the charging and

discharging process (Figure S40c, Supporting Information).
Quantitative gas evolution analysis during Zn||VOH pouch cell
cycling was conducted through gas chromatography-mass spec-
trometry (GCMS), as demonstrated in Figure 5f. The pouch cell
in the Zn-AE system generates a significant amount of H2 gas
after 100 cycles (the upper panel of Figure 5f), experiencing sub-
stantial volume expansion with a thickness of 1.429 cm, as quan-
tified by non-destructive X-ray computed tomography (X-ray CT,
the upper left panel in the inset of Figure 5f). This catastrophic
gas accumulation correlates with extensive corrosion pit forma-
tion induced by heterogeneous Zn deposition and interfacial self-
corrosion (the upper left panel in the inset of Figure 5f). In
striking contrast, the Zn-Na-EG systemdemonstrates exceptional
gas suppression capability, maintaining near-original thickness
(0.333 cm, the lower left panel in the inset of Figure 5f) with
negligible H2 signal in GCMS (the lower panel in Figure 5f).
The preserved anode morphology displays minimal surface
roughness without noticeable corrosion features, confirming the

Adv. Mater. 2025, e11163 © 2025 Wiley-VCH GmbHe11163 (10 of 13)

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202511163 by U
niversity T

ow
n O

f Shenzhen, W
iley O

nline L
ibrary on [05/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advmat.de

Figure 6. Anion-storage chemistry in BDB organic cathode-based ZMBs. a) Proposed anion-storage mechanism in BDB cathodes via reversible two-
electron transfer. b) CV curves of Zn||BDB cells using the Zn-AE and Zn-Na-EG electrolytes. c) Cycling performance of the Zn|Zn-Na-EG|BDB cell. Inset
shows charge-discharge curves for the 1st and 10th cycles (left) and spatial distributions of ClO4

− on the cycled BDB cathodes over an etching time of
500 s (≈100 nm) by TOF-SIMS (right). d) In-depth profiling of Cl 2p XPS spectra for charged BDB cathodes in the Zn-Na-EG system. e) Ex situ XRD
patterns of the BDB cathode with the Zn-Na-EG system during cycling.

effectiveness of the SEI in stabilizing the interfacial electrochem-
istry (the right panels in the inset of Figure 5f). Ultrasonic scan-
ning was utilized to further detect gas generation during cy-
cling. Figure 5g,h display ultrasonic transmission images and
corresponding ultrasonic transmission waves at the positions
marked by letters. The aluminum-laminate film and the flat gas
bag exhibit high ultrasonic transmissivity (red areas a’ and b’

in Figure 5g, and the upper panel of Figure 5h). The Zn-Na-EG
systemmaintains homogeneous ultrasonic propagation through
continuous electrolyte medium (blue area c’ in Figure 5g, and the
lower panel of Figure 5h), while the Zn-AE system reveals severe
signal attenuation from gas bubble-induced acoustic impedance
mismatch (white area d’ in Figure 5g, and the lower panel of
Figure 5h), further confirming significant H2 gas generation.
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These findings highlight the effective suppression of HER and
interfacial side reactions by the EF-IO effect in the Zn-Na-EG sys-
tem, validating its potential for practical application in ZMBs.

2.6. Anion-Storage Chemistry in Organic Cathode-Based ZMBs

Beyond achieving long-term cyclability in conventional ZMB
full cells, the EF-IO design also unlocks multi-chemical energy
storage pathways through anion regulation. In the Zn-Na-
EG system, ClO4

− anion enrichment enables dual functionality-
facilitating redox-active charge compensation while suppressing
OER through reducing H2O activity on cathodes. When employ-
ing the dual N-centered organic BDB as the cathode, two distinct
cationic N sites emerge during charging, with charge neutral-
ity maintained through reversible ClO4

− anion (de-)intercalation,
establishing a novel anion-storage mechanism (Figure 6a). As
shown in Figure S41a (Supporting Information), the Zn||BDB
cell exhibits poor reversibility in the Zn-AE, displaying an irre-
versible charge capacity of ≈1000 mAh g−1 with a low initial CE
of ≈12%, due to the severe OER above 1.9 V. In contrast, the Zn-
Na-EG system enables well-defined two-electron redox behavior,
as evidenced by two pairs of oxidation/reduction peaks in the CV
curve (Figure 6b, with a scan rate of 0.1 mV s−1). Corresponding
galvanostatic profiles reveal distinct two-plateau characteristics,
yielding stabilized anion storage reversibility (Figure 6c and in-
set of Figure 6c).
The anion storage mechanism is systematically validated

through spatial distribution analysis. Time-of-flight secondary
ionmass spectrometry (TOF-SIMS) reveals different distribution
patterns. In conventional Zn-AE electrolytes, surface-localized
ClO4

− accumulation with severe bulk depletion occurs, while the
Zn-Na-EG promotes homogeneous 3D anion distribution (inset
of Figure 6c), validating reversible bulk-phase anion storage. Fur-
ther mechanistic insights emerge from in-depth XPS, showing
gradual attenuation of ClO4

− signals with increasing sputtering
depth (Figure 6d). The concurrent formation of a Cl-containing
interfacial layer on the cathode during cycling suggests anion
participation in both bulk redox and interfacial processes. Fur-
thermore, structural reversibility of BDB cathodes during ClO4

−

(de-)intercalation is corroborated through XRD. Charging in-
duces diminution of the ≈19.5° diffraction peak with concomi-
tant emergence of new features at 22°, which completely revert
upon discharging (Figure 6e). This reversible evolution confirms
the structural integrity of BDB during anion (de-)intercalation
processes, establishing BDB as a promising anion-host cathode
for high-voltage ZMBs. Overall, this EF-IO strategy exhibits im-
provement in electrochemical performance compared to other re-
lated works (Table S5, Supporting Information). This work not
only gain insight into Zn|electrolyte interfacial dynamics, but
also exemplify the capability of EF-IO strategy to integrate multi-
chemistry mechanisms within unified battery systems.

3. Conclusion

In summary, we present an electric field-guided ion orchestra-
tion (EF-IO) strategy that fundamentally reconfigures interfacial
solvation configurations to resolve parasitic reactions and den-
drite proliferation in ZMBs. Through rational Na+-mediated EDL

reconfiguration under operational electric fields, the interfacial
microenvironment is engineered to achieve diverse Zn2+/Na+

solvation structures. This drives the construction of an organic–
inorganic gradient SEI, endowing Zn||Zn symmetric cells with
long cyclability exceeding 3400 h and a 44-fold reduction in
corrosion current density. Practical Zn||VOH full cells demon-
strate exceptional durability (>10 000 cycles, 0.0076% capacity de-
cay per cycle) and wide-temperature adaptability (−45 to 55 °C).
Moreover, the EF-IO strategy unlocks ClO4

−-based reversible
anion storage in high-voltage organic cathodes via reversible
two-electron redox. Our findings establish an interfacial design
paradigm that bridges solvation thermodynamics, electric field-
driven interfacial dynamics, and electrochemical performance,
highlighting the transformative potential of EF-IO in enabling
durable and multi-chemistry ZMBs.
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the author.
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stations over the past few decades.[1] How-
ever, the rapid increase in the demand 
for LIB poses a great threat to the limited 
cobalt reserve and raises concerns related 
to eco-friendliness and cost of transition 
metals which will strongly limit its future 
grid-scale applications.[2] For the develop-
ment of next-generation battery systems, 
in addition to enhancing their energy den-
sity, power capability, cycle life, and safety, 
it is also essential to explore sustainable 
electrode material such as Co-free and 
Ni-free cathode to improve material avail-
ability and to develop high energy-efficient 
battery technologies at reduced cost.[3] In 
this respect, dual-ion battery (DIB) with 
the use of a low-cost graphite material as 
the cathode is attractive and is gaining 
attention in the research community.[4] In 
addition, owing to the simultaneous redox 
reaction of anions with the cathode and 
cations with the anode upon charging, 

DIBs have higher power density than traditional LIBs.[4g,h,5] As 
the reservoir to supply active ions for charge storage, the elec-
trolyte plays a significant role in the cell performance (e.g., the 
cell voltage, reversible capacity, and energy/power density) for 
DIBs. However, the high working voltage for anion intercala-
tion into graphite leads to severe and continuous side reactions 
between the electrolyte and the cathode material.[6] Hence, 
improving the stability of the electrolyte against oxidation is of 
vital importance that can promote stable and reversible anion 
insertion/extraction process.

Recently, highly concentrated electrolytes (HCEs) with larger 
electrochemical stability windows have been employed to 
improve the cycle performance of graphite cathode at a high 
working voltage of above 5.0 V.[4e,h,l,5a,7] For example, Heckmann 
et al. demonstrate significant increase in reversible capacity of 
DIB with HCEs from 50 mAh g–1 (1 M LiPF6-EMC and 1 M 
LiPF6-DMC) to ≈90 mAh g–1 for 4 m LiPF6-DMC and 3.5 m 
LiPF6-EMC electrolytes at a cathode cutoff voltage of 5 V versus 
Li/Li+.[7i] In another effort, Tang et al. show a stable graphite||Al 
DIB with a reversible capacity of 97.0 mAh g–1, a capacity reten-
tion of 96.8% over 500 cycles and a high energy density of 
≈180 Wh (kg electrodes)–1 with 7.5 m lithium bis(fluorosulfonyl)
imide (LiFSI) HCE as the electrolyte.[4e] Though, the substan-
tially increased viscosity with the higher salt concentration 
causes poor wettability of the separator and electrode by the 
electrolyte, leading to poor rate capability and under-utilization 

The dual-ion battery (DIB) is a promising energy storage system that dem-
onstrates high-power characteristics and fast-charging capability. However, 
conventional electrolytes are not compatible with the high-voltage graphite 
cathode and the reactive Li metal anode, thus leading to the poor cycle sta-
bility and low Coulombic efficiency of the DIB. Here, an all-fluorinated elec-
trolyte is reported that can enable a highly stable operation of the graphite||Li 
DIB up to 5.2 V by forming robust and less-resistive passivation films on both 
electrodes to reduce side reactions. The electrolyte allows reversible PF6

– 
anion insertion/extraction and Li+ cation plating/stripping in the graphite||Li 
battery, achieving stable cycling with 94.5% capacity retention over 5000 
cycles at 500 mA g–1, high capacity utilization of 91.8% of the available charge 
capacity at 50 C (5000 mA g–1), and also minimal self-discharge. At a low 
temperature of 0 °C, this all-fluorinated electrolyte exhibits 97.8% of the room 
temperature reversible capacity, along with ≈100% capacity retention after 
more than 3000 cycles, at 5 C. This work sheds a new light on the develop-
ment of fluorinated electrolytes for high voltage and long-lasting DIBs.

Y. Wang, Y. Zhang, S. Dong, W. Zhou, P.-K. Lee, Z. Peng, P. H.-L. Sit,  
D. Y. W. Yu
School of Energy and Environment
City University of Hong Kong
Hong Kong SAR, China
E-mail: denisyu@cityu.edu.hk
C. Dang
Department of Mechanical Engineering
City University of Hong Kong
Hong Kong SAR, China
J. Guo
Institute of Applied Physics and Materials Engineering
University of Macau
Macao SAR 999078, China
D. Y. W. Yu
Center of Super-Diamond and Advanced Films (COSDAF)
City University of Hong Kong
Hong Kong SAR 999077, China

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/aenm.202103360.

1. Introduction

Lithium-ion batteries (LIBs) have become the leading electro-
chemical energy storage technologies in various fields including 
portable electronics, battery electric vehicles, and energy storage 
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of the full battery performance.[8] In addition, the increase in 
salt concentration raises the cost of the battery. These factors 
ultimately impede the practical applications of DIB. Therefore, 
the development of an electrolyte with lower salt concentration 
that has excellent compatibility with the graphite cathode and 
can facilitate stable anion de-/intercalation at high voltage is 
essential for the future commercialization of DIBs.

As the most common electrolyte solvents, carbonates such 
as ethylene carbonate (EC) and ethyl methyl carbonate (EMC) 
possess low oxidation potential, which limit their application in 
high voltage batteries. Several reports have shown that fluori-
nated carbonates such as 3, 3, 3-trifluoropropylene carbonate 
(TFPC), fluoroethylene carbonate (FEC), methyl 2, 2, 2-trif-
luoroethyl carbonate (FEMC), and 1, 3-dioxolan-2-one,4-[2, 3, 3, 
3-tetrafluoro-2-(tri-fluoromethyl)propyl] (F-AEC) can increase 
the high voltage stability of the cathodes for LIBs.[9] However, 
few efforts have been made to investigate the effects of fluori-
nated carbonates on the stability of graphite cathode beyond 
5  V and the corresponding anion de-/intercalation behaviors 
during discharge and charge.[10]

In this work, we study the electrochemical performances of 
a graphite||Li battery in electrolytes containing 1 m LiPF6 salt 
and find that those with FEMC solvent has superior oxidation  
stability up to 5.2 V compared to electrolyte with EMC, resulting 
in significantly reduced amount of electrolyte decomposition and 
thinner CEI layer on the graphite cathode, as verified by X-ray 
photoemission spectroscopy (XPS) and transmission electron 
microscopy (TEM). Though, parasitic reaction between FEMC 
and Li metal anode leads to continuous growth in surface layer 
on Li, resulting in a rapid increase in overpotential and capacity 
fading over 250 cycles. The addition of FEC as co-solvent can 
protect the Li metal and suppress dendrite growth upon cycling 
by forming a dense SEI layer. As a result, graphite||Li battery in  
1 m LiPF6 FEC/FEMC electrolyte shows excellent cell lifetime 
of 5000 cycles with 94.5% capacity retention and a fast charging 
rate capability with capacity utilization of 91.8% even at 50 C at 
room temperature. In addition, when charging/discharging at a 
low temperature of 0 °C at 5 C, 97.8% of the discharge capacity 
(with respect to that at room temperature) and a long-term cycle 
stability without capacity decay for 3000 cycles are achieved. 
FEC/FEMC electrolyte also reduces the amount self-discharge 
in the battery. The electrolyte engineering presented here offers 
guidelines for further designs of electrolyte formulations for DIB 
and other battery systems with large voltage ranges.

2. Results and Discussion

2.1. Effect of Electrolytes on the Graphite Cathode

To gain insight into the oxidative and reductive stabilities of the 
solvents, the highest occupied molecular orbital (HOMO) and 
lowest unoccupied molecular orbital (LUMO) of EMC, FEC, 
and FEMC solvents used here were calculated using density 
functional theory (DFT) simulation.[9a,11] As Figure 1a indi-
cates, the HOMO energies of these three solvents decrease in 
the following order: EMC (−8.08 eV) > FEMC (−8.69 eV) > FEC 
(−8.9 eV), suggesting FEC possesses the highest oxidative sta-
bility while EMC has the highest tendency to be oxidized under 

high voltage within the three solvents. Meanwhile, the LUMO 
energies exhibit the same trend as HOMO energy levels, 
which are calculated to be 0.18, −0.11,  and −0.36 eV for EMC, 
FEMC, and FEC, respectively, indicating FEC is more prone to 
be reduced. These results demonstrate that fluorination of the 
solvent can significantly lower the HOMO and LUMO energy 
levels due to the introduction of strong electron-withdrawing 
groups (such as −CF3) into the structure, thus increasing both 
the oxidation and reduction potential of the solvent, which are 
consistent with previous reports.[9a]

Various electrolytes were prepared by dissolving 1 m LiPF6 
salt in pure EMC, pure FEMC, mixed FEC/EMC (3:7 by 
volume), and mixed FEC/FEMC (3:7 by volume) solvents. To 
evaluate the anodic stability of electrolytes against oxidation 
under high voltage, linear sweep voltammetry (LSV) on an inert 
working electrode of titanium was performed, as presented in 
Figure  1b.[12] A decomposition potential of ≈5.0  V is observed 
for 1 m LiPF6-EMC electrolyte, whereas FEC and FEMC effec-
tively expand the electrochemical stability window up to 5.5 V, 
which is well consistent with the DFT calculation.[13] Owing to 
the excellent anti-oxidation stability, FEC and FEMC solvents 
are therefore expected to have lower reactivity with the cathode 
under high voltage.

To investigate the parasitic reactions on the graphite surface, 
potentiostatic tests were conducted using graphite||Li cells with 
1 m LiPF6-based electrolytes, as illustrated in Figure 1c. The cells 
were charged to and held at a constant voltage of 5.0, 5.1, 5.2, 
and 5.3  V, respectively. The cell with EMC electrolyte already 
shows a leakage current of ≈0.0035  mA when it was held at 
5.0  V, indicating some degree of electrolyte decomposition. 
It is noted that leakage current is reduced with the introduc-
tion of fluorinated electrolytes. When the voltage is raised, the 
differences between the various electrolytes can be observed. 
Specifically, the cell with FEC/EMC shows higher current com-
pared to those with FEMC or FEC/FEMC at 5.1  V or above, 
which is attributed to the oxidation decomposition of the EMC 
solvent. Both FEMC and FEC/FEMC shows similar stability up 
to 5.2 V, which indicates that FEMC is a promising electrolyte 
for high voltage batteries. When the voltage is further increased 
to 5.3  V, the electrolyte decomposition becomes more signifi-
cant with a larger leakage current observed for FEMC electro-
lyte compared with FEC/FEMC electrolyte. Overall, FEC/FEMC 
electrolyte shows the best stability at high voltage.

The cycle performance of graphite||Li cells using the four 1 m  
LiPF6-based electrolytes were conducted within the voltage range 
of 3–5.2 V. Figure 2a shows the 1st charge-discharge curves at a 
current density of 10 mA g–1 and Figure 2b compares the initial 
Coulombic efficiency (ICE) and average CE during cycling. The 
cell with 1 m LiPF6-EMC electrolyte shows abnormal charging 
profile, with the voltage not able to reach the cutoff voltage of 
5.2  V (inset of Figure  2a), which is attributed to continuous 
electrolyte decomposition. The addition of FEC as a co-solvent 
into the electrolyte (i.e., FEC/EMC = 3:7) suppresses electro-
lyte decomposition (Figure 2b) due to the enhanced electrolyte 
anodic stability,[14] as suggested in Figure 1c. By replacing EMC 
by FEMC, the cell with FEC/FEMC exhibits an increased ICE of 
76.5% (Figure 2b), revealing that the side reactions between elec-
trolyte and cathode is reduced. Even though 1 m LiPF6-FEMC 
electrolyte without FEC also shows excellent compatibility with 
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graphite cathode up to 5.2 V (Figure 1c) with a high discharge 
capacity of 88.7 mAh g–1 and CE of 71.9% for the first cycle, the 
graphite||Li cell experiences a fast capacity decay during the ini-
tial 250 cycles (Figure  2c), significantly worse than that with 
FEC/FEMC. This is mainly attributed to the incompatibility of 
FEMC with the Li metal anode, and FEC co-solvent is needed to 
stabilize it, as discussed in a later section.

The comparison of long-term cycle performance of 
graphite||Li cells at a current of 500 mA g–1 (5 C rate) with 1 m  
LiPF6-based electrolytes are displayed in Figure 2c. An obvious 
growing polarization (Figure S1b, Supporting Information) and 
declining CE is observed during cycling in FEC/EMC electro-
lyte, leading to battery failure within 1300 cycles. In contrast, 
FEC/FEMC electrolyte effectively reduce the cell polariza-
tion (Figure S1c, Supporting Information), maintaining a 
highly overlapping charge–discharge curves after 3000 cycles 
without capacity decay. More importantly, the cell CE is greatly 
enhanced to ≈99.2% during cycling, enabling a significantly 
improved capacity retention of 94.5% after 5000 cycles. To the 
best of our knowledge, this long-term cycling capability is one 
of the most outstanding results of DIBs for anion intercala-
tion, as compared with other reports (summarized in Table S1,  
Supporting Information). It is noted that when cycling at a 

low current density of 10  mA g–1 (0.1 C), the CEs of the cells 
decrease for all electrolytes due to self-discharge (Figure S1d,e, 
Supporting Information), which will be discussed in Section 2.4. 
The superb cycle stability also suggests the parasite reactions 
between the graphite cathode and electrolyte is suppressed 
by replacing EMC with FEMC, which can be attributed to a 
stabilized CEI layer.

Furthermore, at 0 °C, the graphite||Li battery employing 
1 m LiPF6-FEC/FEMC retains 97.8% of the available capacity 
compared to that at room temperature with well-maintained 
voltage curves as well as superb cycle stability without capacity 
decay upon 3000 cycles under the high current rate of 5 C 
(Figure 2d). These results indicate that this all-fluorinated elec-
trolyte can also enable a fast and reversible reaction kinetics 
of PF6

– and Li+ at low temperature for graphite||Li DIBs. In 
rocking-chair batteries (e.g., LIBs), the ion-desolvation energy 
in electrolytes plays a significant role in the electrode reaction 
kinetics since the solvent molecules have to be stripped off 
from the Li+ solvation structure near the anode and cathode 
during charge and discharge, respectively. Therefore, a sluggish  
Li+ de-solvation process will affect both the cell charging and 
discharging performance especially at low temperature.[15] This 
is not the case for DIBs where ion-desolvation only occur during 

Figure 1.  a) Structures and molecular orbital energies of EMC, FEMC, and FEC solvents. b) LSV of a titanium electrode in 1 m LiPF6-based EMC, FEC/
EMC, FEMC, and FEC/FEMC electrolytes at a scan rate of 5 mV s–1. c) Potentiostatic profiles of graphite||Li cells with various electrolytes maintained 
at 5.0, 5.1, 5.2, and 5.3 V for 10 h.
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Figure 2.  a) The initial charge/discharge curves of graphite||Li cells with different electrolytes at 10 mA g–1. Inset is the charge/discharge profile with 
EMC electrolyte. b) The 1st cycle CE and average CE during the cell lifetime. c) Cycle performance and Coulombic efficiency of graphite||Li cells. d) Cycle 
stability of graphite||Li cells using 1 m LiPF6-FEC/FEMC electrolyte at 0 °C. Insets show the comparison of charge–discharge curves at room temperature 
and at 0 °C, and voltage curves of the last 20 cycles at 0 °C. Upper cutoff voltage: 5.2 V, current density: 500 mA g–1 (1 C = 100 mA g–1).
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charge process, thus can reduce the de-solvation barrier.[15c] In 
addition, according to previous studies,[16] the much weaker 
interaction between anions and solvent molecules would lead 
to a fast anion de-solvation process, thus facilitating rate and 
low-temperature performances.

2.2. Effect of Electrolyte on Li Anode

To evaluate the efficiency and reversibility of Li plating/strip-
ping behavior, Li||Cu half cells with different electrolytes were 
cycled at 0.50 mA cm–2 with a capacity of 1 mAh cm–2, as shown 
in Figure S2 (Supporting Information). The 1 m LiPF6-EMC 
and 1 m LiPF6-FEMC electrolyte present low CE of 11.0% and 
35.0%, which quickly fails to less than 10% within five cycles 
due to side reactions. Introducing FEC as a co-solvent into 
these two electrolytes can stabilize the Li plating/stripping pro-
cess and significantly improves the average CE to ≈95.8% and 
≈97.2% (80 cycles) with 1 m LiPF6-FEC/EMC and 1 m LiPF6-FEC/ 
FEMC electrolytes, respectively. These results suggest that 
FEMC reacts with Li anode, which is attributed to be the main 
factor leading to the fast capacity decay of the graphite||Li cell as 
shown in Figure 2c.

To further evaluate the stability of Li metal anodes against var-
ious electrolytes, galvanostatic cycling of Li||Li symmetric cells 
using the above-mentioned four electrolytes was also conducted 
at a current density of 1.0 mA cm–2 with 12 min plating/strip-
ping time. As shown in Figure 3a, the stability of the Li||Li cells 
in different electrolytes is in the order: EMC < FEMC < FEC/ 
FEMC ≈ FEC/EMC. Specifically, the cell with 1 m LiPF6-EMC 
electrolyte lasts only 25 h with overpotential significantly 
increases to three times the initial level, which is attributed to 
the increase in surface resistance from continuous dendrite 
growth and electrolyte consumption.[17] When EMC is replaced 
by FEMC solvent, the increment in overpotential is reduced, 
though the symmetric cell can only survive ≈500 repeated Li 
plating/stripping cycles, implying the Li metal electrode is 
not stable in 1 m LiPF6-FEMC electrolyte. This explains the 
fast degradation of graphite||Li cell with FEMC electrolyte, as 
shown in Figure  2c. In contrast, with FEC/FEMC electrolyte, 
the voltage hysteresis declines to ≈±72  mV over 400 h and 
remains stable without obvious increment over the prolonged 
cycles, contributing to an outstanding cycle life of more than 
2000 h. Similar stability of the Li||Li cell is also achieved with 
FEC/EMC electrolyte. The results suggest that FEC is a critical 
component in the electrolyte that leads to the ultra-long cycling 
life for DIBs with Li metal as anodes (Figure 2c), as FEC is able 
to form a stable and Li+-conducting interface on the Li metal 
surface.[18] These results are also consistent with our Li||Cu tests 
as discussed above.

Electrochemical impedance spectra (EIS) of symmetric Li||Li 
cells upon cycling were carried out to further track the interfa-
cial resistance with various electrolytes and verify the benefit of 
FEC (Figure 3b–e). The Nyquist plot is composed of two typical 
semicircles representing interfacial resistance (high-to-middle 
frequency region) and charge transfer resistance (middle-to-low 
frequency region), respectively.[19] The Nyquist plots were fitted 
by employing the equivalent circuit in the inset of Figure  3b, 
where Rs, Ri, and Rct are attributed to resistances of the bulk 

electrolyte, the interface, and the charge transfer, respectively. 
The evolution of Rs with cycling is displayed in Figure S3a 
(Supporting Information) and also summarized in Table 1. It is 
clear to note that the cell with EMC electrolyte exhibits a large 
increment of Rs upon electrochemical cycling to 217.3 Ω after 
100 cycles. Similarly, Rs of the FEMC electrolyte grows gradually 
to 106.8 Ω after 600 cycles, suggesting a large consumption of 
electrolyte accompanied with increase in surface resistance.[19] 
This phenomenon is attributed to the repeated breakdown and 
reparation of the interface (repeated SEI formation) on the Li 
electrode.[17b] In contrast, the Rs remains nearly unchanged for 
800 cycles with the addition of FEC as a co-solvent (i.e., FEC/
EMC and FEC/FEMC electrolytes), which indicates FEC is 
effective in reducing the harmful parasitic reactions between 
the electrolyte and Li metal, contributing to a more stable inter-
face with smaller resistance change.

The evolution of Ri upon cycling exhibits a similar trend with 
Rs for each electrolyte, as shown in Figure S3b (Supporting 
Information, also summarized in Table  1). For the Li||Li cell 
with EMC electrolyte, Ri is ≈295 Ω at 10th cycle, which increases 
gradually with cycling. This phenomenon is attributed to the 
high-impedance interfacial layer formed on the Li metal, thus 
leading to the fast cell failure with EMC electrolyte (Figure 3a). 
Li||Li cell with FEMC also shows an increase in Ri with cycling, 
indicating that FEMC is not stable with Li. On the contrary, the 
introduction of FEC as a co-solvent (i.e., FEC/EMC and FEC/
FEMC) reduces Ri upon cycling, which is attributed to the 
gradual stabilization of the interfacial layer through repeated 
charge–discharge.[17b,19b] The favorable effects of FEC-induced 
SEI on Li anode will be further elaborated in next section.

2.3. Characterizations of the Graphite Cathode and Lithium 
Anode after Cycling

To reveal the benefits of FEMC at high voltage, the composition 
and morphology of the CEI layer formed on graphite cathodes 
were investigated by X-ray photoelectron spectroscopy (XPS) 
and transmission electron microscopy (TEM), respectively, 
after 800 cycles. Compared to the major peak at ≈284.8  eV  
representing the C−C functionality for pristine graphite elec-
trode (Figure S4a, Supporting Information), the electrode tested 
in FEC/EMC electrolyte shows increasing amounts of species 
attributed to C−O, C=O, ROCO2Li, and Li2CO3 after cycling 
(Figure 4a), which is attributed to the accumulation of surface 
deposits from the decomposition of EMC. At the same time, 
the presence of LiF and LixPOyFz species in the core F 1s spec-
trum (Figure 4d) suggests the decomposition of the LiPF6 salt. 
In contrast, the electrodes cycled in the presence of FEMC (i.e., 
FEMC and FEC/FEMC electrolytes in Figure  4b,c,e,f) show 
reduced amount of C=O, ROCO2Li, LiF, and LixPOyFz species, 
indicating less reaction between the electrolyte and graphite 
electrode. In addition, TEM images shows that the CEI layer on 
graphite is thinner when FEMC is used (Figure S5, Supporting 
Information).

The uniformity of the CEI layers on graphite with different 
electrolytes is further investigated by XPS depth profiling. In 
general, the contents of C−C and C−O increase, whereas the 
fraction of other species decreases from the outer to inner layer 
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Figure 3.  a) Cycling stability of Li||Li symmetric cells in various electrolytes. Inset displays the enlarged figure of the red rectangle. Nyquist plots of Li||Li 
cells using b) EMC, c) FEMC, d) FEC/EMC, and e) FEC/FEMC electrolytes during cycling. Inset shows the equivalent circuit model for EIS analysis. 
Current density: 1.0 mA cm–2, plating/stripping time: 12 min.
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(Figure 4g). Though, the graphite cathode cycled in FEC/EMC 
electrolyte shows reduced amount of LiF and LixPOyFz species 
with increasing etching time (Figure  4h), suggesting that the 
surface CEI evolves with cycling, possibly due to additional 
LiPF6 decomposition upon cycling.[20] In contrast, both electro-
lytes containing FEMC reveal a small change in LiF content as 
the etching time is increased (Figure 4h). This suggests that the 
original CEI formed with FEMC and FEC/FEMC is stable after 
it is formed.[4b]

The morphologies of graphite cathodes in the three elec-
trolytes were further studied by scanning electron microscope 
(SEM) (Figure 5a-c and Figure S6a, Supporting Information). 
It is clear that severe graphite exfoliation occurs with wrinkled 
or folded thin sheets after long-term charging/discharging with 
FEC/EMC electrolyte, as highlighted by the red rectangles in 
the image (Figure 5a). This is mainly due to the continuous side 
reactions between the electrolyte and the cathode under high 
charging voltage. In contrast, for the cathode cycled in FEMC 
electrolyte, the damage of the graphite structure is reduced, as 
evidenced by the smoother and more intact particle (Figure 5b). 
After adding FEC into this electrolyte, the electrolyte compati-
bility toward the graphite electrode is further enhanced, leading 
to a well-maintained structural integrity of the graphite particle 
with laminar microstructure (Figure 5c). These results further 
show that FEMC improves the stability of the graphite cathode.

The situation is different for the Li anode, which is shown 
from the cross-sectional images of cycled Li metal electrodes 
harvested from graphite||Li cells, as displayed in Figure  5d–f 
and Figure S6b (Supporting Information). With FEMC electro-
lyte, severe corrosion of the bulk Li metal with accumulation of 
a thick porous layer (≈190 µm) is observed, which is due to the 
excessive reaction between FEMC and Li metal. FEC co-solvent 
is needed to suppress the continuous corrosion at the Li metal/
electrolyte interface and formation of inactive Li, as evidenced 
from the reduced thickness of the reaction layer on the Li metal 
of about ≈45 µm in the FEC/FEMC and FEC/EMC electrolytes. 
These results further confirm the important role of FEC solvent 
in generating a more stable and protective SEI on Li anode that 
can hinder subsequent corrosion reaction, promote uniform Li 
plating/striping during cycling, and maintain excellent long-
term cycle stability of graphite||Li cells.

Based on the LUMO calculation from DFT in Figure 1a, FEC 
with lower LUMO is easier to be reduced than EMC and FEMC 
on the surface of Li anode, significantly reducing the consump-
tion of solvent. According to previous reports, the reaction of 

FEMC and EMC with Li lead to an organic component (e.g., 
ROCO2Li)-rich SEI, while FEC forms a LiF-rich SEI.[21] LiF is 
a robust electrical insulator (≈10–31 S cm–1) that can prevent 
electrons from crossing the SEI layer, but also has a low sur-
face diffusion barrier and high surface energy for Li+, thus 
beneficial for the uniform Li deposition to suppress Li dendrite 
growth.[16a,19] These findings are consistent with our results, 
which are supported by the Li||Li symmetric cell (Figure  3), 
Li||Cu cell (Figure S2, Supporting Information), cross-sectional 
SEM images (Figure  5d–f), and DFT calculations (Figure  1a) 
results.

2.4. Rate and Self-Discharge Performances of Graphite||Li in 
Different Electrolytes

Apart from the long-term cycling stability of graphite||Li cells, 
we also investigated the effect of the various fluorinated elec-
trolytes (FEMC, FEC/EMC, and FEC/FEMC) on the charge and 
discharge capability of the corresponding batteries at different 
current rates (Figure 6a–d, Figures S7 and S8, Supporting 
Information). To separate the effect of charging (intercalation 
of PF6

– and deposition of Li+) and discharging (de-intercaltion 
of PF6

– and dissolution of Li), the cells are either tested with 
constant charging current with varying discharging currents 
(Figure S7, Supporting Information) or constant discharging 
current with varying charging currents (Figure  6). Figure S6  
(Supporting Information) shows the rate performance of 
the cells when charged at the same current rate of 1 C while 
discharged at different rates from 1 C to 50 C. For all cells, the 
capacity retention is nearly 100% even at a 50 C discharge rate 
for all three electrolytes, indicating the PF6

– anion de-interca-
lation process from the graphite is facile and highly revers-
ible and is not a rate limiting step in the battery. Though, 
the graphite||Li cell with FEMC shows larger polarization at 
a higher current rate with a lower average discharge voltage 
than the cells with FEC/EMC or FEC/FEMC (Figure S7b–g, 
Supporting Information). This is consistent with the higher 
impedance of the cell with FEMC (Table  1) and indicates that 
FEC co-solvent can improve kinetics of the Li anode.

When the discharge rate is kept at 1 C, but the charge rate is 
increased, the cells cycled with FEC/EMC and FEC/FEMC elec-
trolytes can maintain superior charging capability (Figure  6a) 
with well-overlapping charge curves even when charging at 
50 C rate, with a high capacity utilization of 91.3% and 91.8%, 

Table 1.  Summary of fitting parameters (Rs and Ri) for EIS results of Li||Li symmetrical cells.

Electrolyte 10th 20th 50th 70th 100th 300th 500th 600th 800th

EMC Rs /Ω 14.1 20.3 46.9 89.4 217.3 – – – –

Ri /Ω 295.2 332.7 439.3 570.5 900.1 – – – –

FEMC Rs /Ω 23.6 – 30.3 – 33.0 36.8 42.6 56.3 106.8

Ri /Ω 41.6 – 28.8 – 21.5 52.8 80.8 125.2 288.8

FEC/ EMC Rs /Ω 4.3 – 5.8 – 5.0 5.5 5.1 5.2 5.1

Ri /Ω 74.4 – 55.5 – 28.0 14.2 3.2 2.9 2.9

FEC/ FEMC Rs /Ω 7.2 – 9.7 – 9.2 9.4 9.0 8.5 7.2

Ri /Ω 45.7 – 32.3 – 20.9 13.3 7.3 6.3 6.6
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respectively, for the graphite||Li cell (Figure S8, Supporting 
Information). The voltage polarization of the cells in FEC/EMC 
and FEC/FEMC electrolytes are 0.35  and 0.37  V, respectively, 
at 50 C. These results also indicate that graphite cathode is 
capable of allowing ultrafast PF6

– anion insertion at a high rate. 
It is noted that when the salt concentration is increased to 2 m, 
the DIB demonstrates similar fast-charging capability and cycle 
stability as compared to those with 1 m LiPF6-FEC/FEMC 
electrolyte (Figure S9, Supporting Information). For practical 

applications, the salt concentration with respect to electrolyte 
amount, viscosity, power, and energy densities will have to be 
further optimized in future work.

Graphite||Li cell with FEMC electrolyte, on the other hand, 
shows poorer rate performance with a reduced capacity uti-
lization of ≈45% and a huge polarization (≈0.93  V) at 50 C 
(Figure 6b). The main reason for the difference is again the Li 
anode—FEMC is not compatible with Li, thus forming an SEI 
layer with large resistance, whereas FEC co-solvent can form an 

Figure 4.  C 1s and F 1s XPS depth profiles of the graphite cathodes after 800 cycles in (a) and (d) FEC/EMC, b,e) FEMC, c,f) FEC/FEMC electrolytes, 
respectively. Normalized contents of different species of g) C 1s and h) F 1s in the CEI layer cycled in these three electrolytes, before and after etching 
for 50 s.
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Li+-conductive and stable SEI and enhance interfacial dynamics 
of the anode. These results demonstrate that FEC/FEMC elec-
trolyte is compatible with both the graphite cathode and Li 
anode and can ensure high rate performance of the DIB.

Since parasitic reactions can consume energy, here we also 
study the self-discharge behavior of graphite||Li cells in different 
fluorinated electrolytes. The cells are first charged to 5.2 V and 
rested for different time, and then discharged to 3 V to record 
the available discharge capacity (Figure  6e,f, Figure S10, Sup-
porting Information). As shown in Figure  6e, the decrease in 
capacity is not linear with rest time, and the degree is highly 
dependent on the electrolyte. The rate of self-discharge (r) 
(i.e., the percentage of capacity loss with time) can be calculated 
from the following equation:[22]

100%r
C C

C t t
t t

t ( )= −
− ′

×′

′
	 (1)

where Ct’ and Ct represent the discharge capacities after resting 
for t and t’, respectively. During the initial period (first 3 h after 
charging, as shown in the inset of Figure  6e), r is 2.26%/h, 
1.99%/h, and 1.56%/h for graphite||Li cells using FEC/EMC, 
FEMC, and FEC/FEMC electrolytes, respectively, while the 
voltage of the battery decreases during rest in the same 
order: FEC/EMC > FEMC > FEC/FEMC (inset of Figure  6f). 
This trend coincides with the degree of electrolyte oxidation 
decomposition (Figure  1b,c), suggesting that the short-term 
self-discharge process is probably due to side reactions of the 
electrolyte under high voltage. In addition, the short-term 
self-discharge rate is found to depend linearly with the upper 
cut-off voltage (Figure S11, Supporting Information), further 
supporting that the initial loss in capacity is due to electrolyte 
decomposition. As the resting time increases, the self-discharge 

rate is also decreased (Figure  6e). This could be because the 
voltage of battery is now reduced to a level where electrolyte 
decomposition is not a dominant factor anymore (Figure  6f). 
The mechanism of long-term self-discharge remains unclear 
and should be investigated in future work.

In our work, the active mass loading of the graphite cathode 
is 2.0  mg cm–2, which is lower than electrode loading for 
traditional LIB cathode. This is because DIB is more suit-
able for high-rate applications. A simple calculation of the 
energy density of DIB is included in Note S1 and Table S2  
(Supporting Information) based on a stacked layer of elec-
trodes with electrolyte in between (Figure S12, Supporting 
Information). Since the electrolyte is the only source of cations 
and anions for the electrochemical storage processes, a larger 
amount of electrolyte is needed in DIB.[23] Practical energy den-
sity of DIB is between 20 and 70 Wh kg–1, and depends strongly 
on the use of the salt in the electrolyte (Figure S13, Supporting 
Information). Increasing active mass loading of graphite 
can slightly increase the energy density of DIB, but compro-
mises the power capability as the rate performance is poorer 
(Figure S14, Supporting Information). In the future, electrode 
loading will have to be optimized with respect to energy and 
power densities for practical applications.

3. Conclusion

In this work, we have developed an all-fluorinated electrolyte, 1 m  
LiPF6-FEC/FEMC (3:7), that is suitable for DIB with graphite 
cathode up to 5.2  V. FEMC forms a stable CEI on the surface 
of the graphite cathode, protecting it from further reaction 
with the electrolyte. On the other hand, FEC co-solvent forms 
a protective SEI on the Li metal, stabilizing the anode. The 

Figure 5.  SEM images of graphite cathodes and Li anodes after 800 cycles harvested from graphite||Li cells. Surface view of graphite electrodes cycled 
in a) FEMC, b) FEC/EMC, and c) FEC/FEMC electrolytes. Cross-sectional images of Li metal after cycling using d) FEMC, e) FEC/EMC, and f) FEC/
FEMC electrolytes.
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synergetic effect of the FEC/FEMC electrolyte enables reversible 
and highly efficient PF6

– insertion/extraction and Li+ plating/
striping processes in a graphite||Li battery, achieving excellent 
cell lifetime of 5000 cycles with 94.5% capacity retention accom-
panied by an average Columbic efficiency of ≈99.2%, which is 
among the best cycle performance ever reported for a DIB. The 
electrolyte system also allows low-temperature applications of 
DIB, as evidence from the ≈100% capacity retention for more 
than 3000 cycles at 0 °C (5 C). Meanwhile, the interface layers 
on the cathode and anode are highly conductive to ion transport 
with small voltage polarization, thus enabling ultrafast charging 
with 91.8% capacity utilization at 50 C. Moreover, the use of 
fluorinated electrolyte also suppresses electrolyte decomposition 
and self-discharge. Our work provides an alternative method to 
stabilize high-voltage anion intercalation reactions apart from 
increasing the salt concentration. DIB is a promising choice 

for next-generation battery systems for room-temperature and 
low-temperature applications. Further work on clarifying the 
relationships among electrolyte properties (e.g., electrolyte ionic 
conductivity, melting point), electrolyte microstructure (e.g., 
solvation structure, de-solvation energy), interfacial behaviors 
(CEI layer, SEI layer), electrode material properties (e.g., particle 
size, morphology and structure), and electrochemical perfor-
mances of DIBs from both scientific and practical viewpoints is 
underway and will be reported in the future.

4. Experimental Section
Electrolyte Preparation and Cell Assembly: LiPF6 (purity ≥ 99.95%) 

salt, FEC (purity ≥ 99.99%) solvent, and EMC (purity ≥ 99.99%) 
solvent were purchased from Dongguan Shanshan Battery Materials 
Co., Ltd. FEMC (>99%) solvent was purchased from Halocarbon 

Figure 6.  a) Rate capability of graphite||Li cells under increasing charge rate from 1 C to 50 C with a constant discharge rate of 1 C. Evolution of the 
average charge and discharge voltage of graphite cathodes under varying charge rates using b) FEMC, c) FEC/EMC, and d) FEC/FEMC electrolytes. 
The evolution of e) discharge capacity and f) voltage as a function of rest time after charging the cells to 5.2 V. 1 C = 100 mA g–1.

Adv. Energy Mater. 2022, 12, 2103360
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Products Corp. The electrolytes were prepared by dissolving 1 m 
LiPF6 salt in pure EMC, pure FEMC, mixed FEC/EMC (3:7 by volume) 
and mixed FEC/FEMC (3:7 by volume) solvents, respectively. All 
electrolytes were prepared in the Ar-filled glove box with O2 < 0.1 ppm 
and H2O < 0.1 ppm.

The cathode slurry was prepared by blending graphite powder (MTI 
SAG-R) as the active material, acetylene black, and CNT (TUBALL 
BATT NMP) as conductive agents, and PAA (Sigma Aldrich, MW  
450 000) as binder at a weight ratio of 85: 4.5:0.5:10 by using NMP 
as the solvent. The homogeneous slurry was then coated onto an 
aluminum foil and dried at 80 °C. The dried electrode was punched into 
circular sheets with the diameter of 16 mm. The average mass loading 
of active material on each cathode and anode was 2  ± 0.2  mg cm–2. 
Electrodes were further dried at 150 °C overnight under vacuum prior 
to cell assembly. CR2032-type coin cells with the graphite cathode and 
lithium metal (China Energy Lithium Co., Ltd., diameter × thickness: 
ϕ16 × 0.6  mm) were fabricated in an Ar-filled glove box with both O2 
and H2O content being less than 0.1 ppm. A PVdF membrane (Merck 
Millipore Ltd., pore size: 0.2  µm) wetted with approximately 150  µL 
electrolyte was used as the separator.

Electrochemical Tests: Galvanostatic charge–discharge tests were 
performed using a Neware battery tester. The graphite||Li cells were 
typically cycled with a constant current of 500 mA g–1 (5 C) within the 
voltage range of 3–5.2 V (versus Li/Li+). The LSV tests were conducted on 
a working electrode of Ti foil at a sweep rate of 5 mV s–1. Potentiostatic 
tests were performed using graphite||Li cells which were charged to and 
held at a constant voltage of 5.0, 5.1, 5.2, and 5.3 V for 10 h, respectively. 
Two protocols were used to evaluate the electrolyte effects on the 
rate capability of graphite cathode: (1) the cells were charged with an 
increasing current rate from 1 C to 50 C with a constant discharge rate of 
1 C; (2) the cells were charged at a constant rate of 1 C while discharging 
with an increasing current rate from 1 C to 50 C. For low temperature 
electrochemical tests, the cells using 1 m LiPF6-FEC/FEMC electrolyte 
were initially cycled for 50 times at room temperature with a current rate 
of 5 C to form the CEI and SEI. The cells were then transferred to a 
temperature chamber to rest for 7 h to reach 0 °C, followed by charging/
discharging at 5 C.

To investigate the effect of the electrolyte on the Li metal, 
galvanostatic cycling of Li||Li symmetric cells were conducted at a 
current density of 1.0  mA cm–2 with 12  min plating/stripping time. 
Impedance measurements were performed also using the Bio-Logic 
potentiostat (VMP3) by applying a 10 mV AC potential amplitude within 
the frequency range from 100 kHz to 10 mHz. The Coulombic efficiency 
measurements of Li||Cu cells were conducted at 0.5  mA cm–2. Li was 
first deposited on the Cu electrode with a capacity of 1 mAh cm–2, then 
stripped to a voltage of 1.0 V versus Li/Li+.

Sample Characterizations: To gain insights into the surface chemistry 
and morphological changes of the graphite cathodes and Li anodes, 
the cycled cells were disassembled in the glove box. The electrodes 
were rinsed with dimethyl carbonate (DMC) solvent for several times 
to remove the salt residuals, followed by drying in the antechamber 
of the glove box under vacuum. The morphological evolutions of the 
cathode material and Li metal were studied using a field-emission 
scanning electron microscope (FE-SEM, Zeiss SUPRA-55 microscope) 
and a transmission electron microscope (TEM, JEOL 2100 F). X-ray 
photoelectron spectra (XPS) was carried out on Thermo Scientific 
ESCALAB Xi+ XPS microprobe using Al Kα radiation. The collected 
spectra were calibrated according to the C 1s binding energy of 284.8 eV 
and analyzed using Thermo Avantage software. Ar+ etching was adopted 
to gain information about the CEI on the surface of graphite cathodes. 
The etching rate of the Ar+ beam was set to be 0.35 nm s–1 based on a 
Ta2O5 standard sample and the etching time was set to 20 or 50 s.

DFT Calculation: The molecular orbital energy levels of the solvents 
(FEC, EMC, and FEMC) were calculated using the DFT module 
implemented in the NWChem package.[19] The structures of the solvent 
molecules were fully optimized using the 6–31+G* basis sets and 
the Lee–Yang–Parr correlation functional (B3LYP) for the exchange 
correlation energy.[20]
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ABSTRACT: The renewable energy industry demands rechargeable batteries that can be
manufactured at low cost using abundant resources while offering high energy density, good
safety, wide operating temperature windows, and long lifespans. Utilizing fluorine chemistry
to redesign battery configurations/components is considered a critical strategy to fulfill these
requirements due to the natural abundance, robust bond strength, and extraordinary
electronegativity of fluorine and the high free energy of fluoride formation, which enables
the fluorinated components with cost effectiveness, nonflammability, and intrinsic stability.
In particular, fluorinated materials and electrode|electrolyte interphases have been
demonstrated to significantly affect reaction reversibility/kinetics, safety, and temperature
tolerance of rechargeable batteries. However, the underlining principles governing material
design and the mechanistic insights of interphases at the atomic level have been largely
overlooked. This review covers a wide range of topics from the exploration of fluorine-
containing electrodes, fluorinated electrolyte constituents, and other fluorinated battery
components for metal-ion shuttle batteries to constructing fluoride-ion batteries, dual-ion
batteries, and other new chemistries. In doing so, this review aims to provide a comprehensive understanding of the structure−
property interactions, the features of fluorinated interphases, and cutting-edge techniques for elucidating the role of fluorine
chemistry in rechargeable batteries. Further, we present current challenges and promising strategies for employing fluorine
chemistry, aiming to advance the electrochemical performance, wide temperature operation, and safety attributes of rechargeable
batteries.
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1. INTRODUCTION
To satisfy the ever-growing demand for energy storage, the
development of next-generation rechargeable batteries hinges
on advanced materials that possess low cost, abundant
resources, long lifespan, and high safety, especially when
considering high energy/power density, wide temperature
range, and high-voltage operation applications.1−4 Significant
advancements in fulfilling these requirements have been
successfully achieved by utilizing fluorine chemistry to redesign
the battery configurations/components toward specific tar-
geted applications. It is known that fluorine chemistry research
can be traced to 1886 when Henri Moissan first isolated
elemental fluorine.5,6 Over the past century, fluorine chemistry
has significantly contributed to technological innovations,
which began with the creation of Freon for refrigeration
applications in the 1930s.7,8 Currently, fluorine chemistry has
been successfully utilized in various fields, including
pharmaceutical/agrochemical industries and fluoropolymer
industry. The extraordinary electronegativity of fluorine and
the high free energy of fluoride formation endow the fluorides
with intrinsic high stability along with non/low flammability
(Figure 1a). In addition, as the 13th most abundant element in
the Earth’s crust (∼585 ppm),9,10 fluorine (mined as CaF2)
demonstrates an advantage in terms of raw material cost
(Figure 1b).11 However, the availability of resources remains a
significant concern for essential elements employed in Li-based
electrodes (e.g., Co and Ni are ∼25 and ∼84 ppm in the
Earth’s crust, respectively).10 In this context, the integration of
fluorine chemistry into battery components and novel
configurations is thus a promising avenue for advancing
battery technology, which has garnered growing interest
among the research community. The rapid development of
employing fluorine chemistry in various types of rechargeable
batteries necessitates a comprehensive review. However,
unlocking fluorine chemistry at the atomic scale presents a
big challenge. More importantly, the design principles of
fluorinated materials and the mechanistic understandings of
fluorinated electrode|electrolyte interphases as well as their
effects on the ionic conductivity and reaction kinetics/stability
of charge carriers under extreme conditions (e.g., fast cycling
rate, wide temperature range, and high working voltage) have
been long overlooked.

In this review, we begin by providing a short overview of the
operating mechanisms, characteristics, and current limitations
of Li-based batteries along with beyond Li battery chemistry
based on either low-cost metal ions or fluorine-containing
charge carriers prior to moving into an in-depth and specific
discussion of fluorine chemistry in rechargeable battery
systems. From the physicochemical and electrochemical
properties to the safety aspects related to battery operation,
key research progress and technical achievements for the
application of fluorine chemistry in battery materials are
summarized, spanning from designing fluorine-containing
electrodes, fluorinated electrolyte constituents (e.g., conduct-
ing salt, cosolvent/solvent, additive), and other fluorinated
battery components for metal-ion shuttle batteries (e.g., Li-
based batteries) to constructing rechargeable fluoride-ion
batteries (FIBs), dual-ion batteries (DIBs), and beyond
chemistries. We highlight the relationship between fluorinated
materials and battery performance, the characteristics of
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fluorinated interphases, along with the cutting-edge character-
ization techniques available for elucidating fluorine chemistry.
We also identify the current major restrictions and design
strategies for utilizing fluorine chemistry toward improving the
performance of rechargeable batteries (Figure 1c).
1.1. Brief Background on Rechargeable Li-Based Batteries
and Beyond
Since the inception of lithium-ion batteries (LIBs) in the
1970s, extensive work has been conducted on the quest for a
higher energy density and longer lifespan, solidifying LIBs as
the most promising candidate for many applications. Typically,
LIBs rely on the insertion of Li+ into host structures with a
variety of layered oxides (e.g., LiCoO2, LiFePO4, and
LiMn2O4) and graphite as the cathode and anode materials,
respectively. They were developed by John B. Goodenough
and other researchers over the past four decades.12 Never-
theless, the energy density of LIBs is expected to reach its
intrinsic limits within a few years (around 300 Wh kg−1),
which is incapable of satisfying the escalating demands for high
energy density.13 To further increase the energy density, the
cathode and anode must offer high specific capacities and a
substantial voltage gap between them. For instance, cathode
materials with higher capacity and voltage platforms have been
developed, such as Li-rich Mn-based materials (xLi2MnO3(1 −

x)LiTMO2 (TM = Ni, Mn, Co, etc.; 0 < x < 1)) and Ni-rich
LiNixMnyCo1−x−yO2 (NMC, x ≥ 0.5, x + y < 1),14−18 in
addition to advanced anodes (e.g., Li metal or Si/C anode)
with low reaction potential and ultrahigh specific capacity.19−30

Unfortunately, these electrode materials usually experience
severe capacity fading especially in extreme conditions due to
structure deterioration and side reactions. More significantly,
safety issues and low Coulombic efficiency (CE) resulting from
notorious Li dendrites (in the case of Li metal anode) or Li
deposition on the non-Li metal anodes have not been fully
addressed. Meanwhile, it is imperative to redesign electrolyte
systems that exhibit sufficient antioxidative stability (typically
>4.5 V vs Li/Li+), high compatibility toward both electrodes
(i.e., robust electrode|electrolyte interphases), excellent tem-
perature tolerance (from −60 to +60 °C), and high safety
characteristics (e.g., the risk of fire and explosion), which are
critical for adapting to high energy density Li-based batteries.31

Alternative rechargeable batteries based on more abundant
elements promise higher energy density and improved safety
features. Among them, sodium-ion batteries (SIBs) and
potassium-ion batteries (PIBs), utilizing the Earth’s crust’s
sixth and seventh most abundant elements, are considered as
outstanding complementary technologies to Li-based bat-
teries.32 Although they have with similar chemistry with Li-
based batteries, SIBs and PIBs are facing several challenges due
to their larger ionic radii (Shannon ionic radii: 1.02, 1.38, and
0.76 Å for Na+, K+, and Li+, respectively), higher redox
potentials (−2.71 V for Na, −2.936 V for K, compared with
−3.04 V for Li vs standard hydrogen electrode (SHE)), greater
atomic masses (23, 39, and 7 g mol−1 for Na, K, and Li,
respectively), resulting in low specific capacity, poor rate
capability, reduced lifespan, and low theoretical energy
density.33−35 In contrast, multivalent metal-based (e.g., Mg2+,
Ca2+, Zn2+, Al3+) batteries offer high energy density and low
cost, benefiting from their multielectron redox capability and
Earth’s crust abundance. However, their larger ionic radii and
greater charge density pose great challenges in ion transport,
polarization, and reversibility.36,37

Anions, as charge carriers, typically offer faster mobilities due
to their less effective nuclear charge and corresponding
reduced solvation compared to cations with similar absolute
charge. This feature has prompted the development of anion
shuttle batteries, exemplified by FIBs employing the F− anion
as the charge carrier, which utilize abundant materials to
achieve high theoretical energy density.9,38−42 Specifically, F−

ions are released from the cathode material and transfer to the
anode side during discharging, whereas the process occurs in
reverse upon charging.9 The high electronegativity of fluorine
imparts the F− anion with high oxidative stability, facilitating
high-voltage redox reactions. The utilization of F− also
contributes to high theoretical energy densities from multi-
ple-electron electrochemical processes,9,39,43−45 along with
dendrite-free anode reactions due to the absence of the
metal plating process, highly enhancing safety over alkali metal
batteries. Nevertheless, FIBs present several unique challenges,
including significant volume changes in electrode materials
during fluoridation and defluoridation, contact loss, and
interphase degradation. In addition, the electrode dissolution
in electrolytes exacerbates self-discharge and capacity decay.
More importantly, development of chemically/electrochemi-
cally stable electrolytes possessing high room- temperature
(RT) conductivity is crucial for FIB commercialization, which
is still at an incipient stage.9

Figure 1. Features and interest of fluorine chemistry for use in
rechargeable batteries. (a) Discovery and features of fluorine
chemistry. (b) Comparisons of raw material costs of F (mined as
CaF2), Li (Li2CO3), Na (Na2CO3), Ca (CaO), Zn, Al, Co, and Ni in
2021. Data extracted from ref 11. (c) Schematic diagram of the main
aspects covered in this review.
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Combining the cation and anion storage, DIBs provide
advantages of low cost, material availability, safety, and high
voltage. They operate by simultaneously incorporating anions
into the cathode and cations into the anode upon charging
with both ions being released back into the electrolyte during
discharging.46,47 Particularly, the deinsertion/insertion of
anions occurring at high voltage is beneficial for enhancing
the energy density. However, the insufficient oxidative stability
and poor electrode compatibility of conventional organic
electrolytes and the scarcity of electrode materials with high
storage capacity and structural stability present substantial
obstacles. Furthermore, emerging battery chemistries such as
reverse dual-ion batteries (RDIBs) face significant challenges
due to the lack of suitable electrolytes, impeding their practical
advancement.
1.2. Role of Fluorine Chemistry in Rechargeable Batteries

Fluorine, as the most electronegative element with a
comparably low atomic weight, small ionic size (1.33 Å), and
natural abundance,56 drives new levels of performance and
safety in rechargeable batteries. To elucidate the role of
fluorine chemistry in rechargeable batteries, the key progress
and brief development history are presented, as outlined in
Figure 2.

Owing to the electron-withdrawing properties of F atoms
and the delocalized charge of anions, F-containing Li salts (e.g.,
lithium hexafluorophosphate, LiPF6) are generally highly
soluble in dipolar aprotic solvents with good electrochemical
stability at high voltage. The development of these salts for
commercial LIBs dates back to the early 1990s,57−60 but their
chemical and thermal instability has prompted the search for
alternative conducting salts, usually at the expense of other
performance attributes. The utilization of fluorine has been
extended to advanced battery components (e.g., separators,
binders, current collectors) for Li-based batteries. Efforts can

be traced to 1996, when Tarascon et al. developed a
fluorinated polymer (i.e., poly(vinylidenefluoride-hexafluoro-
propylene), PVDF-HFP) separator for the first time.49 After
that, fluorinated copolymers and grafted commercial separators
by F-containing groups have been intensively utilized,
enhancing the oxidation stability, thermal stability, ionic
conductivity, and safety for battery operations. Moreover,
due to the electron-withdrawing inductive effect, the
substitution of fluorine to a hydrogen of electrolyte
cosolvent/solvents and additives typically decreases the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels simultaneously,
leading to higher resistance toward oxidation and poorer
resistance to reduction.61−67 Specifically, the prior reduction of
fluorinated additives benefits the anode by generating an
effective solid electrolyte interphase (SEI),68−70 among which
fluoroethylene carbonate (FEC) stands out as the most
popular additive with excellent film-forming ability on various
electrodes.51 Besides the film-forming ability, the introduction
of fluorine demonstrates unique physicochemical and electro-
chemical properties, including high oxidative stability, wide
temperature range, and nonflammability. In particular,
fluorinated interphases are pivotal for Li-based batteries
under extreme conditions such as wide temperature range,
extended cycling, fast cycling rate, and high-voltage operation.
Significant progress was reported recently by Wang et al.,
designing a fluorinated electrolyte that yielded LiF-rich
interphases on both the cathode and the anode, which
enhanced the battery performance across the temperature
range from −60 °C to +60 °C with high-voltage and fast-
charging characteristics.55 Despite advances, electrode materi-
als remain a major bottleneck for energy density enhancement.
The highly ionic character of the metal−fluorine bond and the
light atom mass of the F element endow fluorinated cathodes
with higher voltage and/or higher capacity.53 Additionally, F-

Figure 2. Timeline of the application of fluorine chemistry in rechargeable batteries. Reproduced with permission from ref 48. Copyright 2013
American Chemical Society. Reproduced with permission from ref 49. Copyright 1996 Elsevier. Reproduced with permission from ref 47.
Copyright 2021 Wiley-VCH. Reproduced with permission from ref 38. Copyright 2021 Elsevier. Reproduced with permission from ref 50.
Copyright 2012 Elsevier. Reproduced with permission from ref 51. Copyright 2006 Elsevier. Reproduced with permission from ref 52. Copyright
2018 American Association for the Advancement of Science. Reproduced with permission from ref 53. Copyright 2019 Springer Nature.
Reproduced with permission from ref 54. Copyright 2021 Elsevier. Reproduced with permission from ref 55. Copyright 2023 Springer Nature.
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related chemistry involved in the modification strategy can
improve the interphase stability and rate capability of the
electrodes.

Apart from Li-based batteries, fluorine chemistry is integral
to other univalent metal-based batteries such as SIBs and PIBs,
where the increase of ionic M−X bonds in fluorides promotes
redox reactions of transition metal cations instead of oxygen
anions at high voltage. The lower molecular weight of the
fluorine cation compared to polyanions enhances the specific
capacity. Additionally, F-based compounds are considered to
be more stable against oxidation, making metal fluorinated
materials highly appealing. The diversity in compositions,
structures, and properties of fluorinated electrode materials
offers vast opportunities for cathode design. On the anode side,
F doping improves the surface disorder of carbonaceous
materials, creating large amounts of defects for facilitating K+

adsorption.71 In aqueous multivalent metal-based systems (i.e.,
Zn-ion batteries, ZIBs), fluorine chemistry enables the
formation of fluoride-rich interphases for dendrite suppression
and electrolyte stability. In nonaqueous systems, fluorinated
materials accelerate plating kinetics in Mg-ion and Ca-ion
batteries, thus expediting their practical applications.

Since the first proof-of-concept rechargeable FIB demon-
strated by Fichtner et al. in 2011,43 fluorine chemistry has been
utilized in FIB developments, spanning from electrode
materials to electrolyte formulations. The F− anion displays
exceptional antioxidation stability, enabling the utilization of
high-voltage redox couples. Besides, the F− storage is typically
involved in multiple-electron reactions and metal fluoride
formation reactions, which are characterized by substantial
Gibbs free energy change, realizing high voltages. As the charge
carrier, the F− anion possesses a smaller ionic radius and lower
weight compared to Cl−, thus assisting in fast ionic transport
and having a high theoretical energy density of 5000 Wh
L−1.9,39,43,52,72−75 FIBs are experiencing many challenges with
electrodes and electrolytes, among which suitable electrolytes
with sufficient F− conductivity is crucial. A significant
advancement by Jones et al. in 2018 designed a novel fluoride
salt possessing high RT ionic conductivity, a broad electro-
chemical stability window, and sufficient chemical stability in
ether solvents, enabling a reversible/stable FIB at RT.52

Ongoing efforts should be devoted to developing diverse
conversion and intercalation-based electrode materials and fast

F− conducting electrolytes to make FIBs a promising option
for commercial-grade batteries.76

As for DIBs, Dahn et al. studied the intercalation mechanism
of the PF6

− anion into graphite cathodes in 2000 for the first
time, proving staged phases of graphite via in situ X-ray
diffraction (XRD).77 Various anions with F-containing groups
such as PF6

−,78−81 bis(trifluoromethanesulfonyl)imide
(TFSI−),82,83 bis(fluorosulfonyl)imide (FSI−),83−86 fluorosul-
fonyl-(trifluoromethanesulfonyl)imide (FTFSI−),87,88 tetra-
fluoroborate (BF4

−),89,90 difluoro(oxalato)borate (DFOB−),91

trifluoromethanesulfonic (CF3SO3
−),92 and tetrafluoroalumi-

nate (AlF4
−)93 have been extensively explored for their unique

characteristics and electrochemical behavior. Besides, fluorina-
tion of other electrolyte components in DIBs imparts
advantages such as a wide voltage window, a broad
temperature range, nonflammability, and enhanced electrode|
electrolyte compatibility, enhancing the reversibility/kinetics of
anion insertion. Fluorine can also be introduced to cathode
materials for boosting and stabilizing the properties of anion
intercalation.

2. FLUORINE CHEMISTRY IN LI-BASED BATTERIES

2.1. Fluorine-Containing Electrode Materials

The increasing demands for high energy density batteries with
a long lifespan and low cost have prompted the research of
advanced electrode materials, especially fluorine-containing
materials. This is because fluorine elements are widely
distributed on Earth and the strong electronegativity of
fluorine endows the fluorine-containing materials with a high
free energy of formation, generally leading to a high
electrochemical energy density and stability. Here, we present
a comprehensive review to reveal the roles of F chemistry in
advanced fluoride electrodes and fluorine-doping materials.
2.1.1. Metal Fluorides. Metal fluoride cathodes for LIBs

have been widely investigated as a promising next-generation
rechargeable battery with high theoretical voltage and energy
density owing to the highly ionic metal−fluorine bonding and
low atom mass of the F element94 as well as the multielectron
transfer characteristics of the transition metal (M) in metal
fluoride cathodes. The battery reaction of metal fluoride-based
LIBs follows the following reaction

+ = +x xMF Li M LiFx (2)

Table 1. Comparisons of the Electrochemical Performance of F-Based Electrodes for LIBs

electrode
materials

discharge voltage vs
Li/Li+ (V)

current density
(mA g−1)

initial discharge capacity
(mAh g−1)

retained discharge capacity
(mAh g−1)

capacity
retention

cycle
number ref

CuF 2.7 0.106 523 80 15.3% 5 95
FeF2 2.2 0.3 700 525 75% 50 96
Cu0.5Fe0.5F2 2.5 9.2 580 475 81.9% 5 102
FeF2 2 50 650 450 69.2% 100 53
FeF3 3 2000 92 90 97.8 100 97
Cu0.25Ni0.75F2 2 0.055 550 210 38.2% 6 98
CoF2 2 100 360 335 93% 200 99
CoF3 1.5 5 1000 400 40% 14 100
MnF2 0.5 6000 300 270 90% 4000 101
VO2F 3 13.1 200 150 75% 50 103
BiOF 2.5 30 343 148 43.1% 40 104
FeOF 2 10 500 355 71% 30 105
TiOF2 2 0.26 200 180 90% 30 106
NbO2F 1.3 30 650 180 27.7% 20 107

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.3c00826
Chem. Rev. 2024, 124, 3494−3589

3498



Figure 3. Metal fluorides as electrode materials for LIBs. (a) HRTEM images of a single FeF2 nanorod, and space-filling model of a single nanorod
derived from the standard CIF file of FeF2. Reproduced with permission from ref 96. Copyright 2020 Springer Nature. (b) Voltage profiles (first
discharge at a current of 5 mA g−1) of the CuyFe1−yF2 series along with a simple mixture of CuF2 and FeF2. Reproduced with permission from ref
102. Copyright 2015 Springer Nature. (c) Scanning transmission electron microscopy (STEM) image of an FeF2 particle on a single CNT.
Reproduced with permission from ref 53. Copyright 2019 Springer Nature. (d) Simplified Li−Fe−F ternary phase diagram, and illustration of the
reaction pathways of the FeF3−FeF2 system (with voltage curves for insertion charge and full reaction cycle, respectively, denoted using dashed and
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Abundant types of metal fluorides, including copper fluorides
(CuF2),

95 iron fluorides (FeF3/FeF2),
53,96,97 nickel fluorides

(NiF2),
98 cobalt fluorides (CoF3/CoF2),

99,100 and manganese
fluorides (MnF2),

101 and multimetal fluoride solid−solutions
have been investigated, and their attractive merits in terms of
specific capacity, cycling stability, and rate performance have
been verified (Table 1).

Iron(II) fluoride is a typical metal fluoride cathode for LIBs
owing to its high theoretical specific capacity and abundant raw
material resources.96 However, the performance of the as-
reported iron(II) fluoride cathode is not satisfactory for
practical application, and the failure mechanism remains
blurred. In 2020, Pasta and colleagues reported a single-
crystalline, monodisperse FeF2 nanorod synthesized by a facile

Figure 3. continued

solid lines). The reference phases in the phase diagram are labeled and indicated by light blue circles to show the positions of the A- and B-LixFeyF3,
whose Fe concentration is off-stoichiometric. The color of each phase in the phase diagram is consistent with that in the pathway illustration.
Impeded external and internal Li transport is indicated by black solid and white dashed arrows, respectively. Reproduced with permission from ref
108. Copyright 2021 Springer Nature.

Figure 4.Metal hydroxyfluorides and oxyfluorides for LIBs. (a) Discharge and charge profiles of FeF3·3H2O, FeF3·0.33H2O, and anhydrous FeF3 at
0.5 C. (Inset) Cycling stability curves of FeF3·3H2O, FeF3·0.33H2O, and FeF3 at 0.5 C in the voltage range of 2.0−4.5 V. Reproduced with
permission from ref 109. Copyright 2013 Elsevier. (b) First cycle voltage−composition curves for Li/iron fluoride cells in the LP30 electrolyte at
0.05 C. (Upper panel) Comparison of Fe2F5(H2O)2 and FeF2.5(OH)0.5. (Lower panel) Comparison of Fe3F8(H2O)2 and FeF2.66(OH)0.34.
Reproduced with permission from ref 110. Copyright 2019 American Chemical Society. (c) Rate capability for Fe0.9Co0.1OF, FeOF, and FeF3
cathode materials. (d) Ragone plot of FeF3, FeOF, and Fe0.9Co0.1OF (based on active mass). Reproduced with permission from ref 111. Copyright
2018 Springer Nature. (e) Schematic of the positive electrode material design strategy using metal monoxide (MO). Metal monoxides that had
electrochemical activity only as the negative electrode were designed as a positive electrode material by forming mixtures with LiF in nanoscale
under high-energy ball milling. After mechanochemical mixing, LiF and MO exist without chemical reaction in the several nanometer scale. The
crystal structure of all compounds is described by a polyhedral image: red, O; gray, F; green, Li; purple, Mn; brown, Fe; blue, Co. (f) First discharge
and second charge profiles of LiF−MnO nanocomposites after the initial activating charge protocol as a positive electrode (1.5−4.8 V) in 1 M
LiPF6 in ethyl carbonate/dimethyl carbonate (EC/DMC, 1:1 by volume) electrolyte at a 20 mA g−1 (0.03 mA cm−2) constant current rate.
Reproduced with permission from ref 112. Copyright 2017 Springer Nature.
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colloidal method.96 As shown in Figure 3a, the as-obtained 20
nm wide nanorods were single crystalline, monodisperse, and
faceted. This FeF2 cathode can deliver a high specific capacity
(close to the theoretical value of 570 mA h g−1) and cycling
stability (capacity retention > 90%) for more than 200 cycles at
higher rates (0.5 C, 1 C = 570 mA g−1) and temperatures (50
°C) within an ionic liquid electrolyte. Based on the complex
morphological features, lattice orientation relationships, and
oxidation state changes from high-resolution transmission
electron microscopy (HRTEM) analysis, the transformation
mechanism of the FeF2 nanorod was comprehensively
estimated. This mechanism provided a new expiation that
the phase evolution, diffusion kinetics, and cell failure were all
critically affected by surface-specific reactions of the FeF2
nanorod. Topotactic cation diffusion through an invariant
lattice of F− ions and the nucleation of metallic particles on
semicoherent interphases synergistically affected the reversi-
bility of the FeF2 cathode.

Feng and colleagues developed a ternary metal fluoride
(CuyFe1−yF2 solid solution) via a mechanochemical reaction
method.102 Synchrotron XRD and TEM characterization
verified the distorted rutile structure of CuyFe1−yF2 solid−
solution in the form of complex agglomerates composed of
small nanocrystallites under different Cu/Fe ratios (y = 0, 0.1,
0.33, 0.5, 0.67, 0.9, 1). In the corresponding discharge voltage
profiles in Figure 3b, no typical voltage dip of pure FeF2 was
found. This indicated that the electrochemical properties of
CuyFe1−yF2 solid−solution was significantly affected by the
cooperative redox of Cu and Fe sitting on the same lattice.
This ternary metal fluoride CuyFe1−yF2 achieved the reversible
Cu redox reaction (Cu2+/0) with a low-voltage hysteresis (<148
mV), which was uncommon in binary fluorides. The
thermodynamics and kinetics of the lithium (re)conversion
reactions following a two-stage (de)lithiation path of
CuyFe1−yF2 were supported by X-ray absorption spectroscopy
(XAS) and TEM-electron energy loss spectrometer (EELS)
characterization. Initially, Cu2+ reduces into metallic Cu0 with
the concomitant formation of disordered FeF2 followed by
Fe2+/0 reduction. In contrast, the delithiation path undergoes a
different process, where Fe0 is partially oxidized to Fe3+ as a
rutile framework followed by the reconversion of Cu2+ to form
a disordered rutile-like Cu−Fe−F final phase. This work
promotes the development of Cu-based ternary metal fluorides
as promising cathode candidates for LIBs. However, the
reversible specific capacity of Cu conversion faded rapidly,
which can be ascribed to the Cu+ dissolution on the cathode−
electrolyte interphase (CEI). Thus, construction of a stable
CEI layer is one of the strategies to improve the cycling
stability of metal fluoride cathodes in LIBs. Accordingly,
Yushin and co-workers introduced solid polymer electrolytes
(SPEs) to pair with a carbon nanotube (CNT)@FeF2
composite cathode.53 The obtained solid-state cells delivered
a high specific capacity of more than 450 mAh g−1 and a long
cycle stability of over 300 cycles at 50 mA g−1 and 50 °C. The
introduction of SPE not only prompted the formation of an
elastic, thin, and stable CEI on the FeF2 surface (Figure 3c)
but also reduced the electrolyte decomposition and maintained
the cathode structural stability due to the enhanced mechanical
properties. This work motivated research on the CEI, which
will guarantee an improved lifespan of the metal fluoride
cathode with merits of low cost and high energy density.

Although it has been widely accepted that metal fluorides are
conversion-type cathodes for LIBs, Gray and colleagues

demonstrated a different viewpoint of reaction mechanisms
in metal fluoride cathodes.108 The material structure was well
measured by X-ray total scattering and electron diffraction
techniques over multiple length scales and analyzed by density
functional theory (DFT) calculations. The results indicated
that the mobility difference of displaced species affected the
diffusion rate during the (de)lithiation of metal fluorides. The
illustration of the reaction pathways of the FeF3 system is
demonstrated in Figure 3d. During a typical lithiation process,
FeF3 initially transforms into FeF2 and a cation-ordered and
stacking-disordered phase (A-LixFeyF3) on the surface of the
cathode particles; then, the transition phase product
successively converts into B-, C-LixFeyF3 and ends in LiF
and Fe as the final discharge products. The subsequent
delithiation process follows a reversible pathway. This new
mechanistic principle provides a reference model to develop
more isomorphic metal fluorides as cathodes for high energy
density LIBs.
2.1.2. Metal Hydroxyfluorides and Oxyfluorides.

Metal fluoride hydrates have also been investigated as cathode
materials for LIBs. In 2013, Wang and co-workers synthesized
a series of iron fluoride hydrates with different hydration water
contents via the liquid-phase method.109 Pure crystalline
FeF3·3H2O, FeF3·0.33H2O, and FeF3 were obtained during
the dehydration process at increasing calcination temperature,
which was verified by the XRD patterns and their Rietveld
refinements. When applied in liquid LIBs, the orthorhombic
FeF3·0.33H2O cathode delivered the highest discharge specific
capacity of 88.0 mAh g−1 and the lowest polarization among all
three samples (Figure 4a). The authors attributed this better
electrochemical performance of FeF3·0.33H2O to its huge
hexagonal cavity for faster Li+ transfer. These iron fluoride
hydrates were simply ball milled with acetylene black to form
high electronic conductive composite cathodes, and the initial
discharge specific capacity of the FeF3·0.33H2O/C cathode
was improved to 177.6 mAh g−1 at 0.1 C (1 C = 237 mA g−1)
with a high retention of 83.8% after 100 cycles. This reveals
that optimization of the crystal structure is important in the
development of high-performance metal fluoride hydrate
cathodes for LIBs.

Later, in 2019, Lhoste and colleagues further investigated
the structural effects of iron hydroxyfluorides as cathodes in
LIBs.110 First, two anion-deficient iron fluoride hydrates
Fe2F5(H2O)2 and Fe3F8(H2O)2 were synthesized by a facile
microwave synthesis method, which were unstable under the
ambient atmosphere. After special heating treatments, two
stable iron hydroxyfluorides FeF2.5(OH)0.5 (pyrochlore
structure) and FeF2.66(OH)0.34 (hexagonal tungsten bronze
structure) were obtained. When applied as cathodes in LIBs,
the dehydrated iron hydroxyfluorides delivered a higher
reversible specific capacity than their hydrated opponents
(Figure 4b). The structure analysis by XRD and Mössbauer
spectrometry proved that removal of structural water
molecules within the hexagonal cavities opened the Li diffusion
channels for the battery cycling process.

Metal oxyfluorides, such as VO2F,
103 BiOF,104 FeOF,105,111

TiOF2,
106 and NbO2F

107 (Table 1), have shown great
potential as cathodes for LIBs owing to their high specific
capacity, high voltage, good conductivity, and good cycling
stability.113 The battery reaction of metal oxyfluoride
(MOxFy)-based LIBs follows the following reaction:

+ + + +x y x yMO F (2 )Li M Li O LiFx y 2 (3)
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In 2018, Wang and coauthors reported a cobalt-doped iron
oxyfluoride (Fe0.9Co0.1OF) synthesized by a solvothermal
method.111 The specific capacity of Fe0.9Co0.1OF was much
higher than that of the pristine FeOF and FeF3 (Figure 4c),
achieving a high energy density of ∼1000 Wh kg−1 (Figure
4d). This Fe0.9Co0.1OF cathode delivered a high specific
capacity of 350 mAh g−1 for 1000 cycles at 500 mA g−1, and
the voltage hysteresis was reduced to 0.27 V. Combined with
TEM techniques, pair distribution function (PDF) analysis,
and first-principles calculations, the author verified that the
reaction kinetics of Fe0.9Co0.1OF was enhanced by the
cosubstituted anion (O) and cation (Co) in Fe0.9Co0.1OF. In
this case, the less reversible conversion reaction was replaced
by a highly reversible intercalation−extrusion reaction due to
the decrease in particle size and abundance of metallic Fe(Co).
Hence, this cosubstitution strategy inspired the development
of other conversion-type electrode materials with similar
reversibility problems.

Unlike the crystalline oxyfluorides, Kang and colleagues
reported a special LiF−metal monoxide (MO, M = Mn, Fe,
Co) nanocomposite as a Li-free cathode for LIBs,112 which was
synthesized by blending the transition metal monoxides and
nanosized lithium fluoride in a high-energy ball miller under an
argon atmosphere (Figure 4e). This cathode material delivered
a high specific capacity after the first charging step with a high
voltage (e.g., average voltage of 3.1 V for LiF−MnO, Figure
4f). In contrast with the conventional Li intercalation, the
reaction mechanism of the LiF−MO nanocomposite cathode
can be ascribed to a surface conversion reaction as follows:

+ +MO LiF MOF Li (4)

Moreover, the performance of the LiF−MO nanocomposite
cathode can be further improved by decreasing the particle size
of the metal compounds. This novel mechanism is expected to
be expanded to other transition metal compounds and Li salt
couples for advanced cathode materials in LIBs.
2.1.3. Fluorine-Substitution Electrode Materials. To

achieve higher electrochemical performance, fluorides are
added to electrodes to improve the properties of the original
cathode materials. Silver vanadium oxide (Ag2O·xV2O5) has
been commercialized as a cathode material in primary Li
batteries for high-rate applications. The increase of the Ag:V
ratio can extend the high-voltage plateau but is accompanied
by poor kinetics and low conductivity. In 2005, Poeppelmeier
and colleagues reported the synthesis of single crystals of
Ag4V2O6F2 (Ag2O·V2O5·2AgF) via a low-temperature hydro-
thermal technique.114 Introduction of the AgF phase increased
the Ag:V ratio and the reaction potential of the cathode. At the
same time, the dimensionality of the vanadium oxide
framework was partially reserved (Figure 5a), which served
as the Li-ion conduction pathway between vanadium centers.
Therefore, the Ag4V2O6F2 cathode delivered an enhanced
initial discharge plateau and higher specific capacity above 3 V
(3.52 V and 148 mAh g−1) compared to the undoped silver
vanadium oxides (3.22 V and 100 mAh g−1, Figure 5b).

The strategy of fluoride doping can also multiply the rate
energy density and performance of the cathode material. The
low electronic conductivity and limited specific capacity are the
main drawbacks of conventional polyanion compound
cathodes,117 including LiFePO4 phosphates, LiMBO3 borates,
Li2MSiO4 silicates, and Li2Fe(SO4)2. In 2015, Kang and co-
workers reported a fluorinated polyanion compound cathode
(LiVPO4F) for LIBs,115 which was synthesized by a scalable

single-step solid-state reaction. As shown in Figure 5c, the Li||
LiVPO4F cell achieved superior rate capability up to 200 C
with low polarization and maintained a high specific capacity of
∼120 mAh g−1 at 10 C for 500 cycles with >95% retention
efficiency (Figure 5d). Owing to its higher operating voltage
(>3.45 V), LiVPO4F can achieve a higher energy density
(∼521 Wh g−1 at 20 C, 1 C = 158 mA g−1) than LiFePO4. The
smaller particle size, negligible number of antisite defects, and
minimal surface oxidation endowed this LiVPO4F cathode
material with remarkable rate capability and energy density,
overwhelming the commercial LiFePO4 cathode materials.

Moreover, fluorosulfates such as LiFeSO4F
118 and Li-

(Fe1−δMnδ)SO4F
119 have been investigated as cathode

materials for LIBs for decades owing to the low cost and the
abundant distribution of these transition metal elements on
Earth. However, the low gravimetric specific capacity of the
heavy polyanion group in the cathode materials restricts its
commercial application. In 2022, Kang and colleagues reported
an amorphous iron fluorosulfate (a-LiFeSO4F) synthesized by
a simple ball-milling process of LiF and FeSO4.

116 This
fluoride-doping polyanion cathode demonstrated a high
specific capacity of 360 mAh g−1 with ∼98.6% specific capacity
retention after 200 cycles even at 60 °C. With an average

Figure 5. Fluoride-containing electrode materials. (a) Three-dimen-
sional packing diagrams of Ag4V2O6F2. Yellow spheres represent silver
atoms, vanadium oxide fluoride octahedra are in light blue, and
vanadium oxide tetrahedra are in dark blue. (b) Constant current
discharge curve of Ag4V2O6F2. Reproduced with permission from ref
114. Copyright 2005 American Chemical Society. (c) Charge/
discharge voltage profiles of C-coated LiVPO4F at various rates (right
to left: discharging at 1, 20, 40, 60, 80, 100, 120, 150, and 200 C and
charging at 1 C without a voltage hold). (d) Capacity retentions at 10
C charge/10 C discharge for 500 cycles. The cutoff voltage was 2.5−5
V (only for cycle retention). Reproduced with permission from ref
115. Copyright 2015 Wiley-VCH. (e) Charge/discharge profile with a
schematic of the two-step reaction mechanism of a-LiFeSO4F as
insertion and conversion reactions. Reproduced with permission from
ref 116. Copyright 2022 Springer Nature.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.3c00826
Chem. Rev. 2024, 124, 3494−3589

3502



discharge voltage of ∼2.52 V, a high energy density of 906 Wh
kg−1 was achieved by a-LiFeSO4F cathode. Different from the
conventional crystalline polymorphic LiFeSO4F, the a-LiFe-
SO4F with a unique inherent amorphous structure underwent a
three-electron redox reaction based on combined intercalation
and conversion (Figure 5e), which maintained intact structural
integrity for reversible cycle stability. This multimechanistic
lithiation process of the amorphous intercalation material is
promising for the development of high-capacity and low-cost
cathodes for LIBs.
2.1.4. Fluorinated Surface Modification. F-modification

technologies such as fluoride coating and fluorine substitution
are widely used to improve the performance of conventional
oxide-based cathodes for LIBs. The high electronic and ionic
resistance caused by unstable CEI limits the rate capability and
cycle life of Co-free layered oxide cathode materials.120 In
2012, Grey and coauthors investigated the coating strategy of a
layered Li[Li1/9Ni1/3Mn5/9]O2 cathode processed by the
commercial aluminum fluoride (AlF3) aqueous suspension

and followed by heat treatment.121 As shown in Figure 6a, the
XRD, TEM, energy-dispersive X-ray (EDX), and 27Al nuclear
magnetic resonance (NMR) results proved that a uniform layer
of fluorinated amorphous aluminum oxide (Al2O3) was
successfully coated on the surface of the cathode material.
The Li[Li1/9Ni1/3Mn5/9]O2 cathode with a low coating layer (1
mol % Al/F) delivered a specific capacity of 215 mA h g−1 with
a cutoff charging voltage of 4.6 V. Zhang and co-workers
reported an amorphous CeF3-coated layered lithium-rich oxide
cathode via a facile chemical deposition method.122 A 10 nm
thick CeF3 layer (2 wt %) was evenly deposited on the surface
of Li1.2Mn0.54Ni0.13Co0.13O2 cathode particles (Figure 6b). This
CeF3-coated cathode demonstrated a higher capacity retention
(97.1%) than that of the pristine sample (82.1%) after 50
cycles. Additionally, the rate performance of the CeF3-coated
cathode also surpassed that of the pristine sample at 1250 mA
g−1 (103.1 vs 82.2 mAh g−1). The authors attributed the
outstanding enhancement to this amorphous CeF3 coating
layer, which effectively hindered the continuous decomposition

Figure 6. F-modified electrode materials. (a) Powder XRD pattern, TEM images, and 27Al NMR spectra of pristine and Al/F-coated
Li[Li1/9Ni1/3Mn5/9]O2. Reproduced with permission from ref 121. Copyright 2012 Royal Society of Chemistry. (b) TEM image of 2 wt % CeF3-
coated Li[Li0.2Mn0.54Ni0.13Co0.13]O2. Reproduced with permission from ref 122. Copyright 2014 Elsevier. (c) Theoretical Mn redox capacity of
various Mn-based cathode materials. (d) Voltage profiles and capacity retention of Li2Mn2/3Nb1/3O2F under 1.5−5.0 V, 10 mA g−1. Reproduced
with permission from ref 123. Copyright 2022 Springer Nature. (e) Voltage profiles at a higher voltage region during the first 10 cycles for
LMNOF0.2. (f) Schematics summarizing the observation of the structural and chemical evolutions in the LMNOFx cathode particles. (Upper panel)
For the LMNOFx cathodes with zero or low F concentration (x = 0, 0.05), the cycling process leads to the formation of nanoscale amorphous CEI
layers on the surface and void-like nanoregions featuring severe loss of O, Mn, and Li at the subsurface, all of which can be detrimental to Li
transport. (Lower panel) For the LMNOFx cathodes with high F concentration (x = 0.2), the crystalline structure at the cathode surface and the
stoichiometric elemental distribution at the subsurface is mostly well preserved after cycling, which ensures facile Li transport at the surface.
Reproduced with permission from ref 124. Copyright 2021 Wiley-VCH.
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of the electrolyte on the cathode surface, thus controlling the
growth of the insulated passivated interlayer and maintaining
the structural stability of the cathode.

The fluorine substitution strategy was also utilized to
improve the performance of electrode materials for LIBs. In
2018, Ceder and colleagues reported Co/Ni-free disordered-
rocksalt Li-rich intercalation cathodes Li2Mn2/3Nb1/3O2F
realized by the partial substitution of the fluoride anion and
high-valent cation,123 which have a Mn2+-involved theoretical
specific capacity of 270 mAh g−1, much higher than that of a
typical Mn-based Li-rich cathode (Figure 6c). As shown in
Figure 6d, this cathode delivered a high discharge specific
capacity of 317 mAh g−1 and reached a state-of-the-art high-
energy content of 995 Wh kg−1 (3761 Wh l−1) due to the high
amount of Mn2+/Mn4+ redox couples combined with a small
amount of O redox reactions. Giving rise to this strategy, the
structural stability of the Mn-based Li-rich cathode was not
affected by the extensive O redox, thus leading to high cathode
performance.

The surface stability of disordered rocksalt cathodes can also
be enhanced by fluorine substitution. Wang and coauthors
unveiled the relationship between high-level fluorine sub-
stitution and good surface stability.124 The Mn-based
disordered rocksalt cathodes with various fluorine substitutions
(Li1.2Mn0.6+x/2Nb0.2−x/2O2.0−xFx, LMNOFx, x = 0−0.2) were
synthesized and compared in terms of electrochemistry and

characterization. The cycling stability of the LMNOFx cathode
was significantly improved by increasing the F content from 0
to 0.2, while the O redox peaks nearly disappeared (Figure 6e).
The results demonstrated that the increased fluorine
substitution level in the disordered rocksalt cathode reduced
the amorphous CEI layers at the top of the cathode surface,
prevented damage to the internal crystal structure of the
cathode, and maintained the uniform chemical distribution at
the subsurface of the cathode particles (Figure 6f).

Fluorine chemistry is crucial in the development of Li-based
batteries with high energy density and reversibility. High-
voltage metal fluoride and oxyfluoride electrodes show great
promise to improve the energy densities of Li-based batteries.
In particular, metal fluorides based on multiple electron
transfer reactions are expected to address the limitations of
conventional cathode materials in LIBs.
2.2. Fluorinated Electrolytes

Electrolytes play a particularly essential and complex role in
LIBs and Li metal batteries (LMBs). As the battery component
is in contact with other active and passive parts of the battery,
the electrolyte must fulfill the following requirements: a high
degree of Li-ion conductivity, good thermal and chemical
stability, electronic insulation to avoid self-discharge, relative
nontoxicity to avoid environmental hazards, and low cost.
Commonly used commercial electrolytes consist of a

Figure 7. Fluorinated salts for Li-based batteries. (a) Structural formulas of the different Li salts. (b) CEs of Li||Cu cells with Li salts of different F
molarity. Reproduced with permission from ref 24. Copyright 2021 Springer Nature. (c) Schematic illustration of the SEI film obtained from
electrolyte formulations based on LiPF6 (99.99% battery grade purity), LiBF4 (99.9% purity), and LiBF4 (99.99% battery grade purity).
Reproduced with permission from ref 131. Copyright 2013 Elsevier.
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conductive Li salt (usually LiPF6) and an organic solvent
mixture of cyclic and linear organic carbonates. The salt−
solvent−additive combination determines the overall perform-
ance of rechargeable Li batteries, such as conductivity, thermal
stability, and electrochemical stability. However, demand for
higher voltage Li batteries has forced researchers to look for
new electrolyte formulations, including solid electrolytes, as
current liquid electrolytes are unstable at potentials higher than
4.5 V and exhibit safety concerns. Power batteries typically
contain high-energy active electrode materials, which tend to
easily react with other elements, rendering the combination
unusable. The fluoridation of electrolyte components is a key
strategy for advanced electrolyte engineering, which can
enhance the electrode reaction reversibility, extend the battery
life, and reduce the electrolyte flammability.
2.2.1. Fluorinated Salts. Li salts act as the conductor of Li

ions in the electrolyte, and the nature of the Li salts is often
determined by the structure of the anions. As shown in Figure
7a, F substitution is widely applied in Li salts for LIBs and
LMBs. The presence of fluorine atoms and the delocalized
charge of the anions make such F-containing Li salts highly

soluble in dipolar aprotic solvents.125 For battery applications,
Li salts need to possess characteristics such as a low molecular
weight, low toxicity, stability over a wide electrochemical
stability window (ESW), as well as electrolyte|electrode
interphase formation ability. Among the F-substituted Li
salts, LiPF6 and Li sulfonate salts are the most widely used.
LiPF6 salt exhibits the advantages of high ionic conductivity,
good passivation ability for Al collectors, and high oxidation
stability, etc. However, the LiPF6 salt has a serious
disadvantage of high sensitivity to water, which is easily
decomposed to produce HF and cause serious corrosion to the
electrodes and the whole battery.126 For comparison,
benefiting from the presence of strong perfluoroalkyl
electron-absorbing groups and conjugated structures leading
to the delocalization of negative charges, the anion of Li
sulfonate salts is relatively stable. Thus, Li sulfonate salts show
the advantages of good thermal stability, high solubility,
insensitivity to moisture, high dissociation constants, etc.
However, severe Al foil dissolution occurs when charged to
high voltage.127 Furthermore, it is crucial to note that Li
sulfonate salts, which contain −CF2− and/or −CF3 functional

Figure 8. Electrolytes for Li-based batteries with highly concentrated fluorinated salts. (a) Classification of electrolytes according to the volume
ratio and weight ratio. Reproduced with permission from ref 132. Copyright 2013 Springer Nature. (b) Schematic diagram of water-in-salt
electrolyte. Reproduced with permission from ref 135. Copyright 2015 American Association for the Advancement of Science. (c) Viscosity, ionic
conductivity, and Li-ion transference number at room temperature for the various electrolytes. Reproduced with permission from ref 132.
Copyright 2013 Springer Nature. (d) Schematic illustrations of the behavior of Al current collectors in a dilute LiFSI/acetonitrile (AN) electrolyte
(left) and a highly concentrated LiFSI/AN electrolyte (right) with little free solvent molecules and free FSI− anions. Reproduced with permission
from ref 136. Copyright 2015 Wiley-VCH. GITT curves (e) in 1 M LiFSI/DME electrolyte and (f) in 12 M LiFSI/DME electrolyte. Reproduced
with permission from ref 137. Copyright 2018 Elsevier.
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groups, potentially pose environmental risks during production
and utilization. Thus, strategies to mitigate these impacts
should be developed before the evolution to more eco-friendly
alternatives.128 In addition to the commonly used F-
substituted Li salts mentioned above, researchers synthesized
new Li salts through asymmetric molecular structure design.
For example, Liu et al. reported a new salt under the premise of
retaining the strong electron-withdrawing group.129 An ether

skeleton was introduced to enable F-substituted salt electron-
donating ability to capture the migrated Li+. The molecule had
a large molecular dipole moment, which led to a high donor
number (DN) and high Li+ transference number. Meanwhile,
the quality of interphase film formation largely affects the
compatibility with cathodes and anodes, thus determining the
cycling stability of the entire battery. Gallant et al. discussed
the interplays between CE and generic fluorine content across

Figure 9. Fluorinated solvents and cosolvents. (a) Molecular structures of representative fluorinated solvents. (b) Established solvation structures
of common diluent electrolyte, localized high-concentration electrolyte (LHCE), and nonsolvent-added electrolyte and their desolvation processes.
Reproduced with permission from ref 149. Copyright 2023 Royal Society of Chemistry. (c) Optimization of ether electrolytes toward fast ion
conduction, low overpotential, high Li metal efficiency, fast CE activation, and high oxidative stability. Reproduced with permission from ref 150.
Copyright 2022 Springer Nature. (d) Design of the fluorinated cyclic phosphate solvent to achieve better SEI formation, better oxidation stability,
and better nonflammability. Reproduced with permission from ref 151. Copyright 2020 Wiley-VCH. (e) Photographs of solubility tests in window
cells of 0.1 M LiTFSI in FM (left) and 0.3 M LiTFSI and 0.3 M THF in FM (right). Reproduced with permission from ref 152. Copyright 2019
Elsevier.
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a wide range of electrolytes.24 Figure 7b shows a positive
correlation between CE and fluoride levels. Increasing the F
concentration through “beneficial” fluorination appears to be a
reliable strategy to achieve a high CE of Li plating/stripping,
while further understanding of the chemistry and decom-
position kinetics of the F source remains. Moreover, apart from
the type of Li salts, their purity also has a significant impact on
CE.130 Enhancing the purity of LiBF4 from 99.9% to 99.99%
would result in a flatter morphology of the SEI, as depicted in
Figure 7c. The purity of the conducting salt directly influences
the morphology, composition, and possibly the quality of the
formed protective layer. The formation of a more robust
interphase that inhibits the growth of high surface area Li
directly improves the cycling stability of cells containing
fluorine-based conducting salts. To conclude, although LiPF6 is
not prominent in ionic conductivity, chemical stability, and
thermal stability, it is still dominant in the commercial market
of LIBs due to the ability to provide well-balanced properties.
Selective fluorination of the anions of Li salts will decrease
their interactions with Li+ cations, thereby increasing the
dissociation of the salts in the electrolyte solution and lifting
the ionic conductivity. To achieve better performance, two or
more F-containing salts are synergistically used to supplement
their native deficiencies.

The properties of the electrolyte can be altered by adjusting
the concentration of the Li salt. Conventional dilute electro-
lytes typically operate within a salt concentration range of 1−2
M, which strikes a balance between ionic conductivity,
viscosity, and salt solubility. Thus, most of the studies use
electrolytes in region C in Figure 8a. However, by carefully
selecting appropriate salts and solvents, electrolytes can be
relocated in regions A, B, and D, as depicted in Figure 8a,
leading to some unexpected properties.132 Aqueous electro-
lytes possess a narrow ESW of 1.23 V, which is insufficient to
support most electrochemical couples in LIBs. Besides,
hydrogen evolution at the anode side is another serious
challenge as it occurs at a potential (2.21−3.04 V vs Li/Li+,
depending on pH value) far higher than the operating voltage
of most LIBs. Consequently, the maximum voltage achieved in
aqueous LIBs was limited to 1.5 V.133,134 Xu et al. developed a
“water-in-salt” electrolyte by dissolving lithium bis-
(trifluoromethane sulfonyl) imide (LiTFSI) at extremely high
concentrations (molality > 20 m) in water, leading to an anion-
rich Li+ solvation sheath and an expanded ESW (∼3.0 V),135 as
exhibited in Figure 8b. This remarkable shift resulted from the
formation of a dense interphase on the anode surface, primarily
caused by the reduction of salt anions. The LiMn2O4||Mo6S8
cells using “water-in-salt” electrolyte demonstrated an open-
circuit voltage (OCV) of 2.3 V, and the CE was nearly 100%
for up to 1000 cycles.

Research on nonaqueous electrolytes offers countless
variations in aprotic solvents, Li salts, and their mixing ratios.
For a given electrolyte with fixed salt and solvent, ionic
conductivity depends on both the viscosity and the Li-ion
mobility.132 For 1 M LiTFSI-1,2-dimethoxyethane (DME)/
1,3-dioxolane (DOL) (1:1 by volume), as is concluded in
Figure 8c, when the salt concentration is increased, more and
more Li−solvent pairs form due to the incomplete Li+
solvation shell, and the viscosity at room temperature increases
obviously. At the same time, the Li-ion transference number
rises to a much higher value (tLi+= 0.73) than that of dilute
salt-in-solvent electrolytes (0.2−0.4).138 For such electrolytes,
Li ions are mostly coordinated with solvent in the first

solvation shell, leading to a large number of free anions and
lower mobility of solvated Li cations. In the highly
concentrated electrolyte system, more anions come into the
first solvation shell and form more contact ion pairs (CIPs)
and aggregates (AGGs), thus leading to a higher Li-ion
transference number and lower ion conductivity.139 Apart from
these changes in physical properties, the concentrated
electrolyte demonstrates unusual electrochemical properties
that are remarkably distinct from a conventional dilute
electrolyte. In 2003, Ogumi et al. reported that highly
concentrated propylene carbonate (PC) electrolytes have
shown dramatic changes in the behavior of graphite electro-
des.140,141 Further in 2008, the reversibility of Li metal
deposition/stripping was notably improved in highly con-
centrated PC electrolytes.142 From 2010 onward, Yamada et al.
extended this method to a wide range of nonaqueous solvents
of reversible graphite electrodes with EC-free solvent.143−145

After this path-breaking work, the highly reversible Li metal
electrodes with excellent cycling stability were reported by Xu
et al.132 in 2013 and Qian et al.146 in 2015. These changes can
be attributed to the reduction of free solvent in the solution,
altering the solvation structure and shifting the energy level of
the LUMO toward the salts, resulting in the reduction of the
salts at a lower voltage.144 For LiTFSI/lithium bis(fluoro
sulfonyl) imide (LiFSI)-containing electrolyte, Al dissolution is
suppressed at high voltage.147 The presence of fewer free
solvents and anions in the electrolyte leads to less dissolution
of the Al current collectors, as shown in Figure 8d. For Li−S
batteries, the high-concentration electrolytes can inhibit self-
discharge caused by polysulfide shuttle (Figure 8e), which
significantly improves the reversibility of the batteries (Figure
8f).137 However, the application of such highly concentrated
electrolytes is limited by the high cost and high viscosity due to
the extensive use of Li salts.
2.2.2. Fluorinated Solvents and Cosolvents. Introduc-

ing fluorine into the molecular structures of electrolyte solvents
and cosolvents imparts unique physicochemical properties,
such as nonflammability, robust LiF-enriched SEI, high
resistance against electrochemical oxidation, and an expanded
operating temperature window, etc. These advantages make
fluorinated electrolytes highly attractive for advanced battery
applications. Representative fluorinated solvents and cosol-
vents are shown in Figure 9a, showing the dielectric constant
increasing from left to right. These fluorinated solvents and
cosolvents exhibit unique physicochemical properties because
of the very high electronegativity and high ionic potential of
the fluorine atom.148 Partially fluorinated organic solvents
possess relatively high polarity compared to perfluorinated
organic solvents. This property allows partially fluorinated
solvents to be used as functionalized solvents, while
perfluorinated solvents are primarily employed as antisolvents
due to their poor dissolving ability with Li salts. As shown in
Figure 9b, Xie et al. proposed the dipole−dipole interactions
model to enhance the compatibility of various electrolytes with
graphite anode, thereby suppressing Li+−solvent cointercala-
tion, preserving the graphite lattice and improving the
electrochemical reversibility.149 After introducing fluoroben-
zene (FB) into the LiFSI−3DME system (LiFSI−3DME/
7FB), the cointercalation of the solvent was suppressed,
leading to a high initial CE of 86% and stable cycling
performance over 200 cycles with a capacity retention of up to
94%. The nonsolvents were kept out of the Li+ solvation shell
while exerting considerable dipole−dipole interactions toward
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polar solvents, thus weakening the Coulombic attractions
between Li+ and solvents. Rational design by partial
fluorination on ethers, e.g., locally polar −CHF2, is identified
as the optimal group compared with fully fluorinated −CF3 in
popular designs. Such weak solvents could achieve a balance
between fast ion conduction and electrode stability through
fine tuning the solvation ability (Figure 9c).150 These
developed electrolytes simultaneously endowed high con-
ductivity, a low and stable overpotential, high CE (>99.5%),
and fast activation (CE > 99.3% within two cycles).
Furthermore, some Li-unfriendly solvents can be optimized
by fluorination. For instance, by introducing a fluorinated
moiety into the nonflammable phosphate, the five-membered
fluorinated cyclic phosphate solvent 2-(2,2,2-trifluoroethoxy)-
1,3,2-dioxaphospholane 2-oxide (TFEP) was designed and
synthesized, as shown in Figure 9d.151 Such fluorinated
phosphate solvent not only had effective nonflammability but
also exhibited excellent electrode compatibility. Besides,
fluorine substitution can broaden the range of liquid
electrolytes. In 2019, Meng et al. proposed liquified gas
electrolytes, which showed high CE with a Li metal anode

(Figure 9e).152 The 0.5 M LiTFSI and 0.5 M tetrahydrofuran
(THF) in fluoromethane (FM) electrolyte exhibited a
maximum conductivity of 3.9 mS·cm−1 at 20 °C. And, the
impressive low-temperature conductivity at −60 °C was 2.8
mS·cm−1, which was competitive among state-of-the-art low-
temperature electrolytes.153,154 Such enhanced liquefied gas
electrolytes demonstrated average CEs of 99.6%, 99.4%, and
98.1% (±0.3%) at capacities of 0.5, 1, and 3 mAh cm−2,
respectively, during long-term cycling performance.

As mentioned above, per-fluorinated solvents are usually
applied as antisolvent or “dilute” in many works to make
localized high-concentration electrolytes (LHCEs). Such
LHCEs are widely investigated and always show enhanced
interphasial stability.139,155 Compared with HCEs, LHCEs
exhibit lower viscosity and wider ESWs. Watanabe et al. used
hydrofluoroether (HFE) and 1,1,2,2-tetrafluoroethyl 2,2,3,3-
tetrafluoropropyl ether (TTE) to dilute highly concentrated
ionic liquid electrolytes.156 The work indicated that the
addition of HFE maintained the solvation structure of the
original salt−solvent complexes and effectively reduced the
dissolution of Li2Sn, which greatly enhanced the power density

Figure 10. Functions of fluorinated cosolvents of LHCEs. MD simulation results of (a) dilute electrolyte and (b) LHCE. Reproduced with
permission from ref 158. Copyright 2021 Wiley-VCH. (c) DOS obtained in quantum mechanical DFT-ab initio molecular dynamics (AIMD)
simulations of LHCE with TFMB. Reproduced with permission from ref 160. Copyright 2022 American Chemical Society. (d) Raman spectra of
various solvents, diluents, and electrolytes. (e) Schematic diagram of the electrolyte structure and the correspondingly formed SEI in different
LHCEs. (f) Oxidation stability of various electrolytes in Li||Al half-cells characterized by LSV at a scan rate of 0.5 mV s−1 from 2.5 to 6.0 V.
Reproduced with permission from ref 158. Copyright 2022 American Chemical Society. (g) Electrostatic potential mapping of Li+ solvation
structures and the surface area in each ESP range on the van der Waals (vdW) surface of the FSI− anion part. Reproduced with permission from ref
161. Copyright 2022 American Chemical Society. (h) Flame-retarding testing of EC/DMC, LHCE−DMC, and LHCE−dimethylacetamide
(DMAC). Reproduced with permission from ref 165. Copyright 2022 Wiley-VCH.
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of the Li−S batteries. By performing molecular dynamics
(MD) simulation, the solvation structure can be shown
pictorially. Zhang et al. introduced the concept of LHCEs,
which consisted of 1.2 M LiFSI in a dimethyl carbonate
(DMC)/bis(2,2,2-trifluoroethyl) ether (BTFE) (1:2 by mol)

mixture, exhibiting low concentration, low viscosity, and good
wettability that facilitated practical applications of LMBs. The
dilution with BTFE slightly weakened the association between
Li+ cations and FSI− anions, promoting FSI− anion
decomposition as the dominant reduction reaction, which

Table 2. Fluorinated Additives for Li-Based Batteries168,170−183
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formed a robust FSI-derived SEI layer. The average CE of the
electrolyte was greatly increased to ∼99.7%. After that, LHCEs
have been extensively applied in LIBs, LMBs, and other
electrochemical systems.157 The dilution with BTFE slightly
weakened the association between Li+ cations and FSI− anions,
which led to more FSI− anion decomposition as the dominant
reduction reaction, forming a robust FSI-derived SEI layer.
The average CE of the electrolyte was largely increased to
∼99.7%. After that, LHCEs were widely applied in LIBs,
LMBs, and other electrochemical systems. As shown in Figure
10a and 10b, Zhao et al.158 introduced HFE into initial HCE
and simulated the solvation structure. The bulk phase structure
of local HCE electrolyte did not greatly change with the
addition of HFE diluent. Thus, the salt usage was reduced, and
the viscosity of the electrolyte became lower. As a result, the
electrolyte has a better wettability with electrodes. Although
the ionic conductivity usually increases with the decrease of the
viscosity, the addition of diluent has a negative effect on the
conductivity of LHCE.135 The reason is probably the
discontinuous Li conducting network separated by the diluent
medium. To achieve a balance, the content of diluent should
be restricted during the preparation of LHCE. Fluorinated
ether diluents typically exhibit lower LUMO and HOMO
energy levels. As a result, they may participate in the formation
of electrolyte|electrolyte interphase. Wu et al. reported the
HFE cosolvent decomposition and metal anode dissolution
phenomenon in ether-based LHCE systems.159 Such light
decomposition behavior comes from diluents synergistically
decomposed with anions on the Li metal anode. Figure 10c
shows the density of states (DOS) of LHCE−trifluoromethox-
ybenzene (TFMB). In LHCE−TFMB, the LUMO is located at
either TFMB or FSI− with nearly equal probability, indicating
that both the FSI− anions and the TFMB molecules contribute
to the SEI formation.160 Besides, the existence of fluorinated
ether antisolvent is also attributed to anion decomposition.
The solvation structures in LHCE−TFMB were validated by
Raman spectroscopy (Figure 10d). Upon coordination of
DME with Li+, the corresponding peaks of both DME and
FSI− shifted to longer wavenumbers. For the 5.0 M LiFSI/
DME electrolyte, only the peak of Li+-coordinated DME was
observed, indicating that few free DME molecules were present
in HCE. In LHCE−TFMB, the peak positions were nearly the
same as those in HCE plus the vibration bands of free TFMB.
Unlike TTE, which decomposed little at the anode side, the
TFMB/benzotrifluoride (BZTF) diluents were partially
decomposed along with the FSI− anions and participated in
forming the SEI on the Li metal anode (Figure 10e). This
synergistic effect through anion−diluent pairing was expected
to be of significant importance to the optimized electro-
chemical performance. Linear sweep voltammetry (LSV) was
conducted on an Al electrode to unveil the electrochemical
oxidation stability of these electrolytes (Figure 10f). The
oxidation stability of LHCE−TFMB/BZTF was significantly
improved, and no exponential increase in oxidation current was
observed until 5.0 V. He et al. reported that the surface area in
different electrostatic potential (ESP) ranges (Figure 10g)
helped quantitatively analyze the characteristics of the
molecular surface charge.161 The reduced relative abundance
of the ESP distribution on anions suggested that the reduction
stability of FSI− was reduced in the presence of antisolvents. In
previous reports, the LHCE−TTE electrolytes demonstrated
better cycling performance of Li||Cu cells (98.9% and 99.6%)
than LHCE−TFETFE (98.2% and 99.4%).162 However, the

intensified inductive effect caused by antisolvents reduced the
binding energy of the Li−solvent interactions and changed
with different antisolvents. The binding energies of the Li−
solvent and Li−anion interactions were decreased with the
addition of antisolvent compared with the HCEs, indicating
the capability of antisolvents to help lower the desolvation
energy and facilitate interphase kinetics in the electrochemical
reaction.163,164 The addition of fluorine also led to a decrease
in the flammability of the electrolyte, as shown in Figure
10h.165 Hereby, F• radicals were formed, which could scavenge
the H• radicals. Owing to this approach, the free-radical
reaction was quenched, and the flame propagation was
suppressed. However, ether-based electrolytes are highly
volatile and flammable, and flame retardancy cannot be
achieved by adding fluorinated solvents/cosolvent alone.
Aurbach et al. reported a synergy of fluorinated cosolvent
and gelation treatment by a butenoxycyclotriphosphazene
(BCPN) monomer, which facilitated the use of ether-based
electrolyte for high-energy Li metal batteries.166 The safety
risks of fire and electrolyte leakage were eliminated by the
fluorinated cosolvent and fireproof polymeric matrices.
2.2.3. Fluorinated Additives. Electrolyte additives are

usually defined as the functional compounds added into the
bulk electrolyte in a low amount (0.1−5%, either by weight or
volume) by which electrolyte can be regulated economically
and efficiently.130 Compared to their nonfluorinated counter-
parts, fluorinated additives exhibit decreased cathodic stability,
increased anodic stability, reduced flammability, etc., which
endow fluorinated additives with tremendous application
potential in (i) SEI/CEI formation, (ii) flame retardancy,
(iii) overcharge protection, (iv) Li salt stability regulation, (v)
electrolyte wettability adjustment, and (vi) electrolyte
conductivity improvement.167 Table 2 summarizes the
components and functions of different fluorinated additives
used in Li-based batteries. As the most widely reported organic
additive, FEC is believed to be capable of improving the
interphasial stability of the anode by the formation of LiF-rich
SEI layers. Substitution of a hydrogen atom in EC by a fluorine
atom sharply reduces the LUMO energy level from −0.38 to
−0.87 eV, which makes it easier to be reduced on the anode
side and form a SEI.168 The C−F bond in FEC breaks first
during the reduction process, eventually leading to the
formation of a stable, compact SEI rich in LiF and poly(vinyl
carbonate) (poly(VC)).168 The combination of LiF and
poly(VC) remarkably inhibits continuous electrolyte decom-
position and facilitates uniform Li deposition, which exhibits
an even better passivation effect than the VC-containing
electrolyte.169 Apart from the FEC, Archer and co-workers
demonstrated that the direct use of 0.5 wt % LiF to a
conventional electrolyte could enable high surface stability and
fast surface diffusion of Li ions over the layer rich in LiF
crystals,170 further confirming the vital role of LiF in stabilizing
the SEI. Yin and co-workers adopted a fluoride boron-based
anion receptor, tris(2,2,2-trifluoroethyl) borate (TTFEB), as a
bifunctional electrolyte additive to improve the performance of
LMBs.171 With 2 wt % TTFEB, uniform Li deposition without
uncontrollable Li dendrites can be realized due to the LiF-rich
SEI layer. Moreover, the electron-deficient boron-center atoms
acted as anion receptors to tether the PF6

− anions in the
electrolyte, causing the increased Li-ion transference number.

In addition to the Li anode, the stability of the cathode is
also crucial for the development of high energy density Li-
based batteries. However, the CEI chemistry is even more
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complex, and the electrochemical performance of the cathode
has been plagued by some challenges, including severe
oxidative decomposition of the electrolyte, gas evolution,
transition metal dissolution, cracking of primary/secondary
particles, etc., especially for layered transition metal oxide
cathodes under a high cutoff voltage.184 The design of novel
fluorinated additives such as fluorocarbonates, fluoronitriles,
and fluoroborates can improve the oxidation stability after
fluorination due to the ability to in situ form an F-containing
CEI layer, which offers a promising solution for the
aforementioned challenges.185 Song and co-workers reported
a fluorinated linear carbonate, methyl (2,2,2-trifluoroethyl)
carbonate (FEMC), as a new electrolyte additive to achieve the
performance improvement of commercial carbonate electrolyte
at a 4.6 V cutoff voltage, far beyond the oxidation limit (4.3 V
vs Li/Li+) of conventional carbonate electrolyte.172 FEMC
played a crucial role in generating a passivating layer rich in

metal fluorides and C−F-containing species, which effectively
delayed the cathode degradation and capacity fade.

The practical application of batteries may encounter
different abuse conditions such as thermal abuse, electronic
abuse, and mechanical abuse, which trigger a series of
exothermic reactions and thermal runaway of batteries.186

Generally, fluorinated phosphates and fluorinated phosphites
such as tris(trifluoroethyl)phosphate (TFP)174 and tris(2,2,2-
trifluoroethyl) phosphite (TTFP)175 exhibit superior flame
retardance over nonfluorinated counterparts. When heated, F•

radicals can scavenge the hydrogen radicals and quench the
free-radical reaction and flame propagation.187 Addition of
fluorinated phosphates or fluorinated phosphites in the organic
electrolyte can remarkably promote the thermal stability and
suppress the thermal decomposition of LiPF6.

188 However, to
achieve nonflammable electrolyte formulation, the amount of
fluorinated phosphates or fluorinated phosphites is usually
required to be greater than 5%.130 Phosphazene derivatives

Figure 11. Fluorinated solid-state/quasi-solid-state polymer electrolytes. (a) Detailed synthetic scheme of 21-arm fluoropolymers. Reproduced with
permission from ref 195. Copyright 2022 Springer Nature. (b) Synthesis paths of FBCPs. Reproduced with permission from ref 196. Copyright
2021 Elsevier. (c) Schematic of synthesizing FB-SPE by visible-light-driven photocontrolled radical polymerization (photo-CRP). Reproduced with
permission from ref 197. Copyright 2021 Wiley-VCH. (d) Simulated HOMO energy level of POE (upper panel) and POE-F (lower panel).
Reproduced with permission from ref 198. Copyright 2021 Wiley-VCH. Illustration of (e) the Li salt state in the PVDF and PVBL electrolytes and
(f) the Li salt dissociation and Li+ transport by the coupled BTO−LLTO in the PVBL electrolyte. Reproduced with permission from ref 199.
Copyright 2023 Springer Nature.
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rich in F, N, and P elements are considered as more
outstanding flame-retardant additives than phosphates and
phosphites. Feng and co-workers synthesized a novel
(trifluoroethoxy)pentafluorocyclotriphosphazene (TFPN) and
deployed a flame test, which revealed that only 5 wt % TFPN
addition can enable electrolyte nonflammability.176 Moreover,
the preferential oxidative decomposition of fluorinated
phosphazene derivatives also produced a multiphase CEI
layer consisting of linear/multiring polymers, such as Li3N,
LiF, etc., which suppressed decomposition of the electrolyte
and achieved a high reversible capacity and better capacity
retention.177,178 As a typical electronic abuse, overcharge can
cause premature electrode and electrolyte failure and
catastrophic safety issues. Overcharge protection additives
with an oxidation potential slightly higher than the delithiated
potential (vs Li/Li+) can exert a preferential redox reaction,
resulting in circuit break or a microshort circuit inside the
batteries.189,190 An electron-withdrawing substituent with F or
CF3 groups provides a promising method to increase the
oxidation potential of the overcharge protection additives for
use as redox shuttles in high-voltage Li-based batteries. Odom
and co-workers synthesized a series of F-substituted
phenothiazine derivatives such as N-ethyl-3,7-bis-
(trifluoromethyl)phenothiazine (BCF3EPT) for a LiFePO4
cathode179 and N-ethyl-1,2,3,4,6,7,8,9-octafluorophenothiazine
(OFEPT) for a high-voltage LiNi0.8Co0.15Al0.05O2 cathode,180

which acted as reversible redox shuttles to protect batteries
from overcharge. All in all, although numerous fluorinated
additives have been explored, the physicochemical properties
of fluorinated additives do not show a simple monotonous
correlation with the content of fluorine substitution.191

Moreover, the decisive influence of the fluoride substitution
position on the performance of additives still needs further
investigation.
2.2.4. Fluorinated Solid/Quasi-Solid-State Electro-

lytes. Exploration of highly affordable batteries with enhanced
safety is crucial for achieving electric devices with energy
densities of 400 Wh kg−1. To address this need, the
development of all-solid-state batteries has emerged as a
promising pathway. Traditionally, liquid electrolytes select
organic solvents with strong polarity, creating a high dielectric
constant environment conducive to Li-ion dissociation.192 This
strategy also applies to the selection of all-solid polymer
electrolytes. The electrostatic force between ions in SPEs is
significantly influenced by the polarity of the polymer. Since
the report of ion conduction in poly(ethylene oxide) (PEO) in
1975, it has been considered as an intriguing polymeric matrix
for electrolytes due to the excellent chemical and electro-
chemical stabilities.193,194 However, the high crystallinity of
PEO at room temperature results in low ionic conductivity
(10−6−10−8 S cm−1); meanwhile, the narrow ESW of PEO-
based electrolytes also hinders their widespread application.
Efforts to enhance PEO-based solid electrolytes are underway.
As an example shown in Figure 11a, Hu et al. proposed a top-
down design concept through atom transfer radical polymer-
ization.195 Through an orthogonal test method, the optimal
composition of a F-rich macromolecule containing all-solid-
state polymer electrolyte (FMC-ASPE) was determined. This
new PEO electrolyte exhibited significantly improved high-
voltage stability and transference number (tLi+ = 0.88) to
suppress the side reaction at the cathode side and dendrite
growth at the Li anode side. Additionally, the as-prepared
FMC−ASPE showed improved physical and electrochemical

properties, including higher ionic conductivity, higher tough-
ness (2.7 times higher than PEO−ASPE), and higher thermal
stability. Sun et al. synthesized fluorine-containing ABA
triblock copolymer electrolytes (FBCPEs) (perfluoroalkyl
pendant in the A segment and PEO in the B segment) with
a small number of −CF2 repeating units (Figure 11b).196

Addition of −CF2 decreased the HOMO energy level of the
whole electrolyte. Thus, the antioxidant capacity of FBCPEs
was improved, resulting in a wider ESW of 4.9 V. Jia et al.
proposed a fluorinated bifunctional solid polyelectrolyte, as
shown in Figure 11c, in which fluorinated chains were
covalently bonded to polyether-based fragments through the
controlled radical polymerization.197 Compared with conven-
tional nonfluorinated polyether-derived solid polyelectrolytes,
FB-SPEs were able to provide an electrochemical window of 5
V. In addition to PEO, fluorination plays an essential role in
other all-solid-state polymer electrolytes as well. Sun et al.
selected polyoxalic (POE) acid as the polymer matrix and
found that the HOMO electrons of the POE were located at
the terminal unit.198 When trifluoroacetic acid was applied as
the terminal unit (POE-F), the HOMO electrons were
transferred to the middle oxalic acid unit, which improved
the antioxidant capacity (Figure 11d). Furthermore, the
interfacial compatibility between the Li metal and POE-F
was also improved by generating a LiF-based SEI, and the
stability of Li||NMC811 full cells was significantly improved,
which kept cycling stably over 200 cycles at 1 C.

Apart from all-solid-state polymer electrolytes, quasi-solid-
state gel polymer electrolytes (GPEs) can also be optimized by
fluorination. One of the extensively studied materials for quasi-
solid-state polymer electrolytes is PVDF, first investigated in
the 1980s.200 In 1996, Warren et al. assembled the first LIB
based on a PVDF-HFP-based GPE. The copolymer exhibited
advantages of a low degree of crystallinity due to the addition
of hexafluoropropylene (HFP), high mechanical flexibility, and
good compatibility with electrodes.49,201 Afterward, the
number of studies on PVDF-based electrolytes gradually
increased, with GPEs being the main focus. He et al.
developed a highly conductive and dielectric GPE by
compositing PVDF with coupled BaTiO3 (BTO) and
Li0.33La0.56TiO3−x (LLTO) (named as PVBL) nanowires, as
shown in Figure 11e and 11f.199 The PVBL effectively
restrained the formation of the space charge layer with
PVDF, and the coupling effects contributed to an exceptionally
high ionic conductivity (8.2 × 10−4 S cm−1) and Li+
transference number (0.57) of the PVBL at 25 °C. The
PVBL also homogenized the interfacial electric field with
electrodes. The Li|PVBL| (LiNi0.8Co0.1Mn0.1O2) NCM811
solid-state cells stably cycled 1500 times at a current density
of 180 mA g−1, and the pouch cells also exhibited excellent
electrochemical performance and good safety. Nevertheless,
various tough challenges need to be resolved before the
practical application for PVDF-based electrolytes, including the
following: (i) the in-depth understanding of interphase
degradation mechanisms is still insufficient; (ii) achieving
considerable ionic conductivity in solvent-less conditions is of
significant importance; (iii) the rate performance should be
promoted under high current density; (iv) the solid interface
still has natural deficiency compared with liquid electrolytes;
(v) to further improve the energy density, the thickness of the
polymer electrolyte needs to be thinner up to 10−20 μm; (vi)
the polymerized homogeneity of PVDF-based electrolytes in
industrial conditions is insufficient, which will lead to uneven
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Li transportation. Understanding the above specific challenges
faced by PVDF-based electrolytes will contribute to the
development of next-generation all-solid-state batteries.

For inorganic solid-state electrolytes, although fluorination
strategies have been successfully applied on oxide, sulfide, and

polyanion solid electrolyte systems, Li−fluoride solid electro-
lytes have yet to be reported.202 To investigate the structure
and corresponding synthesis strategy, Li et al. proposed a novel
Li-rich fluoride electrolyte, Li3GaF6, with a high ionic
conductivity close to 10−4 S cm−1 at room temperature

Figure 12. Fluorinated inorganic solid electrolyte. (a) Schematic synthesis of Li3GaF6. (b) Crystal structures of β-Li3GaF6 viewed along [111].
Reproduced with permission from ref 203. Copyright 2022 Springer Nature. (c) Li−M−F ternary phase diagram assessing the computed stability
of Li−M−F compounds. Black solid circles indicate stable phases, while red solid circles show the targeted fluoride materials. (d) Electrochemical
stability ranges of LixMF6 fluoride electrolytes. The yellow region reflects the possible extension of the voltage window over which decomposition
occurs but without any metallic products. Reproduced with permission from ref 204. Copyright 2021 Elsevier. (e) The crystal structure of
Li6PS5F0.5Cl0.5 and the voltage profile of Li||Li symmetric cell cycling with Li6PS5F0.5Cl0.5 under current densities of 0.05, 0.10, and 0.15 mA cm−2.
Reproduced with permission from ref 205. Copyright 2022 American Chemical Society.
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(Figure 12a).203 The synergic effect of open bulk transport and
compact interphase transport in Li3GaF6 endowed LiFePO4-
based solid-state LMBs with an improved cycling performance
for at least 150 cycles at 1 C. The crystal structure of the
Li3GaF6 derivative from the cryolite phase is shown in Figure
12b. The characteristic building units are GaF6 octahedra, and
the Li atoms are octahedrally, pentahedrally, or tetrahedrally
coordinated by F. To understand the phase stability relative to
their corresponding separated phases, including elemental,
binary, and ternary ones, Lin et al. used the grand canonical
linear programming method (GCLP) to explore the phase
diagram of Li−M−F compounds (Figure 12c).204 The
favorable combination was the decomposition of ternary
LixMF6 into binary LiF and MF3 or MF4 with the order of
decomposition energy (ΔE = [E (phase equilibrium) −
E(LixMF6)] Natoms

−1) being as follows: Li3GaF6 (52 meV
atom−1) > Li3AlF6 (38 meV atom−1) > Li2ZrF6 (13 meV
atom−1) > Li3ScF6 (1 meV atom−1). Figure 12d shows the
sequence of fluoride materials determined by their ESW:
Li3ScF6 (5.78 V) > Li3AlF6 (5.49 V) > Li2ZrF6 (5.34 V) >
Li3GaF6 (4.37 V). The fluoride materials exhibit a wider ESW
compared to that of the sulfides. Li3AlF6 exhibits a cathodic
(anodic) limit of 0.56 V (6.0 V) versus bulk Li, while Li3PS4
operates within a narrow window of 1.6−3.0 V. The
electronically insulating and ionically conducting phase LiF is
formed at low voltage, which may potentially serve as a
passivating interphase that can act as a barrier against further
solid electrolyte decomposition.

The Li||NMC811 cells matched with Li6PS5Cl (LPSCl)
electrolyte suffer from a fast capacity decay because the sulfide
solid electrolyte is not stable to both the Li anode and the
NMC811 cathode.206,207 To solve this problem, Wang et al.
added a small amount (0.32 wt %) of CuF2−LiNO3 (CL) into
LPSCl electrolyte to in situ form a mixed-conductive−
lithiophobic and self-healing LiF−Li3N−Cu SEI. The compat-
ibility of LPSCl−CL electrolyte to single-crystalline NMC811
was further enhanced by adding a small amount (0.02 wt %) of
AlF3.

208 Doping F into LPSCl electrolyte largely improved the
oxidation stability; thus, the Li||NCM811 full cell achieved a
high capacity retention of 69.4% after 100 cycles at 2.55 mA
cm−2/2.55 mAh cm−2. In addition, Wang and co-workers
reported F-doped Li5+yPS5Fy argyrodites with a tunable doping
content and dual dopants (F−/Cl− and F−/Br−) that were
synthesized through a solvent-based approach, as shown in
Figure 12e.205 Among all compositions, Li6PS5F0.5Cl0.5
exhibited the best cycling performance in Li symmetric cells
owing to the enhanced interfacial stability against Li metal,
which can be attributed to the formation of a stable SEI
containing Li3P, LiCl, and LiF. Furthermore, Li||LiFePO4
(LFP) cells using Li6PS5F0.5Cl0.5 showed enhanced cycling
performance with a specific discharge specific capacity above
105 mAh g−1 after 50 cycles. However, F doping also
significantly reduced the ionic conductivity of LPSCl due to
the high bonding between F and Li.209 The excessive LiF
precursor filled in the boundary/pore of the solid-state
electrolytes after fluorine was incorporated into the LPSCl
structure. This reduced the electronic conductivity while
enhancing the rigidity to suppress the penetration of Li
dendrites.

In conclusion, the electrolytes for high-performance Li-based
batteries can be tailored by combining the benefits of different
partially fluorinated/per-fluorinated electrolytes. Selective
fluorination of the anions of Li salts will decrease their

interactions with Li+ cations, thereby increasing the dissocia-
tion of the salts in the electrolyte solution and lifting the ionic
conductivity. Fluorinated solvents can also inhibit the progress
of combustion, thus improving the safety of the electrolytes. It
is important to achieve a balance between Li salt solubility and
interfacial compatibility. Fluorinated additives containing well-
tailored functional groups can transform into uniform and
thickness controllable SEI/CEI films, which remains a hot field
for future research. For the polymer all-solid-state electrolytes,
the grafting of F-containing groups/chains on the polymer
matrix can widen the electrochemical window and/or facilitate
ion conduction; furthermore, F-containing polymers, such as
PVDF and PVDF-HFP, have played a significant role in the
quasi-solid-state gel polymer electrolytes. The exploration of
fluorine chemistry in advanced solid-state battery systems
aiming for enhanced performance is also in progress.
2.3. Other Fluorinated Battery Components

2.3.1. Fluorinated Separators. As an essential compo-
nent in batteries, the separator not only offers transport paths
for Li+ migration between two electrodes but also serves as a
barrier isolating the cathode from the anode.210 Despite their
critical function, current commercial separators (e.g., poly-
propylene (PP), polyethylene (PE), and their multilayer
composites) suffer from insufficient mechanical strength,
inferior liquid electrolyte affinity, low thermal stability, and
high flammability. The separator failure/collapse can lead to
internal short circuits, potentially triggering thermal runaway,
energy release, explosion, and other serious security risks in
batteries.211 Over the past few decades, intensive efforts have
been dedicated to overcoming these limitations, among which
polymeric separators,212−223 blends and composites,224−226

surface coating,227−229 and surface grafting230−233 have been
mostly the focus. In particular, PVDF and its copolymers (e.g.,
PVDF−HFP, polyvinylidene-co-chlorotrifluoroethylene
(PVDF−CTFE), poly(vinylidene fluoride)−trifluoroethylene
(PVDF−TrFE)) have garnered great interest due to their high
dielectric constant, strong polarity, and excellent anodic
stability, which contribute to their good affinity toward polar
electrolytes and their ability to assist in the dissociation of Li
salts. For a detailed and specific summary of separators based
on PVDF and copolymers, readers are encouraged to consult
the excellent review articles.234,235 It should be noted that the
practical applications of PVDF separators are hindered by the
low mechanical strength (<10 MPa) caused by their solubility
in electrolytes combined with inferior thermal stability due to
their low melting point (172 °C).225 In addition, the formation
of LiF and the C�CF bond in the crystallized PVDF, through
interactions between F and Li or lithiated graphite, can resist
Li+ transport and further deteriorate the rate capability of
LIBs.236,237 Blending two or more polymer solutions has been
considered as an effective strategy to achieve complementary
properties of each component. In 2014, Liu and co-workers
blended PVDF−HFP with polyimide (PI) by cross-electro-
spinning, arranging the two polymer solutions alternately to
construct a PVDF-HFP/PI composite membrane. This
composite separator, combining the advantages of both
polymers, demonstrated increased porosity, higher thermal
dimensional stability, improved electrochemical stability, and
higher ionic conductivity compared to the commercial Celgard
2400 separator.238 Similarly, the poly(m-phenylene isophtha-
lamide) (PMIA), known for its high mechanical strength and
high temperature tolerance, was blended with PVDF to
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construct a sandwich-structured PVdF/PMIA/PVdF compo-
site membrane. This membrane displayed high ionic
conductivity, reinforced tensile strength (13.96 MPa), and
excellent thermal stability as well as desirable electrochemical
stability/rate performance for the assembled Li||LiCoO2
battery.225 The enhancement of the mechanical property and
thermal stability of the PVDF-based separator was also
achieved by blending with polyacrylonitrile (PAN).237 Never-
theless, blending polymer solutions can increase the fiber
diameter size and influence the fiber morphology, generally
leading to a nonuniform fiber structure. Besides, the obtained
ionic conductivity of the resulting blends needs to be further
improved. To address these issues and enhance the separator
properties such as electrolyte uptake, thermal stability, and
ionic conductivity, nanoscale particles including Al2O3, SiO2,
TiO2, and Sb2O3 have been successfully incorporated into the
polymer matrix.239,240

A variety of modification strategies have also been employed
to enhance the physiochemical and electrochemical perform-
ance of the separators, among which the surface coating/
grafting method has been considered as a promising candidate
to address the above-mentioned drawbacks facing the common
commercial separator.226,234 By coating the composite material
of graphite fluoride nanosheets (GFNs) and PVDF, the
pristine PP separator was modified by Zhang et al. on a large

scale. Attributed to the reaction between GFNs and Li, a
concrete-like protective layer with improved mechanical
properties was constructed on the Li metal anode, enabling
fast Li+ transport, resisting Li dendrite growth and maintaining
good integrity as well. In addition, owing to the lithiophilic
feature of GFNs, sufficient physical contact between the Li
anode and the protective layer was achieved, realizing low
interphasial resistance and homogeneous Li deposition layer by
layer.241 As the most electronegative elements that have been
known, F is capable of forming the strongest single covalent
bond of C−F with a bond energy of 488 kJ mol−1.242 A F-
modified PPTA (poly-p-phenyleneterephthalamide) protective
layer on the PP separator (F−PPTA@PP) was developed via
coating PPTA nanofibers on a commercial PP membrane and
subsequently grafting F-containing groups on the separator. As
shown in Figure 13a, an F atom was grafted on the PPTA (F-
doped PPTA) via a C−F bond, where the generated
electronegativity around the C−F bond endowed a stronger
organic affinity to promote the electrolyte wettability. This F−
PPTA@PP separator exhibited high thermal stability to
suppress thermal shrinkage, excellent physical strength to
prevent potential mechanical abuse, and good capability to
simultaneously in situ construct a LiF-rich SEI layer to
promote the uniform electrodeposition of Li and eliminate Li
dendrite risks (Figure 13b). With this separator, the assembled

Figure 13. Functions of fluorinated separators in Li-based batteries. (a) Electrostatic potential surface for pristine PPTA and F-PPTA molecules.
(b) Puncture strength curves of the PP, PPTA@PP, and F-PPTA@PP separators. Reproduced with permission from ref 243. Copyright 2022
Wiley-VCH. Evaluations of the (c) electrolyte contact angles, (d) ionic conductivity, and (e) LSV for the PVDF/F−PI separator and other
separators. Reproduced with permission from ref 244. Copyright 2023 Wiley-VCH. Schematic illustration of the ion transport behavior through the
fluorinated COF nanofluidic nanochannels at (f) 0, (g) 8, and (h) 38 ns. MD simulation results show that the fluorinated separator exhibits a
higher Li+ migration activity than the anion (TFSI− and S6

2−). Reproduced with permission from ref 245. Copyright 2023 American Chemical
Society.
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Li||NCM811 battery featured an initial capacity of 194.1 mAh
g−1 at 0.5 C and a stable cycling performance for over 1000
cycles. Under various extreme conditions, such as a wide
temperature range from −10 to 100 °C, an ultrafast charging/
discharging rate of 30 C, and lean electrolyte/high mass
loading, the battery exhibited promising electrochemical
performance.243 Very recently, a novel fluorine-functionalized
PVDF/fluorinated-PI (FPI) composite nanofibrous separator
was developed for wide-temperature LMBs.244 On one side,
the abundant polar −CF3 groups in the F−PI composite
provided an electronegative environment for fast Li+ transfer.
Besides, the −CF3 group contributed to enhanced thermal
stability and fire retardancy for enabling the operation of LMBs
in a wide temperature range. On the other side, the
incorporation of PVDF enhanced the mechanical properties
by increasing physical contacts among the F−PI nanofibers
and facilitated the uniform Li deposition via homogenizing the
pore size as well. This F-functionalization treatment endowed
the separator not only with increased affinity toward organic
electrolytes and high value of ionic conductivity but also a
wider ESW (Figure 13c−e). Based on this separator, the Li||Li
cell sustained a steady cycling of 2400 h at 1 mA cm−2 with an
areal capacity of 1 mAh cm−2, which survived for 1000 h with a

low overpotential of 15 mV at 60 °C. Briefly, the fluorination
method offers a promising and facial strategy for enhancing the
overall properties of the separator, including the electrolyte
wettability, ionic conductivity, thermal stability, and electro-
chemical stability, thus effectively resisting safety risks and
improving the electrochemical performance of LMBs.

As one of the most promising high-energy Li-based
rechargeable battery systems, the practical Li−S battery has
been restricted by the irreversible cathode consumption due to
the polysulfide shuttling as well as notorious Li dendrite
growth, inducing severe capacity fading during cycling.
Introducing modification layers or interlayers on separators
has been adopted as a feasible strategy for entrapping
negatively charged sulfur species.246,247 Particularly, to utilize
the polar active site of F atoms for immobilizing polysulfides,
Dominko et al. synthesized fluorinated reduced graphene oxide
(F−rGO) to act as a separator interlayer, which prevented the
polysulfide shuttling and achieved improved cycling perform-
ance.248 Unfortunately, the usage of fluorine gas or XeF2 brings
safety concerns for practical applications. Via a facile, cost-
effective, safe, and scalable approach, fluorinated carbon was
successfully constructed on a PP separator. Thanks to the
strong chemical bonding ability of the F groups and physical

Figure 14. Developments of fluorinated binders for enhancing electrode performance. (a) Molecular structures of synthesized FPI. Reproduced
with permission from ref 262. Copyright 2018 Wiley-VCH. (b) Scheme of the preparation for self-assembled fluorinated copolymers. Reproduced
with permission from ref 269. Copyright 2018 American Chemical Society. (c) Preparation routes for amphiphilic graft copolymer precursors
(PVDF-g-PtBA) and pyrolytic transformation to PVDF-g-PAA. Reproduced with permission from ref 270. Copyright 2016 Wiley-VCH. (d)
Illustration of the dual-cross-linked network combining covalent bonds and hydrogen bonds among the designed fluorinated copolymer, sodium
alginate, and the Si surface. Reproduced with permission from ref 271. Copyright 2019 American Chemical Society.
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adsorption of the mesoporous structure, the polysulfide
shuttling was suppressed significantly. In addition, the F
doping induced a pseudocapacitive effect for fast Li+ diffusion,
affording a dense and homogeneous Li deposition during
repeated cycling.249 However, most separator coating layers are
unfavorable for the transfer/migration process of Li+.250,251

Very recently, a fluorinated covalent−organic framework (4F-
COF)-based nanofluidic membrane was constructed for
regulating the Li−S battery performance. The fluorine
functionalities endowed the 4F-COF permselective nanofluidic
channels to contain negatively charged sites, allowing Li+
cations to enter the 4F-COF layers while repelling the anion
(S6

2−) transport (Figure 13f−h). With the fluorinated COF/
PP separator, a highly stable Li metal was achieved with
plating/stripping for 2000 h at 1 mA cm−2. Besides, the as-
assembled Li−S batteries demonstrated a stable cycling
performance for over 1000 times with 82.3% capacity retention
at 2 C, a high rate capability with 568.0 mA h g−1 at 10 C, as
well as an areal capacity of 7.60 mA h cm−2 at a high sulfur
cathode loading (∼9 mg cm−2).245

2.3.2. Fluorinated Binders and Current Collectors. It is
commonly known that during battery cycling, the electrodes
are vulnerable to mechanical stress (i.e., severe volume changes
for conversion- and alloy-type electrodes). Therefore,
insufficient binding strength leads to severe pulverization and
further capacity degradation. Thus, serving to provide the
cathode and anode electrodes with both interconnected
structures and mechanical strength for sufficient electron
transport and ion migration upon charging/discharging, the
polymeric binder is of vital significance to the battery
performance.252 Recently, owing to the high thermal stability,
strong adhesive strength, and electrochemical/chemical inert-
ness with a symmetrical linear F-bonded carbon skeleton,
PVDF has been recognized as the earliest and most popular
binder material for commercial LIBs. However, with the
increasing versatile requirements of practical battery tech-
nologies, the current polymer binders should not only act as a
binding reagent but also provide different functionalities,
including high ionic/electric conductivity, stable electrode|
electrolyte interphase, excellent polysulfide anchoring capa-
bility, and improved mechanical strength to buffer the volume
change. These features cannot be achieved by the current
PVDF binder. Especially at large volume expansion, conven-
tional PVDF binder will lose the adhesion as a result of the
slippage of the linear chain in the electrode.253 More specific
reviews focusing on different binders and their corresponding
developments have been conducted earlier.254−256 In this
section, we will mainly introduce the mechanisms and
properties of fluorinated binders on the electrodes and further
on the battery performance. The design and application of
fluorinated binders in Li-based batteries will provide
opportunities to develop advanced binders.

When it comes to layered oxide cathode materials
represented by LiCoO2, PVDF has been the most widely
used binder in industry. It was found that the crystallinity of
PVDF was reduced via embedding maleic anhydride-grated-
PVDF (MA-g-PVDF) into PVDF, which is favorable for
improving electrolyte uptake. As a result, the rate capability
and cycle performance of the LiCoO2 cathode were
enhanced.257 However, it was pointed out that the reduced
crystallinity of PVDF with a lower molecular weight led to the
decreased adhesion strength.258 Therefore, the crystallinity
degree should be carefully optimized and balanced to fulfill the

cathode performance. Unfortunately, it was demonstrated that
the PVDF binder can be changed when charging the cathodes
to a high voltage above 4.3 V. Due to the weak cohesive force,
PVDF is unable to generate a robust layer on the cathode
surface and easily causes detachment between cathodes and
current collectors, which finally leads to continuous electrolyte
decomposition and rapid capacity decay for high-voltage
cathodes.259−261 Therefore, it is necessary to explore electro-
chemically inactive binders beyond PVDF. With the obvious
advantage of strong adhesion to the electrodes and good
thermal stability, PI has been proved to improve the battery
performance. By introducing six −CF3 functionalities per unit
in the PI backbone (Figure 14a), the fluorinated PI (FPI)
showed faster ion transfer, greater resistance to electrochemical
oxidation, as well as higher thermal stability. The FPI had
excellent binding ability to mitigate the degradation issue of
the Li-rich cathode at 4.7 V while functioning as a surface
protective layer on the cathode via constructing a robust thin
film. The resulting cathode presented improved cycle stability
in both half cells and full cells when paired with graphite
anodes.262 Moreover, employing ionic conductive polymers
such as poly(ionic liquid)s (PILs) or single-ion conducting
polymers (e.g., PEO) as binders has been considered as an
effective strategy to improve the ionic conductivity and Li+
diffusion rate for high-performance LIBs.263−267 Typically,
cationic or anionic species are bonded to polymer backbones
in the PILs, contributing to the high Li+ ionic conductivity as
well as wide ESW.268 By incorporating the ionic conducting
lithiated poly(perfluoroalkylsulfonyl)imide (PFSILi) ionene
with PVDF to serve as the binder, the LiFePO4 cathode
exhibited increased working voltage, lower electrochemical
polarization, and higher reversibility than that with PVDF
binder, especially operated at elevated temperatures or high
current rates. Besides, a higher reversible capacity and energy
density (1.50 and 1.66 times) of the LiFePO4 cathode was
enabled compared to the cathode with PVDF binder.266

Lithiated perfluorosulfonate ionomer (Li−Nafion) was re-
ported to demonstrate similar effects as the binder for
LiMn2O4 cathodes. The resultant Li−Nafion binder displayed
an ionic conductivity of 1.4 × 10−4 S cm−1, generating an ion
conducting layer on the LiMn2O4 cathodes, which reduced the
interphase resistance for high-rate cycling (5−20 C) and
stabilized the cathode even at high temperature (60 °C).267

Zhao et al. prepared an ionic conducting binder by pairing
sulfonated polyether ether ketone with pendant lithiated
fluorinated sulfonic groups (SPEEK-FSA−Li) in which
sulfonated aromatic poly(ether ketone) had good thermal/
mechanical stability; meanwhile, the charge delocalization over
the lithiated fluorinated sulfonic side chains exhibited low
lithium dissociation energy for improving Li+ conductivity. The
SPEEK-FSA−Li binder contributed to a much smaller
interphasial and charge transfer resistance, an enhanced
discharge plateau voltage, and a higher reversible capacity for
the LiFePO4 cathode, in contrast with that using PVDF
binder.265 Recently, the pyrrolidinium-type poly-
(diallyldimethylammonium) (PDADMA) with fluorinated
anions was used as a cathode binder, wherein the fluorine
content (e.g., FSI, TFSI, bis(perfluoroethylsulfonyl) imide
(BETI), and nonafluoro-1-butanesulfonate (CFSO)) led to
highly delocalized charge density for facilitating Li+ transport.
The consequent high-voltage LiNi0.5Co0.2Mn0.3O2 (NCM 523)
electrode achieved improved rate capability and stable cycling
performance.268 Introducing ion conducting materials into
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polymer binders is considered as another effective strategy to
improve the overall electrochemical performance of LIBs.
Copolymerizing the hydrophilic 2-(perfluorohexyl) ethyl
methacrylate (PFHEMA) and hydrophobic poly(ethylene
glycol) methacrylate (PEGMA), Kuo and co-workers designed
a Li+ conducting waterborne fluorinated binder (Figure 14b).
The fluorinated moiety was expected to improve the
electrochemical stability and adhesive properties, while the
PEO segments in PEGMA achieved higher ionic conducting
ability. The copolymer can self-assemble into a series of
spherical nanoparticles (150−220 nm) dispersed in aqueous
solution. The results showed that with an optimal ratio of 3:1
(PFHEMA:PEGMA), the LiFePO4 cathode delivered great
cyclability over 150 cycles without obvious capacity decay and
nearly 100% CE.269

Relying on the weak van der Waals force to connect active
materials and other components within the electrodes, a
conventional PVDF binder is unsuitable for alloy-type anode
materials (e.g., Si) with drastic volume changes during battery
cycling. In general, the ideal binders for alloy-type anodes
should be chemically stabile at elevated temperatures,
electrochemically inert to sustain a wide ESW, and
mechanically tolerant to withstand extensive stresses while
maintaining ionic or electronic conducting ability.272,273 It has
been elucidated that heating a Si electrode containing 8 wt %
PVDF at 300 °C contributed to a more uniform distribution of
PVDF on the surface of the active materials, which largely
enhanced the adhesive strength and viscoelasticity for
improved cycle performance with 600 mAh g−1 available
capacity after 50 cycles.274 Nevertheless, less than 20% of the
theoretical specific capacity of the Si anode was left, which is
still far from the requirement of practical application. Thus,
combining PVDF with other polymers can be developed to
satisfy the needs of high-performance Si-based anode materials.
Based on a tether model in which the binder was filled with
carbon black, Dahn and co-workers designed an elastomeric
binder of terpolymer PVDF fluoride-tetrafluoroethylene ethyl-
ene copolymer (PVDF-TFE-P) for the Si0·64Sn0.36 alloy
anode.275 It was noted that 3-aminopropyltriethoxysilane was
added as an adhesion promoter in the electrode, providing
−NH2 to bond with the carbon−carbon double bond in the
backbone of PVDF-TFE-P. The resulting Si0.64Sn0.36 anode
exhibited a stable reversible capacity of ∼800 mAh g−1 with a
volume change of 125%. To further improve the PVDF
performance in Si-based anode materials, amphiphilic graft
copolymer precursors PVDF-graf t-poly(tert-butyl acrylate)
(PVDF-g-PtBA) have been synthesized, wherein poly(acrylic
acid) (PAA) with abundant carboxylic acid (−COOH) groups
was generated through in situ pyrolytic transformation of PtBA
(Figure 14c). Taking advantage of the synergistic effects from
polymeric backbones (PVDF and PAA segments), excellent
mechanical properties against volumetric expansion were
achieved, enabling high charge and discharge capacities of
2672 and 2958 mAh g−1, respectively, along with a stable
cycling performance over 50 cycles with 84% retention at 0.2
C. Moreover, this graft copolymer binder was proved to be
effective in fulfilling the capability of both the LiN0.5M1.5O4
cathode and the natural graphite (NG) anode, contributing to
a high energy density of 546 Wh kg−1 along with ∼70%
capacity retention after 50 cycles at both 0.5 and 1 C (1 C =
145 mA h g−1) for the Si/NG|| LiN0.5M1.5O4 full battery.

270 As
an alternative choice, owing to the apolar structures and
enriched hydrogen-bonding sites, polytetrafluoroethylene

(PTFE) possessing high mechanical strain and tenacity was
introduced, forming a PVDF-b-PTFE copolymer binder
combining the high viscosity of PVDF with the high elasticity
of PTFE. Besides, this binder achieved high ionic conductivity
and thermal stability. As a consequence, the binder forms
cobweb structures to coalesce Si particles, maintaining good
electrical contact of the electrode materials during repeated
cycles for superior cycle stability (∼1000 mA h g−1 capacity
retained over 250 cycles).276

To strengthen the mechanical properties and further
enhance the cycle stability of the Si-based electrodes, three-
dimensional (3D) cross-linked binders with strengthened
mechanical properties exhibited strong resistance to irrever-
sible deformation of the Si-based electrodes, but they increased
the stiffness of the electrode and finally deteriorated the
electrochemical performance of the batteries.276−280 From this
point, Zhang et al. designed a fluorinated copolymer with
massive polar groups (carboxylic acid, amide, and fluorinated
groups) followed by thermal polymerized with sodium alginate
(SA) to construct a dual-cross-linked network binder (FP2SA).
It was found that esterification reactions among these
functional groups formed a chemical cross-linked network;
meanwhile, fluorine and nitrogen enhanced the reversible
mechanical features during volume changes (Figure 14d). The
uniqueness of this FP2SA, relying on both chemical and
physical cross-linking, was able to maintain the structural
integrity of the Si electrodes, contributing to a high specific
capacity of 1557 mAh g−1 after 200 cycles at 4 A g−1. More
importantly, FP2SA binder also significantly improved the
cycling performance of the Si−C electrode and the SiO-C
electrodes with specific capacities of 600 mAh g−1 after 200
cycles at 0.5 A g−1 and 310 mAh g−1 after 700 cycles at 1 A g−1,
respectively.271 However, it was revealed that an excessive
cross-linked degree and fluorine content of the fluorinated
binder could reduce the capacity and cycle stability of the Si-
based electrodes, indicating a moderate cross-linking degree
should be considered in designing such binders. In addition,
lithiated fluorine-containing ionomers have been demonstrated
as effective binders to improve the Li+-ion diffusion as well as
ionic conductivity, especially cycling at high rates. Wen and co-
workers developed a novel fluorine-containing ionic binder
(lithiated sulfonated poly(ether−ether−ketone)) with sulfoni-
mide groups and structural flexibility, i.e., SPEEK-PSA-Li.
Compared with other binders, the ionic conducting SPEEK-
PSI-Li binder exhibited high adhesion properties and
significantly decreased overpotential during high-rate cycling.
Owing to the combined features of high cohesion capability,
low solubility in electrolytes, high adaptability to volume
change, and high ionic conductivity, the Si anodes displayed
superior electrochemical performance under high-rate cycling,
i.e., maintained reversible capacities of 2000 and 500 mAh g−1

at current densities of 400 and 2000 mA g−1, respectively, after
50 cycles.281

Serving as an indispensable component to support both
electrodes and to transport electrons between electrodes and
the external circuit, the current collector plays a critical role in
guaranteeing the highly efficient operation of LIBs. Since the
commercialization of LIBs, Al and Cu foils have been the most
widely used current collectors in the cathodes and anodes,
respectively.282 Nevertheless, electrochemical dissolution of Al
and Cu current collectors still occurs during cycling, which is
induced by the electrolyte decomposition or side reactions
between electrolyte components and these current collectors.
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As mentioned above, although the LiTFSI salt possesses
advantageous properties such as high ionic conductivity, good
thermal stability, and chemical inertness toward the active
material, water contaminant, as well as other battery
components, it fails to repassivate the Al foil by forming a
fluorinated interphase. More specifically, the TFSI− readily
reacts with Al3+, which is released from the Al2O3 passivation
fi l m , f o r m i n g t h e s o l u b l e a l u m i n u m b i s -
(trifluoromethanesulfonyl)imide (Al(TFSI)3) product. The
Al(TFSI)3 then dissolves well in organic carbonate electrolytes
and diffuses to the bulk electrolyte, causing severe capacity
decay of Li-based batteries.283 Despite huge attention having
been paid to electrode materials engineering to enhance the
battery performance, insufficient attention has been focused on
this aspect, especially regarding the effects of fluorine
chemistry on the current collectors. Since the review
conducted by Lota et al. discussed the positive influence of
fluorinated species on the Al current collector on the cathode
performance, this section will mainly focus on the anode
current collectors.283

Over the past few decades, intensive efforts have been
devoted to achieving the dendrite-free plating/stripping of the
Li anode, including SEI reconstruction,146,168,276,284−292

uniformization of the Li-ion flux,293,294 and 3D nanostructured
scaffolds.295−300 Among the existing approaches, interphase
design and construction have been considered as an effective
way to overcome problems toward the anode. Especially, the
construction of halogenated interphases (e.g., LiF) is expected
to effectively passivate the active Li surfaces, regulate the Li+
migration, suppress Li dendrite nucleation/growth, and
enhance the interphase mechanical stability.301−303 A columnar
and uniform Li anode was designed by Zhang and co-workers
through a LiF-enriched Cu current collector. When directly
immersing a Cu foil into an aqueous LiPF6 solution, the in situ
hydrolysis of LiPF6 occurred and coated LiF particles on the
Cu surface. The LiF (100) was calculated to give a weaker
binding energy and higher diffusion energy barrier to Li than
that of the Cu surface (Figure 15a), rendering a uniform spatial
distribution of Li+ and further contributing to the Li deposition
with column structures. As a consequence, these ultrathin and
columnar Li anodes exhibited highly improved cycle stability in
both carbonate- and ether-based electrolytes.304 As discussed
earlier, PVDF has been extensively used as a binder, separator,
or polymeric electrolyte in Li-based batteries. It is known that
contrary to the nonpolar α phase PVDF with a trans−gauche−
trans−gauche conformation, the β phase PVDF presents an all-
trans conformation with F and H atoms distributed on the
opposite sides of the PVDF backbone, which contributes to a
high dielectric constant within 8−13. A thin (∼4 μm) β-PVDF
was coated on the Cu current collector, achieving a uniform
plating/stripping of Li at high current densities of 5 mA cm−2,
a high plating capacity of up to 4 mAh cm−2, along with
excellent cyclability. It was inferred that the strong interactions
between Li+ and the polar C−F groups of β-PVDF could
redistribute the Li+ flux, while the reaction of the PVDF surface
and the fresh Li metal might form a stable and protective SEI
layer. Besides, as illustrated in Figure 15b, the F alignment not
only could promote the interaction between C−F and Li for
layer-by-layer Li deposition but also offered preferential
diffusion paths for Li+ hopping across the coating layer. This
work highlights that constructing an electronegative F-rich
interphase is favorable for the layer-by-layer Li deposition.305

Another effective approach to enriching LiF on Cu substrate is

employing fluorinated carbon materials such as fluorinated
porous carbon materials and fluorinated carbon nano-
tubes.306,307 For instance, Zhi et al. designed a 3D-fluorinated
porous carbon as the multifunctional host, which mitigated
dendrite growth and was retained for over 300 cycles with an
average CE of 99% at 0.5 mA cm−2 (cycling capacity of 1 mAh
cm−2). Nevertheless, this host matrix sustained only 70 cycles
with fluctuated CE when increasing the current density and
cycling capacity to 2 mA cm−2 and 2 mAh cm−2,
respectively.308 Based on this work, a novel LiF-rich dual-
functional coating layer was designed on a Cu surface by Su
and co-workers using fluorinated electrochemically exfoliated
graphene (F-ECG) as a modifier. Thanks to the strong
interlayer adhesion, the F-ECG layer could prevent volume
expansion during plating/stripping cycles. In addition, LiF-
enriched SEI film was successfully generated due to the
reaction between Li and CF. This suppressed side reactions
and facilitated Li+ transport across the coating layer for a
dendrite-free Li anode with long-term stability (Figure 15c).309

In another report, a self-assembled monolayer (EAM) of 1,3-
benzenedisulfonyl fluoride was introduced on the Cu substrate,
where the benzenesulfinate created lithiophilic sites and
fluoride generated a LiF nuclei in situ via self-assembly and
thiol−Cu reaction. Notably, the EAM-modified Cu displayed a
multilayer SEI composed of a LiF-enriched inner layer and an

Figure 15. Role of fluorine modification of current collectors on
constructing the stable SEI and regulating the Li deposition. (a)
Theoretical calculations of the binding energy for Li on the LiF (100)
surface, and schematic illustration showing the Li deposition process
regulated by LiF (Note: (1) LiF-rich SEI leads to a uniform spatial
distribution of Li+, (2) uniform and dense nucleation sites are
generated on the Cu foil and grow horizontally from these nucleation
sites). Reproduced with permission from ref 304. Copyright 2017
Wiley-VCH. (b) Schematics of the layer-by-layer deposition and
preferential diffusion pathways for Li+. Reproduced with permission
from ref 305. Copyright 2018 Wiley-VCH. (c) Mechanism illustration
of the SEI growth on the F-ECG surface after Li plating/stripping.
Reproduced with permission from ref 309. Copyright 2022 Elsevier.
(d) Schematic illustration of the Li nucleation and plating process on
the pure Ni foam and the NiFx@NF current collectors. Reproduced
with permission from ref 311. Copyright 2020 Elsevier.
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amorphous outer layer, regulating the Li nucleation and
uniform Li growth on the Cu substrate.310

Apart from introducing a F-rich coating/modification layer
on the Cu current collector, the Li halides (e.g., LiF) can also
be formed via the reaction between metal halides and highly
active Li, achieving highly enhanced interphasial stability.312

Through a one-step fluorination treatment, a hybrid NiFx@NF
current collector consisting of vertical lithiophilic NiFx
nanosheets and Ni foam was developed by Huang et al. The
NiFx decreased the Li nucleation barrier and served as even
nucleation sites for Li deposition. Besides, a LiF-enriched SEI
derived from the reaction between NiFx and Li during the
initial Li plating was constructed, ensuring smooth Li
deposition (Figure 15d). Benefiting from this 3D NiFx@NF
current collector, outstanding Li stripping/plating with a CE of
∼98% over 450 cycles was obtained (at 1 mA cm−2 and 1 mAh
cm−2). The Li@NiFx@NF symmetric cell demonstrated a long
cycle life over 1300 h with a low overpotential of ∼20 mV (1
mA cm−2, 1 mAh cm−2). Remarkably, the as-prepared Li@
NiFx@NF||LFP full cell exhibited reasonable cycle perform-
ance and rate capability.311 Recently, using a facile and safe
NF3 plasma fluoridized strategy, the NiF2 layer was successfully
coated on Ni foams (NFF). Following the same way, the Li+
flux preferentially deposited on the NiF2 sites, which was
evenly distributed around the Ni surface. Also, the LiF-rich SEI
layer from the NiF2 reaction toward Li greatly enhanced the
interphasial stability. As a result, the NFF@Li anode sustained
a long durability over 1600 cycles at 1 mA cm−2 and over 2000
cycles at 2 mA cm−2. Moreover, the NFF@Li||LFP full battery
delivered a high-capacity retention of 93% over 250 cycles at 1
C. These works demonstrated that constructing a lithiophilic
metal fluoride coating is effective in regulating the Li
deposition for a high-performance Li metal anode.313

Besides current collector modifications, interphase engineer-
ing has been recognized as a crucial strategy to stabilize the Li
anodes since most of the knotty issues restricting the
performance of Li metal anodes can be attributed to the
instability of the Li anode/electrolyte interphase. Among them,
constructing fluorinated interphases demonstrates prominent
advantages in passivating active Li surfaces, regulating the
diffusion and migration of Li+, as well as enhancing the
interphase mechanical stability. In particular, LiF has been
determined to possess many extreme properties relative to
other solids. The large band gap (14.6 eV) and the wide
electrochemical stability window (from 0 to 6.4 V vs Li) of LiF
contribute to the high electrochemical stability for inhibiting
the continuous corrosion of active metallic Li;314 the high
Young’s modulus (65 GPa) along with a high shear modulus
(49 GPa) effectively enhance the mechanical stability of the
SEI to enable long-term cycling;315 the high interphase energy
(γ) can promote a uniform Li distribution and smooth Li
deposition behaviors316 with the negligible solubility of LiF in
most electrolytes,303 etc. A variety of strategies, including
physical methods and chemical strategies, have been developed
to construct a LiF-rich artificial SEI.289,317−329 Compared with
physical methods, chemical approaches (e.g., gas-, liquid-, and
solid-phase reaction methods) via regulating chemical
reactions between Li- and F-containing precursors were used
to resolve the interphase issues between the artificial layer and
the Li metal matrix. As a representative F-containing gas
reaction strategy, a LiF coating was developed via treating Li
metal in fluorine gas flow. The LiF layer was chemically stable
and mechanically strong, significantly suppressing the

corrosion reaction between Li and carbonate electrolytes and
thus realizing steady cycling for over 300 times with a high
current density of 5.0 mA cm−2.289 The gas reaction method
will not introduce other impurities; however, great attention
should be paid to fluorine gas during operation to prevent
leakage. In contrast, the LiF-rich interphases constructed via
liquid-phase deposition/reaction strategies have been recog-
nized as simpler and more effective strategies. By interposing
an oil drop enriched in C−F (perfluoropolyether, PFPE) with
low surface energy, a flowable fluorinated interphase was
constructed for stabilizing the Li metal and regulating the Li
plating. The electron-withdrawing feature of F endows the
PFPE with high thermal and oxidative stability, along with
good chemical inertness and nonflammability. In addition, the
PFPE moieties close to the Li triggered C−F and Li−F species
to reinforce the robustness of the SEI and the compactness of
the Li plating.322 Polymeric coating layers generally display
superior mechanical deformability and low density, which are
promising for constructing LiF-rich interphases. As reported by
Goodenough et al., after incorporating graphite fluoride (GF)
in molten Li at 250 °C, a LiF layer was produced by the strong
reaction between Li metal and the GF, eventually obtaining a
GF−LiF protective layer. This as-prepared composite Li metal
anode demonstrated high stability in an ambient environment
as well as comparable electrochemical performance.330

To conclude, fluorine plays a critical role in modifying other
components for enhancing the battery performance. Regarding
separators, structural modifications and blending with other
polymers or inorganic nanoparticles can address limitations
such as low mechanical strength, thermal instability, and Li+
transport restrictions of PVDF. Besides, fluorine modification
(e.g., surface coating and grafting method) can improve fire
retardancy, mechanical abuse resistance, and LiF-rich SEI
formation in Li metal batteries. Meanwhile, the abundant polar
−CF3 groups would offer an electronegative environment to
promote Li+ transfer. For binders, the fluorine group can be
incorporated into polymer binders, enhancing ion transfer,
oxidation resistance, and thermal stability, while fluorinated
anions combined with ionic conductive polymers improve the
binder performance for the cathode. However, excessive
fluorine content in binders may compromise the specific
capacity and cycle stability of these electrodes. When utilizing
to modify current collectors with Li metal anodes, construction
of LiF interfaces on Cu current collectors is expected to
passivate the active Li surface and regulate the Li+ migration,
further suppressing Li dendrite growth.

3. UNDERSTANDING FLUORINATED INTERPHASES
IN LI-BASED BATTERIES

3.1. Fluorinated Solid Electrolyte Interphases on Anodes

It is now broadly accepted that the SEI is significant for Li-
based battery systems. In 1979, Peled et al. reported a SEI
model that was applicable to all alkali metals in nonaqueous
battery systems.331 The SEI layer forms instantaneously upon
contact between the anode and the electrolyte solution and
consists of insoluble and partially soluble products generated
by the reduction of electrolyte components. It exhibits
properties similar to a layer of solid electrolyte with high
electronic resistivity. As reported in recent years, the SEI
played a significant role in determining the safety, power
capability, reversibility, and cycle life of Li-based batteries.332

The SEI must be both mechanically stable and flexible and
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should adhere well to the anode, while it is crucial to prevent
the dissolution or corrosion of the anode. Therefore, the
electrolyte must be designed to contain at least one SEI
precursor that reacts rapidly with the anode to form an
insoluble and stable SEI.
3.1.1. Components of the SEI. The chemical composi-

tion of the SEI on the anode side is highly dependent on the
type of conducting salts, solvents, and additives. Although the
role of these components in the formation of the SEI has not
been fully understood, the presence of species such as LiF,
fluoroborates, and fluorophosphates indicates the involvement
of fluorinated components in the reduction mechanism of the
electrolyte. LiF, in particular, has been identified as a major
component of a fluorinated SEI, playing a critical role in
regulating the diffusion of Li ions and the strength of the
SEI.289,333,334 Archer and co-workers showed that the presence
of halide anions, especially fluorides, significantly increases the
surface diffusivity of Li ions at the interphase between the
electrolyte and the Li metal anode.333 The role of LiF in a
fluorinated SEI in regulating the nucleation and growth of Li
deposition in LMBs was further investigated by a designed
model system.304 The fluorinated SEI facilitated uniform
spatial diffusion of Li ions in carbonate- and ether-based
electrolytes and guided the deposited Li into an ordered and
aligned columnar structure.

Significant efforts have been made to develop artificial
fluorinated coatings to enhance SEI performance, including
inorganic LiF coatings and LiF-based composite coat-
ings.320,335,336 While computational simulations have provided
insights into the diffusion mechanism of Li ions through
fluorinated SEI, the practical SEI in practical battery systems is
more complex and needs to be fully understood.89,337

Mashayek and co-workers elucidated that Li diffusion in the
grain boundaries is generally faster than that in bulk, and the
heterogeneous LiF/Li2O grain boundaries demonstrate the
fastest Li-ion diffusion rate compared to the homogeneous
LiF/LiF and Li2O/Li2O.89 Further research is needed to
comprehend the diffusion mechanism of Li ions through the
SEI for practical applications.
3.1.2. Formation of a Fluorinated SEI. The formation of

SEI can be generally classified into three modes: the “native”
SEI is multicomponent including inorganic and organic phases
formed by parasitic reactions between the anode and the
electrolyte,331,338 the “in situ” SEI formed over cycles of cells,
and the “ex situ” SEI artificially applied on the anode
surface.339 LiF is a recurring motif found in nearly all
functional SEIs (Figure 16a) given that fluorine is commonly
present in prevailing electrolyte salts.340 Among the SEI
components, LiF is particularly spotlighted due to its high
mechanical strength, low solubility, wide ESW (0−6.4 V vs Li/
Li+), and low calculated barriers to Li diffusion. Besides, Wang
et al. calculated the interfacial energy of different SEI
components, among which LiF exhibited the highest interfacial
energy of 73.28 meV Å−2, suggesting significant Li dendrite
suppression ability.323 These properties suggest that LiF may
contribute to a homogeneous Li flux and robust SEI, making it
a beneficial phase for the SEI on the anode side in recent
years.341

Multiple studies have indicated that fluorine or fluoride
enrichment in the electrolyte results in a LiF-enriched (in situ)
SEI, as shown in Figure 16b. F-enriched electrolytes have
included additives such as HF344 and high loadings of LiF
salt333 as well as solvents such as FEC,168 thus making
significant improvements in the cycling stability and high CE

Figure 16. Different formation paths of the fluorinated SEI. (a) Native SEI from conventional carbonate electrolytes without fluoride enrichment.
(b) In situ LiF-enriched SEI from fluorine-rich electrolytes. Reproduced with permission from ref 342. Copyright 2020 PNAS. (c) Decomposition
mechanism of EC and FEC and the effect on SEI formation at the Li metal anode and Li diffusion near the anode surface. Reproduced with
permission from ref 130. Copyright 2019 Wiley-VCH. (d) Ex situ LiF-enriched SEI from nonelectrolyte fluorine sources. (e) Schematic of the Li−
NF3 reaction to form LiF layers on Li. Reproduced with permission from ref 342. Copyright 2020 PNAS. (f) Distinct energy schemes in the
formation of the SEI using electrochemical and photochemical approaches. (g) Cs-TEM image of the photographite with the photochemically
driven SEI layer. (h) Low-magnification energy-dispersive X-ray spectroscopy (EDS) elemental map of the photo-SEI inside the pores of the
photographite electrode. (i) High-magnification Cs-TEM image of the photo-SEI image and the corresponding EDS map (inset). Reproduced with
permission from ref 343. Copyright 2021 Springer Nature.
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(∼89−99%). Postmortem analysis of cycled Li surfaces
typically presents high levels of LiF. Figure 16c explains how
the FEC molecule affects the mechanisms of SEI formation
and the composition.345 The breaking of C−F bond leads to
the formation of LiF and vinyl carbonate (VC),168 which
results in a thinner SEI that prevents further electrolyte
decomposition.346 Such LiF-rich SEI prohibits high surface
area lithium growth during Li stripping and plating.170

Ex situ fabrication of LiF layers on Li or Cu current
collectors has also been widely studied, leading to the
formation of an artificial (ex situ) LiF-enriched SEI (Figure
16d). Synthetic methods include hydrolysis of LiPF6 on
Cu,304,347 reactions between Li and fluorinated precur-
sors,289,319 physical vapor deposition,348 and atomic layer

deposition (ALD).318,349 To fabricate ex situ SEI layers,
Gallant et al. used nitrogen trifluoride (NF3) gas to directly
grow LiF on the Li foil (Figure 16e).342 The reduction of NF3
as a fluorinated gas cathode in Li batteries led to copious
amounts of LiF under electrochemical conditions.350 Addi-
tionally, γ-rays can induce an artificial SEI layer with a
favorable composition, and the composition of the SEI layer
has a substantial effect on the charging rate. Choi et al.
reported a γ-ray-driven SEI layer that allowed the battery to be
charged to 80% capacity in 10.8 min of 2.6 mAh cm−2. This
exceptional charging performance was attributed to the LiF-
rich SEI induced by salt-dominant decomposition via γ-ray
irradiation.343 Figure 16f illustrates the electron transfer in
both electrochemical and photochemical processes. For the

Figure 17. Characterization of fluorinated SEI in Li-based batteries. (a) F 1s XPS depth profile of the Li anode. (b) 3D distribution overlay
between LiF and C2F6S2O4N (upper panel) and between LiF and C6O4H11 (lower panel). (c) Total mapping distribution and (d, e) related mass
spectrum of the SEI on Li-metal anode (1 M LiTFSI−DME/DOL, 1:1 by volume with 2% LiNO3). Reproduced ref 351. Copyright 2022 American
Chemical Society. (f) Heteroatom-based gel polymer electrolyte (HGPE)-derived SEI. (Inset) Corresponding 3D-AFM scanning images of SEI
layers. Reproduced with permission from ref 353. Copyright 2021 Springer Nature. (g) Cross-section view of 3D plots. Black substrates indicate
Li−Si alloys, and the z axis gives the thickness of the SEI films. The color bar of 0−4 GPa shows the Young’s modulus for the SEI films.
Reproduced with permission from ref 354. Copyright 2014 Royal Society of Chemistry.
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electrochemical process, electrons were transferred unidirec-
tionally from graphite to the LUMO level of the electrolyte to
form the SEI layer, regulating compositions with relatively
fewer components of the SEI layer. Besides, γ-ray irradiation
could drive radical intermediates, and irradiation with γ-rays
could preferentially decompose compounds, which improved
the tunability of the SEI composition. The Cs-TEM image of
photographite indicates that the photo-SEI layer was uniformly
deposited on the graphite surface with a thickness of ∼20 nm
(Figure 16g). The photo-SEI layer was also observed to exist in
the inner pores of the graphite particles (Figure 16h and 16i),
implying that γ-ray irradiation was effective even in the interior
of the graphite.
3.1.3. Distribution and Impacts of Fluorides on the

SEI. The structure and chemical components of the SEI layer
at different depths can be investigated by X-ray photoelectron
spectroscopy (XPS) depth profiles. Taking the electrolyte of 1
M LiTFSI in DME/DOL (1:1 by volume) as an example,351

the main elements of SEI are C, N, O, F, and S, which
originated from the reduction reaction between the electrolyte
and the Li anode. The depth analysis curves of the SEI are
shown in Figure 17a. It can be observed that the signal of the
element F increased with increasing sputtering time. The
binding energies of 685.0 and 688.3 eV in the F 1s diagram
represented Li−F and C−F. The intensity of the C−F signal
on the surface was higher than that of Li−F, which indicated
that residual LiTFSI salts existed on the surface. The time-of-
flight secondary ion mass spectrometry (TOF-SIMS) techni-
que can be applied to further investigate the SEI (Figure 17b).
The inorganic phases of LiF-based compounds in 1 M LiTFSI
in DME/DOL (1:1 by volume) with 2% LiNO3,

351 such as LiF
(m/z = 26), LiF2 (m/z = 45), LiF3 (m/z = 64), and Li2F3 (m/z
= 71), were evenly distributed in the inner SEI layer. By
overlaying the 3D distribution results of LiF (m/z = 26),
C2F6S2O4N (m/z = 280), and C6O4H11 (m/z = 147), it was
found that the Li salt was evenly distributed at the outermost
SEI layer, which completely covered the LiF product. The
results indicate that the SEI may not be a dense layer and the
liquid electrolyte can be stored between the organic phase and
the inorganic phase.352 As shown in Figure 17c, two circles
with equal area were extracted from the mapping image to
obtain their mass spectrum. Compared to the light region
(Figure 17d), the intensities of the ion fragments with mass
charge ratios (m/z) of 14, 33, 59, 85, and 111 decreased in the
dark region (Figure 17e). Such fragments may come from the
inorganic phase products formed by the strongly electro-
negative atoms and the Li metal after the decomposition of
LiTFSI, such as N, Li2F, Li3F2, Li4F3, and Li5N2O3.

351 Among
them, Li2F (m/z = 33) and Li3F2 (m/z = 59) exhibited the
highest density, which suggested a strong electronegativity of
fluorine in LiTFSI. These products were the main components
of the inorganic phase of the SEI layer.

The Young’s modulus of the SEI layer serves as a crucial
metric for assessing the strength of the SEI, since a robust SEI
can suppress the repeated rupture−reconstruction of the SEI
due to the severe volume changes of the anodes during cycling.
Such thin and stable SEI leads to low impedance of the
interphase, thus enhancing cycling performance.166 The
Young’s modulus of the SEI can be evaluated by 3D atomic
force microscopy (3D-AFM) scanning. The proportion of LiF
greatly increases the mechanical strength of the SEI (i.e., LiF
possesses a shear modulus of 55.1 GPa, almost 11 times higher
than that of Li metal (4.9 GPa)), which can significantly

enhance the strength and interphasial energy of the SEI
layers.355 As a result, the SEI consisting of homogeneous LiF
makes the anode more robust and uniform (Figure 17f). A 3D
Young’s modulus plot of discharged silicon electrodes with all
force curves in a certain area can be drawn according to
Young’s moduli at each position at different indentation
lengths on the surface of discharged anodes.354 Some area was
not covered by the SEI, and some area was covered by the
thick SEI. The soft part of the SEI was always covering the
outer layer. This can also be obtained from a cross-section view
of the 3D plot, as shown in Figure 17g.354 The uncovered area
and the area with different layered structures with different
Young’s moduli can be observed clearly. This indicated that
the organic species is usually situated on the outside with lower
strength, and inorganic species like LiF support the internal
SEI strength. It is, therefore, essential to explore the
distribution and homogeneity of SEIs.

Despite the phenomenological improvements observed, it
remains uncertain whether LiF has a directly beneficial
function in the formation of the SEI. Variations among LiF-
forming approaches (i.e., in situ vs ex situ) and the electrolytes
used would lead to confusion in the understanding. For
example, conflicting results about ex situ LiF were found in
different works. A standalone layer was found to decrease CE
due to inhomogeneous Li deposition,349 whereas LiF layers on
Li were elsewhere reported to improve cycle life in Li||Li
symmetric cells.289,318 Additionally, LiF is an ionic insulator
(∼10−13−10−14 S cm−1), and it seems counterintuitive that
LiF-enriched SEIs can impart benefits related to Li trans-
port.356 It remains unclear how such physical properties of LiF
can support performance improvements.
3.2. Fluorinated Cathode−Electrolyte Interphases

The presence of a CEI layer was first suggested by
Goodenough et al. on the LiCoO2 cathode.357 Considering
that the interphasial reactivity increases at high-voltage cycling,
the CEI layer behavior demonstrates an even more
complicated response. When the cutoff voltage is increased
to 4.5 V, the CEI layer becomes unstable and decomposes, as
reported by Cherkashinin et al.358 Until now, the detailed
constituents and electrochemical behavior of the CEI layer
have been under debate. However, it is generally accepted that
the CEI is extremely sensitive to various factors, such as
electrolyte composition, current densities, and cutoff voltage.

Previous studies usually treated the formation of the CEI
layer independently. However, recent research results dis-
covered a close relationship between the formation of the CEI
on cathodes and the formation of the SEI on anodes.359−361 A
well-known example is the transition metal ion dissolution
from cathode materials, which affects the SEI formation on
anodes.362,363 Recently, Xiong et al. verified the interaction
between the ternary cathode (i.e., Li(Ni1/3Mn1/3Co1/3)O2 and
Li(Ni0.42Mn0.42Co0.16)O2) and the graphite anodes in batteries
operating at high temperature and high voltage.364 Jung et al.
also demonstrated the enhanced cycling performance of the
LiCoO2|graphite full cells by mitigating the coupled side
reactions through Al2O3 coating on the cathodes.365 Noting
that plenty of studies demonstrated that if the cathode was
cycled in the high-voltage range, the effect of repeated
formation−decomposition of SEI layers on Li anodes
significantly influenced the formation of CEI layers on the
cathodes. A deep investigation of the reactions on both the
cathode and the Li anode is necessary to collect credible
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properties of the CEI layer on the cathode and achieve
comprehensive understanding of the CEI formation mecha-
nism.
3.2.1. Formation of a Fluorinated CEI. It is widely

accepted that the CEI layer contains both inorganic
components (e.g., LiF) and organic species (e.g., carbonates
and oligomers/polymers).366−368 In situ neutron scattering
further proved that the CEI layer presented dynamic evolution
during battery cycling within a low cutoff voltage (4.2 V vs Li/
Li+). The thickness of the CEI layer gradually increases upon
cycling.369 Li and co-workers reported the progress of CEI
formation with and without electrolyte additives.370 As shown
in Figure 18a, the CEI formed in the base electrolyte of 1 M
LiDFOB−ethyl carbonate(EC)/DMC (1:1 by volume) was
too loose to prevent direct contact between the electrolyte and
the cathode; thereby, the carbonate solvents and salts
underwent continuous decomposition reactions at high
voltage, and the decomposition products were continuously
deposited on the surface of the cathode, which caused
continuous growth of the CEI layer. In contrast, for the CEI
film formed in the electrolyte with the lithium difluorophos-
phate (LiDFP) additive, the preferred decomposition of
LiDFP promoted the formation of a dense CEI film, effectively
preventing the direct contact between the electrolyte and the
cathode.

Figure 18b exhibits the mechanism of CEI formation with
and without the fluorinated additive tris(trimethylsilyl)borate
(TMSB).371 Generally, the large polarity of EC molecules
made them easily diffuse to the cathode surface with anions by
a strong electrostatic force during the charge process. Hence,
the cathode surface is EC/anion rich before CEI formation,
which makes EC easily decompose. However, this effect gets
impaired after the addition of TMSB because of the generation
of the polyanion group (TMSB−PF6)− and (TMSB−F)− with
weaker electrostatic force and less electronegativity. As a result,
EC decomposition is suppressed effectively. Moreover, TMSB
can participate in CEI formation by electrochemical reactions
or by directly entering the CEI layer in the form of a polyanion
group to optimize the quality of the CEI. The HOMO level

(−6.749 eV)372 of TMSB is higher than that of the carbonate
solvents (−11.905 eV for EC and −11.541 eV for EMC),373

which offers an opportunity to participate in the formation of a
high-quality CEI film before solvent decomposition to protect
the active cathode material from erosion of the electrolyte and
alleviate the capacity and voltage fading of Li1.2Ni0.2Mn0.6O2.

374

3.2.2. Impact of the Fluorinated CEI on Battery
Performance. Unlike the SEI, CEI formation involves not
only the electrolytes but also active components in the
cathodes, including transition metal dissolution, H abstraction
from the solvents, and the formation of superoxides or
peroxides. For unmodified NMC811 or LiCoPO4 (LCP)
cathodes (Figures 19a), electrolyte components experience
continuous oxidation until a dense and uniform CEI layer
forms and blocks the electron transfer from the electrolyte to
the cathodes. Compared with EC/DMC- and FEC/DMC-
based electrolytes, the extremely high CEs achieved by the all-
fluorinated electrolyte on aggressive cathodes should originate
from the F-rich CEI that deactivated the catalytic activity of
the NMC or LCP cathodes. Quantum chemistry calculations
predict that direct oxidation of solvent molecules is energeti-
cally unfavorable around 5 V. Instead, solvent oxidation is
accompanied by H transfer to another solvent and/or cathode
surface. Intermolecular H transfer takes place around 5 V for
EC and >5.5 V for FEC, FEMC, and HFE. When the oxidation
potential is calculated assuming open-loop EC• and FEC•

radicals as the products, the oxidation stability decreases to
∼4.2 and 4.9 V, respectively. Thus, EC-containing electrolytes
are expected to be oxidized from 4.2 V, even in the absence of
the active materials. EC is a poor CEI former because the
EC•(−H) radical decomposes with a barrier of only 0.91 eV to
evolve CO2, leaving only a fraction of EC•(−H) radicals to
participate in the second H abstraction, eventually leading to
polymerization. The resulting hydrogen-rich polymer is still
susceptible to further degradation. Because of the higher
barrier (1.28 eV) for the FEC•(−H) ring-opening reaction
compared to that of EC•(−H), the FEC•(−H) is a longer lived
radical compared to EC•(−H) and will probably react with the
formed FEMC•(−H) and 1,1,2,2-tetrafluoroethyl-2′,2′,2′-

Figure 18. Formation of fluorinated CEI of Li-based batteries. (a) Proposed mechanism of the LiDFP participating in the formation of CEI film.
Reproduced with permission from ref 370. Copyright 2019 Elsevier. (b) Schematic of CEI formation during cycling in conventional and TMSB-
containing electrolytes. Reproduced ref 371. Copyright 2019 American Chemical Society.
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trifluoroethyl ether (HFE)•(−H) radicals near the cathode
surface, resulting in a fluorine-rich CEI as observed by Fourier-
transform infrared spectroscopy. Alternatively, fluorinated
radicals also bind to oxygen in CoPO4, preventing the OH
formation that facilitates transition metal dissolution. Thus, in
all-fluorinated electrolytes, the composition of a protective CEI
is inevitably highly fluorinated.375

Figure 19b and 19c shows the atomic ratios of the CEI layer
formed on the surface of the NMC811 cathode in different
electrolytes.376 An LiF-rich CEI was formed on the cathode
surface in the tris(2,2,2-trifluoroethyl)orthoformate (TFEO)-
based electrolyte, while in the controlled carbonate and 1 M
LiFSI in DME electrolytes, organic-rich CEIs were obtained.
Figure 19d and Figure 19e shows the high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) imaging results of the cycled NMC811 electrodes.376

The structure reconstruction appeared in the NMC811

electrode cycled in 1 M LiFSI−DME with a rock salt layer
(∼2.2 nm) (Figure 19d). The surface lattice layers of the
NMC811 electrode underwent some degree of mixing, with
the Li sites partially occupied by antisite Ni ions.378 In
contrast, the electrode surface maintained a layered structure
under the same cycling condition in 1 M LiFSI−DME/TFEO
(Figure 19e). Such a result indicated the effective suppression
of detrimental phase transformation. These beneficial effects
can be attributed to the formation of a uniform LiF-rich CEI
layer,379 while the uneven and organic-rich CEI is less
protective.

The thermal stability of both the electrolyte and the cathode
material at the charged state is of vital importance to battery
safety. Differential scanning calorimetry (DSC) was carried out
to unravel the thermal stability of the electrolyte and electrode
material. Figure 19f shows the DSC curves of the electrolyte
with (phenoxy)pentafluorocyclotriphosphazene (PFPN) (red

Figure 19. Characterization of fluorinated CEI in Li-based batteries. (a) SEI and CEI chemistries formed in all-fluorinated electrolyte. Reproduced
with permission from ref 375. Copyright 2018 Springer Nature. Quantified atomic composition ratios of the CEI obtained by XPS spectra for the
NMC811 electrodes collected from cells with (b) 1 M LiFSI−DME and (c) 1 M LiFSI−DME/TFEO electrolyte after 100 cycles. HAADF-STEM
of NMC811 electrodes collected from cells with (d) 1 M LiFSI−DME and (e) 1 M LiFSI−DME/TFEO electrolytes after 100 cycles. Reproduced
with permission from ref 376. Copyright 2019 Springer Nature. (f) Heat flow profiles of the LixCoO2 charged to 4.5 V after 2 cycles in the absence
and presence of PFPN. Reproduced with permission from ref 178. Copyright 2017 Elsevier. (g, h) Cryo-EM images of conformal CEI formed on
NMC cathodes. (i) Cryo-STEM EELS mapping of conformal CEI on NMC electrodes (yellow for carbon element). Reproduced with permission
from ref 377. Copyright 2021 Elsevier.
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and blue) and without PFPN (black).380 It can be clearly seen
that the main decomposition peak of the electrolyte shifted
toward a higher temperature with the addition of more PFPN,
indicating that the thermal stability of the electrolyte had been
considerably improved. Several peaks can be identified in the
DSC curves, corresponding to the step-by-step decomposition
of the charged LixCoO2 material.380 The electrolyte decom-
position/oxidation at the surface of the LixCoO2 electrode
usually occurs at around 200 °C.381 In the presence of 2%
PFPN, a new peak (indicated by the red asterisk) at 206 °C
from the red DSC curve can be assigned to the thermal−
polymerization reaction of PFPN. The calculation results
(200−300 °C) demonstrate that the total exothermic heat
generated from the LixCoO2 electrode in the presence of
PFPN (2% PFPN, 36.1%; 5% PFPN, 41.3%) was less than that
from the LixCoO2 electrode in the absence of PFPN (black),
indicating that the thermal stability of the charged LixCoO2
electrode was distinctively improved after the addition of
electrolyte additive.178 The layer of the CEI after brief shorting
on the positive electrode particle can be observed by cryogenic
electron microscopy (cryo-EM) (Figure 19g and 19h). The
electrode particle was uniformly coated with a thin layer of
mostly amorphous materials, spanning from ∼5 to 10 nm at
the edge of the interphase. Furthermore, the conformal CEI
and carbon black additives yielded an annular dark-field image
along with a C K-edge map (Figures 19i), which indicated the
organic polymeric composition of alkyl carbonates.377

Fluorinated electrolytes have shown significant potential in
achieving improved performance and safety in high-voltage
batteries. When hydrogen atoms in the electrolyte are replaced
with fluorine atoms, the activation energy is reduced169 and the
HOMO and LUMO energy levels decrease, leading to
increased reduction and oxidation potentials.345,382−384 The
decrease in HOMO energy level enhances the cycling
performance by promoting the early formation of an effective
CEI layer and reducing the overall impedance.130,384,385

Numerous fluorinated CEI-forming additives have been
reported in recent years.386−388 Future research should focus
on understanding the impact of the fluorine atom on the
overall performance of Li-based cell chemistry, involving (i)
correlating the molecular and (ii) electronic structures of
fluorinated electrolyte components, (iii) identifying relevant
physicochemical properties and (iv) reactivity, which includes
investigating synergistic effects between fluorinated and
nonfluorinated electrolyte components, studying the main
operation and failure processes in Li-based cells, exploring
different plausible reaction pathways, and analyzing the
limiting and determining steps that rationalize the results.
Systematic research on CEI electrochemistry/chemistry will
enable the development of high-performance Li-based batteries
with high energy density, energy efficiency, and superior
capacity retention.
3.3. Critical Role of Fluorinated Interphases for Extreme
Li-Based Batteries

With the continuous upsurge in demand for energy storage, Li-
based batteries are increasingly required to survive/operate
under extreme conditions, such as a wide temperature range
(e.g., ±60 °C), extended charge/discharge cycling life, fast
cycling rate (e.g., ≤15 min), and high working voltage (e.g.,
>4.5 V).55 For instance, electric vehicles call for battery
systems to sustain a stable operation in both hot conditions
and cold environments. Some specific applications, including

subsurface exploration, defensive arsenals, space vehicles, etc.,
require the operation of rechargeable batteries under even
more extreme conditions. Apart from these external influences,
internal factors also trigger thermal fluctuations in Li-based
batteries,303 significantly raising safety concerns. As an essential
region in which electrochemical reactions occur involving Li+
ions and electrons, the interphase on the electrode plays an
essential role in maximizing the electrochemical performance
of Li-based batteries. Regarding an ideal interphase, several
features should be possessed, including high Li+-ion con-
ductivity, a compact structure with proper compositions, high
chemical/electrochemical stability, and high elastic strength.
However, the design of interphases under mild conditions
makes it difficult to satisfy the requirements under extreme
conditions. When a battery is operated under extreme
conditions, the interphase formed on the electrode surface
can grow much thicker and lose its protective ability, further
causing battery performance decay through various aging
mechanisms.389 Currently, the features and roles of interphases
at certain extreme conditions remain significant challenges in
the operation of Li-based batteries. Fluorinated interphases
have emerged as effective strategies for enhancing battery
performance under various operation conditions. In particular,
the fluorinated interphase is featured with its main component
LiF.316,375,390 However, the role of LiF for extreme Li-based
batteries remains elusive. In the following section, recent in-
depth understanding and key progress of the fluorinated
interphase at extreme operation conditions of Li-based
batteries are summarized, where the SEI formed on the
anode will be the focus.

It is generally recognized that the bulk LiF is considered as a
favorable SEI component formed via both in situ (derived from
electrolyte components) or ex situ (artificial fabrication)
approaches. It should be noted that despite the electric/ionic
insulation nature of the bulk LiF,356,391 the LiF-enriched SEI at
the nanoscale level can yield a high ionic conductivity, low
diffusion energy, and high surface energy, contributing to a
uniform and highly stable Li deposition.333,392 The difference
between the macroscopic and the microscopic properties of
LiF remains to be elucidated in the future. Moreover,
understanding the role of LiF in the electrochemical
performance of batteries is inevitably limited by several factors,
including the distributions, particle sizes, and formation
approaches, requiring great attention to identify the effects of
the fluorinated interphase in extreme batteries.

Commercial carbonate electrolytes have largely restricted
the battery operation temperature range (from −20 to +50
°C), leading to fast capacity degradation and even battery
failure at low temperatures. The successful operation of typical
Li-based batteries at low temperature depends on the melting
points of the liquid electrolytes. For instance, the commercial
electrolytes of Li-ion batteries contain a high proportion of EC
solvent that freezes under −20 °C, which results in extremely
low ionic conductivity.393,394 Besides, the thick SEI usually
continuously consumes Li, significantly increasing the diffusion
energy of Li+ ions.394 In addition to the ionic mobility, the low-
temperature performance of batteries is dominated by the
sluggish kinetics of Li+ transport across the interphase, which is
related to the high charge transfer resistance and poor structure
stability of the SEIs.395 To construct an effective interphase on
the surface of both cathodes (e.g., LFP) and anodes (e.g.,
graphite or Li metal), various additives, such as FEC, LiPO2F2,
and fluorosulfonyl isocyanate (FI), have been introduced to
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optimize the electrolytes.394,396−398 In addition, fluorinated
antifreezing agents have been introduced as electrolyte
cosolvent/solvent for low-temperature applications, such as
2,2,2-trifluoroethyl butyrate,399 isobutyl formate,400 and 2,2,2-
trifluoroethyl n-caproate.401 Recently, He et al. developed a
fluorine−sulfur-based electrolyte by applying isobutyl formate
(IF) as an antifreezing agent with an ultralow melting point of
−132 °C. This electrolyte demonstrated excellent physiochem-
ical and electrochemical properties at ultralow temperature,
e.g., forming stable LiF-rich SEI (10.48%) and CEI (17.91%)
layers, achieving high Li+ conductivities (1.00 × 10−5 mS cm−1

for SEI and 6.65 × 10−5 mS cm−1 for CEI) and high diffusion
coefficients (1.10 × 10−21 m2 s−1 for SEI and 2.07 × 10−20 m2

s−1 for CEI). It also enabled a stable cycling performance of the
Li|| LiCoO2(LCO) battery at −70 °C with a high retainable
capacity of 110 mAh g−1 over 170 cycles.400 Typically, it has
been accepted that the LiF-rich SEI formed on anode materials
exhibited low interphase impedance and charge transfer
resistance as well as high stability, thereby enhancing the Li+

diffusion at low temperatures. These results are consistent with
the DFT calculations by Arias et al. They pointed out that the
surface diffusivity of Li+ over a layer of LiF crystal was
excellent, which also improved the stability of the SEI.402

However, the role of LiF in the CEI on low-temperature
performance is still under debate. Contrary to the desirable
effect of a LiF-rich CEI on promoting the rapid Li+ diffusion as
a result of the lower energy barrier,403 Gao et al. observed less
LiF content formed in the SEI with the FEC-containing
electrolyte than that with the FEC-free electrolyte. They
ascribed the smaller interfacial impedances to the less LiF,
which would promote the low-temperature performance of the
LFP electrode.404

Recently, by introducing low-polarity diluents, LHCEs have
demonstrated great potential in achieving high Li+ mobility as
well as low electrolyte viscosity for low-temperature
batteries.405−407 However, the SEI derived from LiPF6 in
LiPF6-based LHCEs generally exhibited high interphase
resistance. After adding lithium difluorobis(oxalato) phosphate

Figure 20. Role of fluorinated interphases for Li-based batteries operated at extreme conditions. (a) Al dissolution in 1 M LiFSI−FEC (1 M FF)
and 7 M LiFSI−FEC (7 M HFF) electrolytes when charging to 5 V at 0.5 mA. (Insets) Optical microscopy images of (1) fresh Al foil and Al foil in
(2) 1 M FF electrolyte after charging 1 h and (3) 7 M HFF after charging to 5 V. Reproduced with permission from ref 316. Copyright 2018
PNAS. (b) AIMD-simulated atomic SEI structure between the electrolyte and the graphite anode: Li, pink; P, purple; F, cyan; C, brown; O, red; N,
blue; S, yellow; graphite, brown wire frame. (c) Charge/discharge curves of graphite||Li cells with 1.8 M LiFSI DOL at various current rates.
Reproduced with permission from ref 411. Copyright 2022 Wiley-VCH. (d−f) XPS results of the SEI on graphite anode in 1 M LiTFSI−MDFA/
MDFSA/TTE electrolyte: (d) quantified atomic ratios of the elements, (e) C 1s and (f) F 1s spectra displayed in columns of the corresponding
depth profiling results. (g) Graphite||NCM811 pouch cell performance at −30 °C and 0.2 C rate using 2.5 or 3.5 g Ah−1 electrolytes. Rate
performance was conducted at various C rates (0.2 C for 5 cycles, 0.3 C for 5 cycles, 0.4 C for 5 cycles, and 0.2 C for 345 cycles) of 3.5 g Ah−1 (red
color). (Inset) Photo of a 4.5 V pouch cell. Reproduced with permission from ref 55. Copyright 2023 Springer Nature.
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(LiDFBOP) as a sacrificial additive, the SEI was regulated to
be much thinner, which delivered low interphase impedance
due to the decreased Li+ transport path. It was demonstrated
that the addition of LiDFBOP changed the SEI composition,
with inorganic LiF and porous organic Lin(FOP)n-based layers
facilitating Li+ diffusion and LiF along with Li2C2O4 increasing
the stability of the SEI. Benefiting from this regulated
interphase chemistry, the commercial graphite anodes
exhibited outstanding low-temperature performance (∼240
mAh g−1 at −20 °C with 0.1 C) and high rate performance
(∼225 mAh g−1 at 2 C).395

To satisfy the demand for high energy densities, Li-based
batteries are developed to operate at extreme voltages, which
are beyond the thermodynamic stability limits of traditional
electrolytes. Meanwhile, these electrolytes, mainly consisting of
carbonates or ethers, are extremely flammable, causing safety
concerns for practical applications. LiF possesses the largest
band gap (13.6 eV) and the widest ESW, which is believed to
protect the high-voltage cathode.314 To control the LiF
formation, Li et al. designed an all-fluoride electrolyte with a
large donatable fluorine concentration, i.e., 7 M LiFSI in FEC,
in which both the solvent and the salt donated F. It was
revealed that LiF formation on the cathode with a large band
gap resulted in a fast-tunneling decay rate, protecting Al from
dissolution and suppressing electrolyte oxidation beyond 5 V
(Figure 20a). When pairing the 5 V LiNi0.5Mn1.5O4 cathode
with the Li metal anode, the full cell (1.4 × excess Li) cycled
stably for over 130 times at an industrial loading level of 14.7
mg cm−2, 1.83 mAh cm−2 at a current rate of 0.36 C. The
promising performance was ascribed to the LiF nanolayer
constructed on the surfaces of both the cathode and the anode;
therefore, its features, such as a wide band gap, high surface
energy, and small Burgers vector, favored the high-voltage
stability and also resisted rupture during Li deposition.316

Unlike using the sole solvent, Wang et al. proposed another all-
fluorinated electrolyte consisting of 1 M LiPF6 in a mixture of
FEC:FEMC:HFE with a weight ratio of 2:6:2.375 The high
degree of fluorine substitution in each cosolvent rendered a F-
rich CEI, where these F-containing species (e.g., CFx and
POxFy) deactivated the catalytic activity of the cathode surface
and further resisted unwanted oxidation reactions even
charging to 5 V. Besides, the fluorinated cosolvents yielded a
robust SEI with an extremely high LiF content (∼90%),
promoting Li+ migration along the interphase and tuning the
growth of the deposited Li in parallel to reduce the specific
surface area. The resulting batteries exhibited outstanding
cyclability with high CEs of 99.2% for Li plating/stripping and
∼99.81% for a 5 V LiCoPO4 cathode. Interestingly, the
designed electrolyte displayed nonflammability, with F
fluorination on the alkyl moiety of each cosolvent inhibiting
the propagation of oxygen radicals during combustion.375

Besides, using the fluorine-containing additives (e.g., FEC,
LiPO2F2, LiDFOB) can also construct more robust SEIs/CEIs
that consist of fluorinated species/polymers, which further
blocks the continuous side reactions between the electrolyte
solvents and the extremely oxidized cathode surface.408−410 As
reported by Ma at al., the perfluorophenylboronic acid
(PFPBA) additive was preferentially oxidized on the
LiNi0.6Co0.2Mn0.2O2 (NCM622) cathode surface due to the
strong coordination with PF6

−, forming an armor-like CEI with
a LiF-rich inner layer and a LiBxOy-based outer part. The LiF
inner layer in the CEI with high mechanical strength effectively
resists the breakdown of the NCM622 cathode during

repeated cycling and enhances the Li+ conductivity. Besides,
the outer layer with LiBxOy exhibited extremely low solubility
in carbonate solvents, maintaining the stability of internal CEI
species such as LiF. Consequently, the armor-like CEI
prevented unwanted electrolyte decomposition as well as
detrimental cathode structural change at high voltage,
contributing to an excellent cycle stability with 92.1% capacity
retention over 400 cycles at 4.6 V, and it sustained the battery
to cycle for 150 times (with 75.67% retention) even at an
ultrahigh voltage of 4.8 V.408 As discussed above, the chemical
sources of F were typically confined to negatively charged salt
anions or fluorinated solvents/additives in electrolytes, which
could not populate the inner Helmholtz layers of the electrode
surface (e.g., Li anode) with a high Fermi energy level and thus
hindering their participation in the interphasial chemistry.
Zhang et al. synthesized a fluorinated cation, 1-methyl-1-
propyl-3-fluoropyrrolidinium, and coupled it with an FSI−

anion to form an ionic liquid (PMpyrfFSI).
410 This electrolyte

exhibited complete nonflammability and strong antianodic
ability up to 5.5 V. More importantly, the fluorine sources on
the cation and the anion offered unprecedented interphasial
chemistries on both the NMC622 cathode and the Li anode,
contributing to excellent battery electrochemical performance.
The SEI enriched in SO2F, C−F, and LiF contributed from the
decomposition/defluorination of FSI− and PMpyrf+ cations.
Stable cycling performance without obvious capacity deterio-
ration after 100 cycles was achieved with a high average CE of
99.9%. This work highlights the importance of exploring
fluorinated cations in tailoring highly fluorinated interphases
for batteries operated at extreme voltages.

Considerable efforts have been devoted to using FEC-based
electrolytes for generating fluorinated SEIs in Li-based
batteries, particularly with the graphite anodes or Li metal
anodes.168,412−417 The FEC-derived fluorinated SEI is
characteristic of a high LiF amount, which exhibits low
electronic conductivity (∼10−31 S cm−1) and a high Young’s
modulus (∼64.9 GPa).418 Unfortunately, the low Li+
conductivity of the LiF (∼10−12 S cm−1) component largely
restricts the fast charging capability especially for Li metal
anodes as a result of the blocked transportation ability of Li+
and further aggravated Li dendrite growth at high current rates
(e.g., above 2.0 mAh cm−2).419−423 Very recently, a dual-anion-
regulated electrolyte was designed by Xu’s research group via
using LiTFSI and LiDFBOP as anion regulators.424 The TFSI−

anion reduced the desolvation energy of Li+, while the
DFBOP− anion promoted the formation of highly ion
conductive and robust inorganic-rich interphases on both
cathodes (less LiF and stronger LixPOyFz) and anodes (large
amounts of LixPOyFz and Li2C2O4). These interphase features
contributed to an outstanding cyclability (84.6% capacity
retention over 150 cycles) in 6.0 Ah pouch cells (Li||
LiNi0.83Co0.11Mn0.06O2, NCM83) along with an ultrahigh rate
capability (5 C) in 2.0 Ah pouch cells. More interestingly, a
practical Li||NCM83 pouch cell with an ultralarge capacity of
39.0 Ah realized an ultrahigh energy density of 521.3 Wh kg−1,
promoting the practical utilization of high energy density Li-
based batteries via a facile electrolyte design. Apart from the
beneficial effect of LixPOyFz, other interphase species have also
been incorporated in enhancing the battery cycling stability,
especially at fast charging rates. Interestingly, there exists
another viewpoint believing the LiF-rich SEI is promising for
fast kinetics since the wide band gap and high chemical/
electrochemical stability of LiF could block the continuous side
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reactions.323,425,354 An extremely fast charging graphite anode
as high as 50 C without Li plating was achieved by designing
two electrolytes, i.e., low-voltage 1.8 M LiFSI−DOL and high-
voltage 1.0 M LiPF6−FEC/AN (7:3 by volume). It was
revealed that the LiF formed on the graphite anode (Figure
20b) with high interphase energy and low ionic−electronic
significantly suppressed side reactions of electrolytes, thus
benefiting fast kinetics. The former electrolyte enabled the
graphite anode to deliver a high reversible capacity of 180 mAh
g−1 even at 50 C (1 C = 370 mAh g−1) (Figure 20c) and
endowed the graphite||LFP full battery to retain a capacity of
60 mAh g−1 at an extreme rate of 60 C (representing 1 min for
full charge and discharge). The second electrolyte aided the
graphite||NCM811 full battery (cathode loading = 2 mAh
cm−2, N/P ratio = 1) in providing a capacity of 170 mAh g−1 at
4 C charge and 0.3 C discharge rates.411,426 Briefly, whether
the LiF component in the SEI is sufficiently effective for high
stability and fast Li+ transport of Li-based batteries remains
unclear, especially under fast charging conditions.

As mentioned above, the most widely used electrolytes
based on carbonates fail to simultaneously meet all require-
ments for supporting extreme Li-based batteries such as higher
voltages (≥4.5 V), fast charging (≤15 min), cycling over a
wide temperature range (±60 °C), and nonflammabil-
ity.12,58,427,428 To tame the high affinity between the solvents
and the ions and the high flammability of carbonate-based
electrolytes, Wang and co-workers dissolved fluorinated
electrolytes into highly fluorinated nonpolar solvents (e.g.,
tetrafluoro-1-(2,2,2-trifluoroethoxy)ethane (D2)) to obtain an
electrolyte formulated with 1.28 M LiFSI−FEC/FEMC/D2.
This designed electrolyte yielded both LiF-rich SEI and CEI.
The high thermal stability and the excellent Arrhenius behavior
of Li+ conductivity for the LiF-rich interphases enhanced the
high-temperature performance of both the cathode and the
anode. The ionic conductivities of the SEI and CEI at ultralow
temperatures were also significantly improved. The Li metal
anode achieved high cycling CEs of 99.4%, and the graphite
anode achieved high charge/discharge CEs of 99.9%. As for
the high-voltage LiNi0.5Mn1.5O4 (5.0 V) and LiCoMnO4 (5.4
V) cathodes, high CEs of 99.9% and 99% were obtained,
respectively. Especially, the Li||LiNi0.8Co0.15Al0.05O2 battery
maintained 56% of its capacity obtained at room temperature,
even charging/discharging at −85 °C, along with high cycling
stability at 60 °C. In addition to significantly improved wide-
temperature performance, this electrolyte design displayed
nonflammable characteristics.429 Furthermore, Wang’s group is
dedicated to exploring the guiding principle to address the
relationships between battery performance, electrolyte solva-
tion structure, and interphase chemistry, especially focusing on
extreme operating conditions. Their recent report validated an
electrolyte design strategy based on a group of soft solvents
with a relatively low DN (less than 10) and high dielectric
constant (larger than 5) that stroke a balance between Li+−
solvent interactions, sufficient dissociation of Li salts, and
satisfactory electrochemistry. As a proof of concept, 1 M
LiTFSI-methyl difluoroacetate (MDFA)/methyl 2,2-difluoro-
2-(fluorosulfonyl)acetate MDFA (MDFSA)/TTE electrolyte
was developed successfully in which MDFSA with a high
reduction voltage of 2.2 V was introduced as a cosolvent for
further strengthening the LiF-rich SEI and CEI. It was
demonstrated that the similar LiF-enriched interphases on
the NMC811 cathode and the graphite anode balanced the
thermodynamic (capacity) and kinetic (interphase resistance)

matching between the two electrodes at extreme conditions,
enabling the 4.5 V graphite||NMC811 full batteries to keep
75% of RT reversible capacity (0.1 C) at −50 °C (−60 °C)
with a practical areal capacity of 2.5 mAh cm−2 and the pouch
cells with lean electrolyte (2.5 g Ah1−) to stably cycle at −30
°C for over 300 times with an average CE of 99.9% (Figure
20d−g). This work opened a new electrolyte design direction
for tuning fluorinated interphases toward practical batteries
with high-voltage, fast-charging, and wide-temperature operat-
ing features.55

For practical Li-based batteries, there is a growing need for
their stable operation under all conditions, including high
voltage (e.g., ≥4.5 V), fast cycling rate (e.g., ≤15 min), wide
temperature range (e.g., ±60 °C), and extended charge/
discharge cycling, which are highly related to the interphases.
In this case, fluorinated interphases featuring a LiF component
demonstrate attractive prospects. LiF exhibits low solubility,
high mechanical property, a wide band gap, excellent
antioxidation ability, and high interphasial energy against Li
metal, contributing to a robust SEI. Moreover, the high shear
modulus of LiF suppresses anode pulverization. Unfortunately,
the low Li+ conductivity of LiF (∼10−12 S cm−1) in the
interphase restricts the high-rate performance, particularly
toward Li metal anodes. Incorporating fluorinated conducting
components (e.g., LixPOyFz) into the LiF-rich interphase can
improve the cycling stability and fast-charging capability.
Fluorinated components can also be combined with the
organic SEI matrix to accommodate the large volume change
of the Li anode. Although a LiF-enriched SEI displays low
impedance and high stability to improve Li+ diffusion at low
temperatures, controversy remains over the impacts of LiF in
the CEI components on the low-temperature performance.
Further investigation is needed to unlock the roles and
influencing factors of the macroscopic and microscopic
properties for LiF, particularly under extreme conditions.
3.4. Techniques To Probe Fluorinated Interphases

As described above, the passivated interphase is electronically
insulting but ionic conducting, arising from the decomposition
of the electrolyte components on the surface of the electrode,
which plays a vital role in determining the capacity, cyclability,
rate performance, CE, and safety properties of Li-based
batteries. Understanding the morphologies, chemical compo-
sitions, and mechanical properties of the CEI/SEI is significant
for further designing fluorinated interphases on the active
materials, especially on the anodes.430 Since its first
demonstration by Dey et al. in the 1970s, the SEI has
attracted significant interest regarding the formation mecha-
nisms, structures, phase, and chemical compositions; however,
due to its spatially and temporally dynamic nature, an in-depth
comprehensive understanding of the SEI, especially on the
atomic scale, remains a huge challenge.284,389,431−437 Generally,
it is difficult to discern the SEI/CEI chemical components
from the solvent species, and the SEI/CEI thickness is also
hard to quantify with ambiguous boundaries. Besides, the SEI/
CEI properties are highly affected by the testing conditions
(e.g., electrolytes, operation temperature, current density,
voltage range, and electrode materials) and the sample
preparation environment (e.g., washing solvent, exposure to
air389 and moisture), which undergoes a dynamic evolution
process during the charging and discharging. To provide
valuable information on the interphase characteristics, various
advanced techniques, including microscopy and spectroscopy,
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have been applied extensively. Scanning electron microscopy
(SEM) and TEM are two powerful and most widely used tools
for visualizing and monitoring the interphase di-
rectly,340,438−442 particularly when conducting at cryogenic
temperatures for preserving the pristine states of the
interphases.24,352,376,420,443−449 In addition, some properties
of the growing interphase can be quantified to establish their
correlation with the electrochemical performance of batteries,
e.g., developing an electrochemical quartz crystal microbalance
(EQCM) for quantifying the interphase dissolution phenom-
enon.450 Various interphase analysis techniques, such as

SIMS,451−457 XPS,458−461 AFM,462−467 XAS,468−472 neutron
reflectometry (NR),473−475 XRD,476−478 NMR,479−482 and
scanning electrochemical microscopy (SECM),483−486 have
also been widely employed to probe the elemental
composition, interphase morphology, and mechanical/elec-
trical properties of the interphase. Notably, due to the elusive
and highly dynamic properties, different techniques need to be
combined to comprehensively recognize the fluorinated
interphases at the atomic level. However, most of these
advanced techniques for investigating fluorinated interphases
are under ex situ conditions, requiring the disassembling of the

Figure 21. Probing the critical characteristics of sensitive interphases by cryo-EM. (a) Electrochemically depositing Li metal dendrites onto a
copper TEM grid followed by plunging into liquid nitrogen after battery disassembly. (b) The specimen is then placed onto the cryo-TEM holder
while still maintained in liquid nitrogen and isolated from the environment by a closed shutter. (c) Cryo-TEM image of Li metal dendrites with an
electron dose rate < 1 e Å−2 s−1. (d) Typical TEM image of a Li metal dendrite after exposing it to air for ∼1 s at room temperature. (Inset)
Corresponding SAED pattern. Reproduced with permission from ref 492. Copyright 2017 American Association for the Advancement of Science.
(e) Illustration of the cryo-FIB/SEM setup at liquid nitrogen temperature. Reproduced with permission from ref 525. Copyright 2020 American
Chemical Society. (f) HAADF cryo-STEM images displaying an extended SEI layer on (upper) type I dendrites but not on (lower) type II
dendrites. EELS elemental mapping of SEIs on (g) type I dendrite enriched in O and Li and (h) type II dendrite without carbon. Reproduced with
permission from ref 526. Copyright 2018 Springer Nature.
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batteries after charging/discharging to various states, which
may cause the exposure of the samples to ambient conditions
during the transport process for characterization. These
processes may change the interphases by affecting the
morphology, microstructure, chemical compositions, mechan-
ical properties, etc., which may cause misleading results.437,473

Therefore, in situ/operando measurements conducted at the
operating conditions without disassembling the batteries are
more reliable and valuable technologies to provide real-time
information about the characteristics and evolution process of
fluorinated interphases during battery cycling.

Since several review articles have comprehensively summar-
ized the technical details, research progress, and applications
on understanding the SEI using traditional techni-
ques,430,437,473,487,488 in this section, the focus will be on
state-of-the-art developments of updated characterization
techniques for fluorinated interphases, elucidating the chemical
compositions, morphologies, micro/nanostructures, and other
properties. Important features of each technique, including the
spatial resolution, useful information, as well as corresponding
strengths and limitations for probing the interphase, are
compared in Table 3. To capture the moment of the reactions
at the interphase, which occurs at the picosecond time
scale,310,489,490 the DFT and MD simulations have been
extensively utilized. Besides, theoretical calculations can also
help to predict and quantify the correlation between the
structure and the properties of the interphases. Therefore,
theoretical calculations and simulations are associated with the
micro/nanostructure and properties of the SEI, in turn offering
guidance in rationally designing and regulating the SEI
characteristics for high-performance Li-based batteries. Con-
siderable technical details of the theoretical calculations and
simulations for understanding the interphases can be found in
previous specialized reviews, which will not be discussed in this
section.437,491

3.4.1. Cryo-EM. As discussed earlier, SEI layers are
sensitive to oxygen and moisture during the transfer process
to electron microscopes (e.g., TEM and SEM), causing
insufficient resolution for characterizing the micro/nanostruc-
tures of the SEI. In addition, under the ultrahigh vacuum of the
TEM chamber, Li metal anodes are extremely vulnerable to
radiation damage, such as sample ionization and bond
breakage, caused by the high electron dose in the incident
beam and side chemical reactions induced by free radicals and
secondary electrons. Inspired by biological imaging techniques,
cryo-EM with a low electron dose and a frozen sample at low
temperature has been used to resolve the crystalline atomic
lattices of the SEI/CEI while preserving the delicate chemical
composition and spatial features, which has demonstrated its
advantage in visualizing and elucidating nanostructures and
compositions of the beam-sensitive SEI at the atomic
level.24,443

To preserve the pristine state of chemically reactive and
beam-sensitive materials, especially the Li metal anode, Cui
and co-workers pioneered cryo-TEM investigation by design-
ing a cryo-transfer method.492 As illustrated in Figure 21a and
e 21b, Li was electrochemically deposited onto a copper grid
followed by washing with 1,3-dioxolane to remove Li salts and
flash freezing the specimen in liquid nitrogen immediately.
Therefore, the electrochemical state as well as the correspond-
ing structure and chemical information on Li dendrites were
retained at cryogenic temperatures. Through visualizing
individual Li dendrites, they achieved a high atomic resolution

(0.7 Å) image on the spherical aberration-corrected TEM. In
contrast to the air-exposed Li dendrites with rough surfaces
and darker contrast due to the formation of polycrystalline
artifacts, the cryo-transferred Li dendrites preserved their
states, which constructed a much smoother and thinner SEI
layer on Li metal (Figure 21c and e 21d). Notably, with a
standard EC/DEC electrolyte, the formed SEI was composed
of small crystalline domains (diameter ≈ 3 nm) embedded
randomly in the amorphous matrix. On the contrary, with 10
vol % FEC as the additive, a more ordered multilayer SEI was
generated, which was consistent with the structure proposed
by Aurbach et al.522 However, LiF was not observed in the SEI
layer, which may be because TEM is sensitive to crystalline
phases when probing a small selected surface area.444,492 In
another work, Meng et al. developed a new cell configuration
to obtain electrochemically deposited Li (EDLi) for cryo-TEM
imaging. A copper grid was placed on the Cu foil and used as a
part of the counterpart substrate.420 After deposition, the cell
was disassembled and rinsed with DMC before transferring.
Then, the grid was loaded in a covered cryogenic dewar with
continuous Ar flow, and the holder was pumped down to 10−5

bar and immediately loaded into a vacuum chamber (cooled to
100 K) for transfer. It was revealed that the EDLi is amorphous
with uneven SEIs containing amorphous organic species and
crystalline LiF. Nevertheless, the crystalline LiF in the SEI layer
possessed a low conductivity of <10−12 S cm−1, and the
amorphous LixPOyFz species could display a higher ionic
conductivity,523,524 which questioned the favorable effect and
the working mechanism of LiF for high CEs. Soon after, using
cryo-TEM, Cui and co-workers discovered the fundamental
effects of SEI nanostructures (i.e., mosaic and multilayer) on
the performance of a Li metal anode, pointing out that
fluctuations in the crystalline grain distribution within the SEI
played a vital role in differentiating the mosaic structure from
the multilayer structure, thus dictating the battery perform-
ance.445 Specifically, a multilayer nanostructure favored
uniform Li stripping behavior, while a mosaic nanostructure
resulted in fast Li dissolution.

To identify the dominant components and nanostructure of
the SEI layer, an effective strategy to minimize Li pulverization
was demonstrated by Zhang et al. via a fluorinated
orthoformate solvent-based electrolyte. The in situ-formed
SEI on the Li anode displayed a monolithic feature with the
same composition from the surface to the bottom along with
horizontally homogeneous coverage of the SEI observed from
cryo-TEM imaging. This unique SEI with enriched inorganics
significantly suppressed electrolyte depletion and minimized
pulverization for a stable Li anode.376 Moreover, the evolution
of the SEI layer during cycling can be tracked with the aid of
cryo-TEM.446 Cui et al. revealed that the initial SEI generated
during the first cycle was thin and amorphous, which evolved
into two morphologies upon further cycling, i.e., a compact SEI
containing inorganic components that passivated the electrode
surface and a large extended SEI without inorganics due to
incomplete passivation.493 The extended SEI growth inevitably
consumed massive Li and led to a porosity reduction, which
could be prevented by inorganic species in the compact SEI
layer. These results via cryo-TEM indicated that the vastly
heterogeneous process for SEI growth could be effectively
regulated by sufficient passivation of the SEI. Very recently, the
same research group further adapted a thin film vitrification
approach to preserve the SEI film in its native liquid electrolyte
environment, yielding uniform thin films inside the holes of the
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Cu grid. Afterward, these samples were probed through cryo-
(S)TEM to visualize the intact structure and chemistry of the
SEI films. It was demonstrated that the anion-derived SEI
enriched with more inorganics contributed to a smaller
swelling ratio, preserving its mechanical property and chemical
stability for enhancing electrochemical cycling.352 Encouraged
by the successful interphase characterization in liquid electro-
lytes, cryo-TEM was also utilized to visualize the interphase
structure between the anode and the solid polymer electrolytes
atomically.527−533 In 2020, the cryo-TEM results revealed a
mosaic interphase between the Li anode and the PEO
electrolyte, where various inorganic nanocrystals (Li2O,
LiOH, and Li2CO3) were randomly distributed inside the
amorphous phase. The Li2S addition favored the decom-
position of N(CF3SO2)2− and thus promoted the enrichment
of LiF nanocrystals in the Li/PEO interphase, as verified by
both cryo-TEM and simulations. The LiF nanocrystals not
only enhanced the Li+ diffusion kinetics and prevented the
chain breaks of C−O but also suppressed side reactions
between the Li anode and the PEO electrolyte, thus enabling
outstanding electrochemical performance for both half cells
and full cells.447

Cryo-TEM has been regarded as a powerful tool for
confirming and refining SEI models, which have long been
hypothesized. Nevertheless, compared to the extensively
investigated inorganic components (e.g., LiF) by cryo-TEM,
determining the properties of the organic-enriched SEI that are
derived from solvent decomposition remains an enormous
challenge. Besides, more efforts need to be put in regarding
cryo-EM techniques for guiding the optimization of high-
performance Li-based batteries, including exploring and
explaining the chemical details in the disordered and
amorphous phases, revealing more in-depth information from
lattice imaging, etc.

Since cryo-TEM requires a thin specimen (<100 nm) on the
TEM grids, it is hard to probe the bulk electrode materials. In
contrast to previous TEM investigations focusing on the
surface structure, the focused ion beam (FIB) technique with
milling capability has been applied for preparing TEM samples
by lifting out the bulk structure of the electrode materials.
Unfortunately, the FIB conducted at room temperature leads
to various artifact issues, including surface damage, redeposi-
tion of beam-sensitive Li metals, and mechanical deformation
related to “cutting” approaches. Therefore, cryo-FIB is
necessary to process the electrode samples and interphases at
cryogenic temperature (−170 °C).437,534

Combining the milling characteristics of FIB at cryogenic
temperatures to preserve solid−liquid interphases with the
SEM technique to obtain spectroscopy imaging from the cross-
sectional view at the nanoscale, the SEI film formed on anode
materials can be preciously characterized (Figure 21e).525

Using cryo-FIB/SEM characterization, Archer et al. reported
that a pinhole-free Al2O3 coating (with a thickness of 15 nm)
served as an artificial solid−electrolyte interphase on the Cu
foil, revealing that the deposited Li consisted of both a dense
and a porous structure that highly improved the stability of Li
deposition.494 Via conducting imaging and spectroscopic
mapping on the cross sections of Li deposits prepared by
cryo-FIB milling, Kourkoutis et al. revealed that the intact
surface layers and interphase compositions of the exposed
reactive materials experienced negligible change, which could
be characterized down to the nanoscale.495 Obviously, a
cryogenic sample temperature enabled energy-dispersive EDX

mapping of Li with increased signal over an extended period
when coupling the new EDX detectors with the cryo-FIB/SEM
technique. However, the rapid transfer time, even within
seconds, may not be sufficient for some sensitive samples,
requiring further improvements in these techniques to
eliminate sample exposure.

It has been recognized that the element distribution and
contents of the electrode materials can be determined by EDS
and the EELS, offering valuable information about the
chemical compositions, especially for some amorphous
species.443 Recent progress in cryo-TEM has been successfully
used for beam-sensitive battery materials,420,448,492,526,535

achieving atomic resolution imaging for SEI layers formed on
the Si,449 carbon,493 and Li metal anodes.445,446,536 To restrict
the destructive change in structures and interphase chemistry
during the cell disassembly and solvent-washing processes
before cryo-TEM characterization, cryo-scanning transmission
electron microscopy (STEM) combined with the cryo-FIB lift-
out procedure was applied for visualizing the SEI layers.
Significant work was conducted by Kourkoutis et al. using
cryo-STEM, identifying two distinct types of dendrites on the
Li anode.526 According to the HAADF cryo-STEM imaging
(Figure 21f), an extended SEI (300−500 nm thick) existed in
the type I dendrite, suggesting a typical washing process had
removed a large portion of the SEI layer. On the contrary, the
type II dendrites with the thickness of hundreds of nanometers
are more likely to disconnect with the electrodes due to much
smaller contact areas, which could result in dead Li formation
and capacity attenuation of batteries. In addition, abundant
oxygen and Li in a type I SEI layer without F was observed
from EELS elemental maps, while notably, an extended type II
SEI was absent with a C-free, Li- and O-enriched type II
dendrite (∼20 nm). Based on the fine structures of the Li and
O K-edge (Figure 21g and 21h), type I dendrite mainly
contained Li metal and partial Li2O, while type II dendrite was
unexpectedly dominated by pure lithium hydride (LiH). More
significantly, the fluorinated electrolyte was confirmed to be
able to mitigate the LiH dendrite formation and largely altered
the Li deposition. The discovery of extended SEI layers as well
as LiH dendrites on Li metal was informative to further efforts
on overcoming their detrimental effects. Based on this recent
progress, it was surprising that the recognized favorable LiF
was not observed in the SEI, even using fluorinated
electrolytes. Utilizing cryo-STEM and EELS techniques, Cui
and his group elucidated that instead of participating in the
compact SEI (15 nm) directly, LiF precipitated as large
nanoparticles (100−400 nm) across the electrode surface,
extending outside of the compact SEI for the indirect SEI
regime. In other words, LiF cannot play a dominant role in
passivating Li metal or promoting Li+ transport through the
compact SEI. This report refined the traditional SEI structure
across multiple length scales and nuanced the effects of the SEI
species on the anode stability.537 Besides the SEI formed on Li
metal, the structural and chemical evolution of SEI layers on Si
anodes were unveiled in three dimensions via combing
sensitive elemental tomography with cryo-STEM. Owing to
the continuous void growth and the condensation during the
delithiation process, the unstable SEI on the Si anode grew
toward the interior, which formed the core−shell structure in
the initial cycle and further evolved to a “plum-pudding”
structure comprising abundant voids and dead Si upon longer
cycling. As a consequence, the engulfing of Si domains by the
SEI was revealed, causing the disruption of electron transport
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pathways and generation of dead Si, which further depleted the
electrolyte and deteriorated the battery performance.437

3.4.2. Quantifying Techniques. Based on the piezo-
electric effect, where the mechanical shear stress is induced in
the crystal as a function of the applied voltage, EQCM has
been regarded as an extremely sensitive mass monitoring
approach to studying electrochemical reactions.499−503 The
electrode is generally deposited on an oscillating sensor (made
of quartz crystal), which exhibits a linear relationship between
the resonance frequency and its mass based on the Sauerbrey

equation in the ideal case of a homogeneous and rigid layer
adhered to the sensor surface. Then, through probing the shift
in resonance frequency, the mass change of the electrode can
be obtained quantitatively. Therefore, the EQCM technique
allows monitoring the real-time SEI evolution and component
dissolution phenomenon as a function of applied voltage.450,498

Through in situ EQCM measurement, Pan et al. revealed that
LiF and Li alkylcarbonates comprised the main SEI
components on graphite anodes (1 M LiPF6−EC/DMC
electrolyte) at various voltages. LiF was formed at 1.5 V, and

Figure 22. Quantifying the correlation between interfacial chemistry and electrochemical performance by EQCM and TGC methods. (a) The
procedure for analyzing the SEI formation and dissolution with the EQCM technique. (b) Relationship between the average CE of the Li||Cu half-
cell, and SEI dissolution results from EQCM. Reproduced with permission from ref 450. Copyright 2023 American Chemical Society. (c)
Schematic illustration of the working principle of the TGC technique. (d) The average first CE of Li||Cu cells with various testing conditions. Eight
electrolytes (HCE, CCE, 2 M LiFSI−DMC, 0.5 M LiTFSI−DME/DOL, 1 M LiTFSI−DME/DOL, 1 M LiTFSI−DME/DOL + 2% LiNO3, CCE
+ Cs+, and CCE + FEC) and three stripping rates (0.5, 2.5, and 5.0 mA cm−2 to 1 V) are used. (e) The TGC method for analyzing the capacity
usage (SEI Li+, unreacted metallic Li0, and reversible Li) with various testing conditions. (f) The ratio of SEI Li+ to unreacted metallic Li0
calculated by TGC (blue line refers to exponential fitting results). Reproduced with permission from ref 504. Copyright 2019 Springer Nature.
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EC was initially reduced at 0.74 V. Moreover, it was very
interesting to observe that the nascent interphase could be
partially reoxidized during the very first delithiation cycle,
which could be the reason for the reported metastability of the
SEI ingredients in the nascent form.538 In recent years, EQCM
has been well developed, in which the energy dissipation of the
resonating sensor is additionally considered. Introducing the
SEI shear viscosity coefficient, SEI shear storage modulus, and
electrolyte properties in a multilayered viscoelastic Voigt
model, the dissipative properties of a nonrigid SEI and change
in electrolyte viscosity are considered.539 Combining the

EQCM with dissipation monitoring (EQCM-D), gravimetric
and viscoelastic changes in Li4Ti5O12 anodes were assessed
during the insertion/extraction of Li+ and formation/growth of
the SEI. These results indicated that the intrinsic viscoelastic
properties of the growing SEI layers could be quantified, and
the SEI quality (recognized from the EQCM-D data) was
improved by optimizing the electrolyte system (e.g., adding
vinylene carbonate additive or using LiTFSI salt).497 Typically,
the EQCM-D technique can provide information on the
structural change in more realistic nonrigid viscoelastic
interphases.496

Figure 23. Advanced characterization for analyzing chemical compositions, morphologies, structural information, mechanical properties, etc., for
interphases. (a) Schematic illustration of liquid droplets on the Li substrate for APPES measurements. Reproduced with permission from ref 459.
Copyright 2019 Springer Nature. (b) Schematic illustration of the developed in situ liquid-SIMS technique for SEI characterization. Reproduced
with permission from ref 509. Copyright 2020 Springer Nature. (c, d) The mechanism of Li metal DNP. (c) The conduction electron spin bands of
a metal plotted against energy (E): in the absence of a magnetic field (left); (middle) in an applied magnetic field (B0), leading to a Pauli
paramagnetic moment (M); and after microwave (μw) irradiation at the CESR frequency (right). Note: the arrows for each spin band denote the
electron magnetic moment. (d) Schematic for hyperpolarization of Li metal on application of microwaves (DNP, black dashed arrows) and
subsequent spin diffusion in the heterogeneous mixed organic/inorganic SEI (gray dashed arrows). Reproduced with permission from ref 556.
Copyright 2020 Springer Nature. (e) Cross-sectional schematic diagram of an electrochemical AFM cell. Reproduced with permission from ref 511.
Copyright 2015 Elsevier. (f) Schematic illustration of the AFM force spectroscopy measurements. (Inset) Indentation curve. Reproduced with
permission from ref 462. Copyright 2012 American Chemical Society.
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One should note that among all of the SEI properties, the
dissolution in the electrolyte can directly influence the
formation and growth of the SEI in the subsequent cycles.
Generally, additional Li and electrolyte have to be consumed
to repair the partially dissolved SEI, which will inevitably
increase the SEI thickness,540,541 resulting in severe capacity
loss through the repeated SEI formation and growth process.
The EQCM has been applied to quantify the mass loss of the
SEI layer (after formation) upon standing at an open circuit.
The SEI was found to lose more than one-half of its mass,
demonstrating the potential of EQCM to quantify the SEI
dissolution and further reveal the mechanisms of SEI
formation and growth.450,542,543 Very recently, utilizing
operando EQCM, Cui et al. successfully quantified the SEI
mass loss in ether-based electrolytes (Figure 22a and 22b).450

By establishing the correlation among solubility, passivity, and
cyclability, it was concluded that SEI dissolution was a major
factor influencing the subsequent SEI formation and growth. In
addition, it was elucidated that the calendar life of Li-based
batteries can be extended by reducing the SEI dissolution,
highlighting the significance of regulating the dissolution
phenomenon for mitigating the SEI degradation.

Utilizing advanced characterization techniques, it has been
recognized that establishing the correlation between interfacial
chemistry and electrochemical performances is significant for
resolving issues related to Li metal anode. Recently, using an
analytical technique of titration gas chromatography (TGC),
Meng et al. quantified the contribution of Li+ in the SEI
components (e.g., LiF, Li2CO3, Li2O) and unreacted metallic
Li0 to the total amount of inactive Li, respectively, which was
critical for understanding the real mechanisms causing rapid
capacity deterioration.504 The critical difference exploited
between the SEI Li+ species and metallic Li0 is their chemical
reactivity, where only the metallic Li0 reacted with protic
solvents. For instance, Li0 reacts with H2O to create H2 gas
(2Li + 2H2O → 2LiOH + H2↑). The H2O titration (all
metallic Li0 is reacted) was paired with a gas chromatography
facility (quantify generated H2 in the reaction) to a single
analytical tool (TGC), exactly quantifying the amount of
unreacted metallic Li0 (Figure 22c). Then, a high resolution of
10−7 g was obtained for analyzing metallic Li0, after combining
with an advanced barrier ionization H2 detector. Using this
TGC methodology, the relationship between the amount of
inactive Li with the CEs of Li||Cu cells in different electrolytes
was correlated (Figure 22d). By quantifying the amount of
metallic Li0 directly by the TGC, the content of SEI Li+ was
calculated accordingly. Interestingly, as shown in Figure 22e,
the content of Li+ components in SEI remained constant at a
low level, whereas the amount of unreacted metallic Li0
increased significantly as the CE decreased. In addition, the
ratio of Li+ components in SEI and unreacted metallic Li0
elucidated the CE below 95%. It was the unreacted metallic Li0
rather than SEI formation that dictated the amount of inactive
Li, further causing the capacity loss (Figure 22f). The SEI
formation only dominated at very high CEs. This work
provided interesting insights for advancing LMBs. Never-
theless, a nondestructive approach to quantify residual Li upon
cycling without disassembling the cell is still urgently required.
3.4.3. Composition Analysis Techniques. To examine

the surface chemistry of the interphases, various analysis
approaches such as XPS, SIMS, and NMR have been
extensively employed in recent research.517,544−550 By utilizing
the photons in the X-ray range that lead to the emission of the

core electrons from the specimen, XPS has been widely used
for detecting all elements in the periodic table except H and
He. Therefore, XPS is an ideal technology for monitoring the
electronic structures of SEI compositions, such as LiF, Li2CO3,
organics, and other species.505−507 In 1985, based on a LiBF4-
containing electrolyte, the existence of LiF in SEI components
was proved for the first time by Takehara et al. using XPS.434

Nevertheless, the ex situ XPS fails to disclose the natural state
and properties of the interphases, making it necessary to
develop in situ XPS to capture the real-time state of
interphases during the battery cycling. Unfortunately, as a
surface-sensitive technique with microscale in-plane spatial
resolution, in situ XPS has yet to be fully designed due to the
ultrahigh vacuum condition.458

To solve this challenge, in situ spectroscopies, such as
ambient pressure photoelectron spectroscopy (APPES), were
employed by Hahlin et al. (Figure 23a), providing insights for
future operando measurements on the dynamic chemical
evolution of SEI.459 Although liquid electrolytes could be used
in this investigation, the electrochemical cycling tests were not
applied, making this technique fail to reflect the real-time state
of SEI in batteries. Despite the extensive application in
analyzing the SEI chemical compositions,460,488,551−555 XPS
still exhibited some big challenges related to the sample
preparation and data collection protocols, which can lead to
misleading conclusions. Recently, an informative and signifi-
cant work was conducted by Bent et al., identifying some key
factors to be carefully considered to avoid erroneous
interpretations of XPS for SEI investigation, including the
spatial location of the sample, periods of sample inactivity
under the ultrahigh vacuum in XPS chamber, and Ar+
sputtering conditions.461 Especially, the poorly rinsed sample
introduced artifacts to the SEI components, with a 40%
variation across the x−y plane for atomic percentage. It was
also pointed out that SEI experienced obvious changes in
chemical components with the ultrahigh vacuum condition or
Ar+ sputtering. This report offered rigorous guidelines to
circumvent issues existing in XPS analysis, which will provide
valuable guidelines in SEI understanding with accurate
chemical characterization.

Through analyzing the ratio of gravimetric mass to surface
charge (m/z) for specific elements, TOF-SIMS has been
applied to obtain the chemical compositions of SEIs
quantitatively. Generally, when interacting with a surface, the
energetic primary ion beam emits secondary ions. These
secondary ions pass through a flight tube, and then they are
continuously analyzed, with the corresponding intensities
being recorded over time. The ion intensities are proportional
to element contents, thus forming a semiquantitative
concentration-depth image for probing the chemical compo-
sition of the SEI layers.451,557−559 Peled et al. were pioneers in
applying SIMS for investigating the mechanism of SEI
formation on the basal plane and cross-sectional edge of
graphite. Since then, depth profiling by SIMS has been utilized
widely to probe the SEIs generated on Cu,452,560 graph-
i t e , 4 2 6 , 4 5 3 , 4 5 4 , 5 1 8 , 5 6 1 − 5 6 3 S i , 4 5 2 , 4 5 5 , 5 6 4 − 5 6 7 L i
metal,351,452,456,568−571 etc., demonstrating its ability to analyze
the dynamic properties of SEI layers with high sensitivity.
Especially, the speculated SEI chemical composition can be
confirmed via SIMS by profiling their distribution in depths in
the SEI layer. For instance, Wang et al. developed a Li-11 wt %
Sr alloy anode to form a SrF2-rich interphase in fluorine-
containing electrolyte.325 With the aid of TOF-SIMS, the
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thickness of the SrF2-enriched SEI on the alloy anode was
determined. After immersing in 2 M LiFSI for 12 h, the anode
surface was investigated by beam over a 5 μm × μm area.
Strong signals of both F and Sr were observed with the
thickness of the interphase determined to be 250 nm, which is
consistent with the XPS results. In another report, a crowding
dilutant (1,2-difluorobenzene) modified ionic liquid electrolyte
(M-ILE) with energetic kinetics and a superhigh AGG portion
was designed for a stable Li metal anode. TOF-SIMS was
performed to reveal the distribution of the chemical
components in the SEI layer with different sputter times.
The LiF2

− intensity was much higher than that for the ILE-
induced SEI, confirming that the M-ILE electrolyte con-
tributed to a LiF-enriched SEI. Besides, the 3D reconstruction
of the LiF2

− distribution map demonstrated that LiF was
uniformly dispersed in the M-ILE-induced SEI. However, LiF
only existed in the superficial layer of the ILE-derived SEI.572

The SEI formation mechanism and the in-depth understanding
of the interphasial chemistry and structure are still restricted by
the ex situ measurements. Inspired by increasing requirements,
real-time SEI formation was monitored by Zhu and co-workers
by developing an in situ liquid secondary ion mass
spectrometry (liquid-SIMS),457,508,510 as illustrated in Figure
23b. To be specific, first, a thin Si3N4 membrane was used to
separate the liquid from the high vacuum, ensuring only Si3N4-
related signals were detected at the initial stage. Then, the
interfacial signals could be detected until a Bi3+ primary ion
beam drilled through the Si3N4 membrane. As soon as the
interfacial layer was drilled through by the primary ion beam,
the liquid signals were obtained. By bombarding the back of
the Cu electrode and creating fragments, liquid-SIMS induced
the dynamic chemical mapping of the interfacial components.
Liquid-SIMS supported the establishment of an electric double
layer before SEI formation. Furthermore, this technique
displayed a structured SEI consisting of a dense and inorganic
but LiF-depleted inner layer (electronic insulator but Li+
conductor) along with an organic-rich outer layer.509

As a nondestructive technique, NMR spectroscopy has been
applied to investigate various SEI components (such as
inorganics like LiF (19F), Li2CO3 (13C), and organic
compounds) via collecting 1H, 7Li, 13C, 19F, as well as 31P
signals in a time scale. Combining solution with solid-state
NMR (ssNMR), Gray et al. characterized the soluble and
insoluble SEI components derived from FEC decomposi-
tion.573 To promote the characterization of organic SEI, 13C-
FEC was prepared to conduct ssNMR with enhanced dynamic
nuclear polarization (DNP) measurements. Notably, the
defluorination reaction of the FEC molecule to soluble vinoxyl
species (HCOCH2OR) was detected from the 1H and 13C
NMR results. In the following step, they reacted to form both
soluble and insoluble branched ethylene-oxide-based polymers,
while neither vinoxyl species nor cross-linking units were
investigated for the FEC-free electrolyte, suggesting that the
generation of cross-linked polymers could be significant for
improving the SEI stability on the Si anodes. Besides,
Wagemaker et al. accessed the spontaneous Li+ transport via
2D Li ion exchange NMR, disclosing that Li+ interfacial
transport through the interphase was the major limitation for
the Li+ transport through the Li2S−Li6PS5Br solid-state
batteries, which were largely affected by the electrode
preparation and battery cycling conditions. For instance, ball-
milling treatment was required to enable faster Li-ion exchange
through the interphase and enhance the kinetics with regard to

the high utilization of the Li2S cathode. This report exhibited
the ability of exchange NMR as a noninvasive measurement to
investigate Li+ interfacial transport behaviors, quantifying the
amount and time scale of Li+ transport through the interphase
in the bulk solid-state batteries.479 The NMR technique was
also applied to determine the cathode-to-anode crossover
species that caused the SEI disruption on the Li metal anode
and further catalyzed side reactions. It was disclosed that the
crossed-over transit ion metal ions from the Li-
Ni0.9Mn0.05Co0.05O2 cathode exerted a minimal impact on the
Li metal anode. In contrast, decomposition products such as
POF2OH (the doublet of the 19F spectra and the triplet in the
31P spectra) and polycarbonates form reactive Li metals that
crossed over to the cathode side, significantly altering the CEI.
As a result, this crossover phenomenon accelerated the
impedance increase and capacity fading of the cathodes and
caused instability of the anodes by dissolving these species into
the electrolyte.480

Moreover, DNP-enhanced NMR has been recognized as a
powerful tool for obtaining useful structural information under
magic-angle spinning (MAS), which exploits an ∼103 times
greater gyromagnetic ratio of paramagnetic electrons to
hyperpolarize nuclear spins to increase the signal in NMR
measurements.481 The mechanism of Li metal DNP is
illustrated in Figure 23c. Without applying a magnetic field,
the partially filled up and down electron spin bands of a metal
were degenerated, whereas the energies of these bands were
shifted in opposite directions while maintaining a common
Fermi level with an applied magnetic field. After irradiating the
conduction electron spin resonance (CESR) transition, the
populations of the spin bands were (partially) equalized. Based
on this theory, Gray et al. reported the hyperpolarization by
investigating the interphase between the Li metal and the SEI
(Figure 23d).556 They selectively enhanced the 7Li, 1H, and
19F NMR spectra of the SEI species, which provided the
chemical nature and spatial distribution of these species. To
exploit the significant enhancement of the 7Li, 7Li → 1H cross-
polarization (CP) and 7Li → 19F CP, 7Li rotational echo
double-resonance (REDOR) experiments were conducted,
successfully identifying some SEI species, such as polymeric
compounds, organic carbonates, and LiF. In situ measurements
based on this technique will be more informative in identifying
the chemical compositions and structures of the interphases in
rechargeable batteries. The reduced collection time and
enhanced signal-to-noise ratio of 13C to confirm organic
species in SEI are among the most prominent advantages of
the DNP technique. Unfortunately, it fails to probe the
dynamic nature of the interphase, which requires the
combination of NMR and cryogenic techniques. Moreover,
in situ NMR has been realized for probing the real-time SEI
evolution in batteries. The differences in the plating processes
and transport properties of the interphase in commercial
electrolytes (1 M LiPF6−EC/DMC) without and with FEC
additive were investigated via in situ NMR. 6,7Li isotopic
labeling was employed to monitor the exchange between the
bulk Li metal and the electrolyte via NMR, and a numerical
model was developed to describe the process. It was revealed
that compared to those of the FEC-free electrolytes, the
6Li/7Li exchange was twice as fast in FEC-containing
electrolyte with a much faster SEI formation rate, which
could account for a more uniform Li deposition behavior. The
authors also used this in situ NMR technology to quantify
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some critical SEI parameters for regulating the nature of Li
deposition, such as Li+ transport and the healing rate of the
SEI. Other electrolyte additives or components should be
explored via this methodology to optimize SEIs for uniform Li
plating/stripping under practical conditions in the future.482 It
should be noted that a strict observation condition should be
satisfied to avoid interfering signals when conducting in situ
NMR for real-time monitoring of the SEI during cycling.487

3.4.4. Functional Feature Analysis Techniques. Based
on the scattering of X-rays, the interference of which produces
diffraction patterns from crystalline or partial crystalline
structured materials, XRD has been widely employed to
investigate the changes in crystal structures as well as phase
transformations of electrode materials or the ordering and
structures of interphases. For instance, according to the
analysis of XRD, Huang and co-workers showed that the
byproducts LiOH derived from side reactions between Li and
oxygen-containing electrolyte were significantly suppressed via
boric acid (BA) additive, suggesting the beneficial role of BA in
inhibiting unwanted side reactions for high-performance Li-
based batteries.476 In addition, different SEI formation
processes with 0.8 M KPF6−EC/EMC and potassium
bis(fluorosulfonyl)imide (KFSI)−EMC (molar ratio of 1:2.5)
electrolytes were investigated via operando XRD, revealing that
the SEI mainly formed at high voltage in KFSI-based
concentrated electrolyte, while the SEI was mainly generated
at low voltage in KPF6-based dilute electrolyte.477 However, as
a technique to monitor the bulk information on the electrode,
it is difficult for XRD to distinguish specific interactions on the
interphases. Recently, synchrotron-based X-ray sources with
much higher intensities and larger photon energies than
laboratory equipment have been recognized as a powerful
technique for in situ/operando investigations of battery
systems due to the benefits of a fast period of measurement
times, large penetration power, along with improved signal-to-
noise ratios.477 Therefore, the synchrotron-based XRD is able
to collect high-quality data for a trace amount of sample
without significant radiation damage.478 In 2021, using
synchrotron-based XRD and PDF analysis, Hu et al. identified
and differentiated two elusive components, LiH and LiF, in the
SEI components of Li metal anodes.574 As revealed from
synchrotron-based XRD, LiH existed as a face-centered-cubic
(FCC) phase with a lattice parameter of 4.084 Å, which was
further confirmed by the changes in the XRD patterns due to
its moisture sensitivity. The origins of LiH not being identified
could be attributed to two main factors. First, the typical XRD
patterns of LiH and LiF were similar FCC structures with close
lattice parameters (4.084 Å for LiH and 4.026 Å for LiF).
Besides, owing to the high moisture sensitivity, LiH easily
decomposed to make it undetectable. It was also found that the
nanocrystalline LiF in the SEI components is clearly different
from that in the bulk phase, especially featuring a larger lattice
parameter (∼4.05 Å) along with a smaller particle size (<3
nm), which enables fast Li+ transport for higher CE and
improved electrochemical performance. It should be noted that
the beam may easily lead to the damage of battery materials
during testing.

As a nondestructive imaging approach, in situ AFM can
monitor the formation and properties of interphases through
high-resolution topographical images, providing intertopog-
raphy information and mechanical properties. For instance, the
elastic and plastic properties of the interphases can be
evaluated in a quantitative way by analysis of the force−

distance curves.511 In addition, to investigate the nano-
mechanics of interphases, AFM-nanoindentation was designed
as illustrated in Figure 23f. Through converting the tip
deflection into normal force F and analyzing indentation depth
δ and the cantilever deflection Δd, the Young’s modulus can be
obtained as shown in the inset of Figure 23f, successfully
quantifying the inhomogeneity of the SEI in both morpho-
logical and mechanical properties.462 Following this work,
more systematic investigations of SEI information have been
conducted, including the two-layered structure and the
thickness of the SEI on graphite anodes,575 the mechanical
properties of the organic−inorganic mixed SEI on the Si
anode,575 the effects of electrolyte components, configurations,
and electrode face orientation on the SEI morphology and
thickness,463−465,576 the deformation and mechanical failure
mechanism of the SEI,512 etc. Among these progresses, it is
interesting to mention that in situ AFM is powerful enough to
distinguish the distributions of inorganic and organic species in
the SEI at the nanometer level by probing the SEI in liquid
electrolytes.

Unfortunately, the failure to unveil chemical information is a
large limitation facing the AFM technique. To satisfy the
nanometer spatial resolution required to disclose the
correlation between the structure and the function in the
interphases, tip-enhanced Raman spectroscopy (TERS) was
developed.466,514,515 Through raster scanning the interphase,
the chemical fingerprint of the interphases can be obtained.
Besides, TERS offers a spatial resolution at several nanometers
or even on a subnanometer scale, which is attributed to the
highly confined local electric field.467 Therefore, TERS has
been regarded as an effective technique for understanding the
interphase as well as interfacial processes at the nanometer
spatial resolution, eventually establishing the relationship
between the structure and the performance. Although with a
high spatial resolution, the one-point foundation makes
inherently weaker signals for the TERS technique compared
with surface-enhanced Raman scatting (SERS), making it
necessary to increase the efficiency of TERS on motivation and
collection when used to probe the interphases. Besides, to
monitor the dynamic evolutions of the interphase structures
and further quantify the interphase compositions at the
nanometer spatial resolution and the molecular level, TERS
should be developed into an operando technique.577

As a scattering technique, NR measures the specular
reflection of neutrons from the surface, which changes with
the wave vector transfer perpendicular to the sample surface,
following the equation Q = [4π sin(θ)]/λ (where θ represents
the angle of incidence of the neutron beam with the sample
surface and λ denotes the wavelength of the neutrons).578,579

The thickness, roughness, as well as the layers’ scattering
length density (SLD) can be obtained by fitting the reflectivity
via layered models, which is informative for determining the
layer compositions. Therefore, NR has been increasingly
employed for probing the interphasial properties of bat-
teries.474,516

Particularly, the SLD depth profile yielded from fitting NR
data in the surface normal direction can be used to detect the
evolutions of the interphase structure during the charging/
discharging process.473 By using in situ NR and a novel
designed electrochemical cell, Schmidt et al. detected the
growth of a ∼7 nm thick SEI layer during delithiation of the Si
electrode.550 Later, the thickness and chemistry of the SEI on a
Si anode were determined as a function of the state of charge
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during cycling. Based on the SLD results, the SEI thickness
decreased from 25 to 18 nm (Li3.7Si) after the delithiation
process. Besides, the SEI evolved with more LiF component
during lithiation, while more Li−C−O−F-like species was
discovered during delithiation. More importantly, the SEI
started to grow once the electrolyte was in contact with the Si
electrode, even though no electrical bias was applied.580 An
opposite trend in SEI thickness was presented by Veith et al.,
who investigated the SEI on Si anodes using the electrolyte of
0.1 M LiTFSI in deuterated dimethyl perfluoroglutarate.581

Based on the corresponding SLD profiles, they observed a
decrease in the thickness of the SEI layer from 34 to 14 nm
after the lithiation process. Moreover, in situ NR revealed that
the SEI formed on tungsten thin film electrodes was composed
of a porous outer layer enriched in solvent-derived
components and a compact inner layer with abundant
inorganic species.474 Following this work, tungsten oxide
(e.g., WO3) was demonstrated to form a SEI with three layers
during the reduction process. An innermost layer (the evolving
conversion electrode) was assigned to a mixture of W, Li2O,
and incompletely reacted WO3 or LixWO3, a layer enriched in
protons and/or Li, which tentatively consisted of LiOH or LiH
(the inner SEI), and an outermost layer adjacent to the
electrolyte consisting of lower SLD species with solution-filled
porosity or deuteron-rich species derived from the solvents
(the outer and fragile SEI). A reverse of SEI evolution was
observed during the oxidation process. These results were
generally consistent with previous reports of the SEI using
other characterization methods, indicating a bilayer structure
of the SEI with more inorganic species in the inner layer and
more organic components in the outer layer.475

Overall, in situ NR sheds light on the study of the SEI
generation mechanism by probing the evolution of the
interphase structure during battery operation. Unfortunately,
its widespread application is significantly restricted by several
factors, such as a long analysis time, an excessive choice of
electrolyte solvents to enhance contrast, a flat specimen
required to generate a strong signal, and very limited facilities
to handle the produced neutrons outside the particle
accelerator.437

To investigate the various functional and morphological
features of the interphases, other characterization methods that
can offer complementary information have also been
developed. For instance, in contrast to XRD providing
information about the overall structure of a material, XAS
has been considered as an effective technique to probe the
local atomic arrangement and electronic structure of a material.
XAS technology is based on X-ray photon-induced electronic
excitations from the core level to an empty electronic state for
the detected element. Thanks to its element-resolved feature
and high sensitivity to the local chemical bonds and solvent
environments, the XAS measurement shows great potential for
interphase characterization.468−470,582 Additionally, this techni-
que can be used for determining amorphous phases as well as
for small nanoparticles. Owing to the utilization of high-energy
synchrotron radiation, the data acquisition process is quite fast,
which promotes in situ analysis as well.583,584 Although XAS
has been successfully used for analyzing the SEI composition,
in situ XAS probing in a full-cell mode remains a big challenge,
which requires a special electrochemical cell de-
sign.471,472,517−520

SECM is considered a powerful tool that can probe the
surface characteristics of the interphases with nanoscale

resolution. SECM relies on the stark difference in activities
between the electronically conductive electrode surface and the
electronically insulating feature of the SEI products.483,484 The
basic setup of SECM consists of four parts: a low-current
bipotentiostat, a 3D positioning system, an ultramicroelectrode
tip, and a data acquisition system.485 The cell generally
contains four electrodes, including the tip, the reference
electrode, the counter electrode, and the working electrode.
The SECM tip probes the chemical changes occurring at the
interphase and detects spatial information on electrochemical
reactions taking place at selected areas.484 SECM has attracted
increasing attention in investigating the formation and
evolution of SEI layers by employing the feedback mode.484

For instance, using the feedback mode of SECM with 2,5-di-
tert-butyl-1,4-dimethoxybenzene (DBDMB) as the mediator,
Wittstock et al. conducted in situ imaging of the spontaneous
spatiotemporal changes for SEI layers formed on the graphite
surface. The reduction in the mediator regeneration rate was
accompanied by SEI formation. Besides, the currents remained
stable in some regions of the SEI-covered electrodes, while the
currents in other regions changed drastically with time. These
changes could be attributed to the volume evolutions during
charging/discharging, dissolution of SEI, or gas formation. In
addition, the results show that deposition of metallic Li could
take place upon charging and compromise battery safety,
requiring the self-healing ability of the SEI with incidental
defects. Moreover, the repassivation of damaged regions was
detected in situ, which showed that it took several hours before
these regions were susceptible to further short-term current
fluctuation.486 Later, operando SECM was adopted by
Schuhmann et al., probing the electrically insulating feature
of the Si surface during the delithiation/lithiation process.
Combined with AFM, the SECM results suggested that there
were two types of cracks (i.e., cracks partially covered by the
SEI and SEI-free cracks) during the initial cycle. The SEI-free
cracks contributed to a discontinuity in the electrically
insulating feature of the Si surface, further accelerating
electrolyte decomposition in the second cycle. More
importantly, operando SECM confirmed the electrically
insulating feature of the SEI layer on the Si electrode, and
the volume changes during the delithiation/lithiation process
were what caused the loss of “protecting” character of the SEI
at the Si surface.585

In brief, to address fundamental questions regarding the
chemical composition, spatial distribution, and structure of
fluorinated interphases, nondestructive and in situ/operando
techniques are essential for real-time, dynamic, and intuitive
analysis of the interphase properties and their correlation with
the battery performance. Taking cryo-TEM as an example, the
combination of a low electron dose and ultralow temperature
for the frozen sample reveals atomic-level crystal details, which
preserves the delicate chemical and spatial features of
interphases. For high-resolution imaging of interphasial
evolution, dynamic in situ cell devices and sophisticated
sample preparation techniques (e.g., cryo-FIB) should be
equipped. It should be kept in mind that each technique has its
unique advantages and significant limitations, requiring the
synergistic combination of various techniques, which yields
multidimensional or multimodal information for elucidating
the structure−property relationships and guiding interphase
design.
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4. FLUORINE CHEMISTRY IN RECHARGEABLE
FLUORIDE-ION BATTERIES

4.1. Fluoride Electrode Materials

The electrode material for FIBs can release or absorb F− ions
while obtaining or losing electrons. Depending on the redox
potential, the electrode materials for FIBs are utilized as
cathodes with relatively high potential or anodes with relatively
low potential. Due to the relatively light weight of the electrode
materials in FIBs, the theoretical volumetric energy densities of
FIBs can reach up to 5000 Wh L−1 based on the total volume
of the electrode materials,38 which makes FIBs a promising
candidate for next-generation high-energy rechargeable bat-
teries. So far, the mechanism of F−-ion storage of electrodes in
FIBs can be mainly classified into conversion type and
intercalation type, which are further introduced below.
4.1.1. Conversion-Type Electrode Materials. The

fluorination/defluorination process of conversion-type elec-
trode materials (e.g., metal/metal fluorides) is accompanied by
continuous breaking or reforming of the metal−fluorine bond.
Conversion-type electrode materials for FIBs possess high
energy density because they are able to transport more than
one F− ion per redox-active metal species, and the active
electrode materials typically possess lower molar masses.

Metal/metal fluorides (M/MFx) are the most extensively
studied conversion-type electrode materials for FIBs. The
electrons and F− ions transfer during the fluorination/
defluorination between metal and metal fluorides. In 2011,
Fichtner and Anji reported the feasibility of a series of metal
fluorides (including SnF2, CuF2, KBiF2, and BiF3) as cathode
materials in an all-solid-state FIBs system with a F−-ion solid-
state electrolyte La1−xBaxF3−x (0 ≤ x ≤ 0.15) at 150 °C.43

Cerium (Ce) metal was used as the anode due to the high F−-
ion conductivity of its discharge product (cerium fluoride,
CeF3).

586 The F−-ion full cell using BiF3 as a cathode
successfully realized reversible discharge and charge at 10 μA
cm−2 with a discharge capacity of 190 mAh g−1 and an average
voltage of 2.15 V. However, the irreversible volume changes, as
a common problem of conversion-type electrode materials,
limit the cycling performance of FIBs. Apart from the Ce metal
anode, Fichtner and co-workers investigated the application of
other potential anode materials such as CaF2, MgF2, and Mg +
MgF2 (i.e., the premixed composite of metal and metal
fluoride, M + MFx) for all-solid-state FIBs in 2014.587 When
paired with a bismuth (Bi) cathode, the Mg + MgF2 composite
anode delivered an initial discharged specific capacity of about
80 mAh g−1 at 4 mA g−1 and 150 °C (Figure 24a). It revealed
that the M + MFx composite anode can effectively enhance the
cycling performance by improving interphase contacts between
the reactive phases. In general, the low conductivity of the
metal fluorides and the extreme volume change during the
fluorination/defluorination process of M + MFx electrodes
cause the massive side reactions588 together with poor physical
contact between active materials,589 electrolytes, and con-
ductive carbon particles, both of which lead to rapid capacity
decay of FIBs.

M/MFx has also been applied in liquid FIBs. Simon and co-
workers reported room-temperature operable FIBs based on
organic solvent-based electrolyte in 2018.52 In this system, a
copper−lanthanum trifluoride core−shell cathode was devel-
oped, where the F−-ion conductive LaF3 shell not only
permitted F− diffusion but also inhibited the dissolution of the
discharge product (CuF2). The Cu@LaF3 cathode achieved

Figure 24. Conversion-type electrode materials for FIBs. (a) Voltage−composition profiles for a FIB with the Bi cathode vs the Mg + MgF2 anode
in the three first cycles. The charge/discharge curves were obtained at 150 °C for a current density of ca. ±4 mA g−1. Reproduced with permission
from ref 587. Copyright 2014 Royal Society of Chemistry. (b) Electrochemical charge and discharge curves for a three-electrode cell with a Cu@
LaF3 cathode in 1 M N,N,N-trimethyl-N-neopentylammonium fluoride (Np1F)−BTFE, cycled at 10 mA. Reproduced with permission from ref 52.
Copyright 2018 The American Association for the Advancement of Science. (c) Charge/discharge profiles of Cu2O cathode material for cycles 1−
35 at 0.02 C and 140 °C. Reproduced with permission from ref 590. Copyright 2021 Wiley-VCH. (d) CV curves of 4-hydroxy-TEMPO in aqueous
0.8 M NaF electrolyte with glassy carbon as the working electrode, platinum as the counter electrode, and the standard Ag/AgCl electrode as the
reference electrode. Reproduced with permission from ref 591. Copyright 2019 IOP Science.
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seven reversible cycles in liquid FIBs at room temperature in a
three-electrode cell (Figure 24b).

Metal oxide-based electrodes have been developed as a new
conversion-type electrode material. In 2021, Uchimoto and co-
workers reported a cuprous oxide (Cu2O) cathode with Cu+/
Cu2+ redox as a fast fluorination cathode material for all-solid-
state FIBs.590 As shown in Figure 24c, the Pb/PbF2|PbSnF4|
Cu2O cell delivered an initial discharge specific capacity of 220
mAh g−1 at 0.02 C (1 C = 375 mA g−1) that remained stable
after stabilization of the partially irreversible amorphization
phase. The superior rate capability of the Cu2O cathode (110
mAh g−1 at 1 C) surpassed the simple M/MFx systems, which
can be attributed to the fast F−-ion movement on the phase
boundary.

An organic compound with radical groups has also been
investigated as an electrode material for FIBs. In 2019, Chen
and co-workers reported the utilization of 4-hydroxy-2,2,6,6-
tetramethylpiperidin-1-oxyl (4-hydroxy-TEMPO) cathode in
an aqueous rechargeable FIB.591 The reaction mechanism of 4-
hydroxy-TEMPO is as follows

+
+ +

•4 hydroxy TEMPO F

4 hydroxy TEMPO F e (1)

where the electrostatic balance of 4-hydroxy-TEMPO was
maintained by the transfer of the fluoride ions and electrons.
The redox peak pairs at 0.706 and 0.594 V in the cyclic
voltammetry (CV) curves (Figure 24d) can be distributed to
the conversion between 4-hydroxy-TEMPO and 4-hydroxy-

Figure 25. Intercalation-type electrode materials for FIBs. (a) XRD pattern of CoFe-F LDH. (Inset) structural model. (b) Cycling performance
and CE for the cell Li||CoFe-F LDH. Reproduced with permission from ref 592. Copyright 2022 Wiley-VCH. (c) Voltage profiles measured during
three charge/discharge cycles for the cell BaFeO2.5|La0.9Ba0.1F2.9|MgF2 (current ±10 μA cm−2 at 150 °C). Reproduced with permission from ref
593. Copyright 2014 Royal Society of Chemistry. (d) Crystal structure of the defect fluoride pyrochlore CsMnFeF6 viewed down the [110]
direction. (e) Cycles 4−9 from galvanostatic cycling of a F-ion cell with a working electrode of mechanochemically synthesized CsMnFeF6 and a
Bi/BiF3 composite counter electrode, cycled at room temperature at a rate of C/20 between 0.0 and 1.4 V vs Bi/BiF3. Cycles six and seven are
shown in orange and blue, respectively. Reproduced with permission from ref 594. Copyright 2022 American Chemical Society. (f) K2NiF4-type
structure of LaSrMnO4 (left) in comparison to partly fluorinated LaSrMnO4F (middle) and fully fluorinated LaSrMnO4F2 (right). Reproduced
with permission from ref 72. Copyright 2017 American Chemical Society. (g) Electrochemical charging and discharging of La2CoO4/La2CoO4F at
170 °C; Icharging = +10.0 μA, Idischarging = −1.0 μA. Reproduced with permission from ref 595. Copyright 2019 Wiley-VCH. (h) Schematic
illustrations of the unfluorinated La2NiO4.13 (left) and hypothetical fully fluorinated state La2NiO4.13F1.87 (right). Fractional occupancies are
depicted for the interstitial anion site. (i) Charge/discharge capacities and CE against cycle number for the cells with the cutoff capacities of 30
mAh g−1 at T = 170 °C, Icharge = +24 μA cm−2, Idischarge = −12 μA cm−2, and cutoff charge voltage = 2.3 V. Reproduced with permission from ref
596. Copyright 2020 Springer Nature.
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TEMPO+F−. When paired with a BiF3 anode in a NaF water
solution electrolyte and cycled between 0.0 and 1.4 V, this
aqueous FIB delivered an initial discharge specific capacity of
145.3 mAh g−1 at 1000 mA g−1.
4.1.2. Intercalation-Type Electrode Materials. Different

from the conversion-type electrodes, the F− ion can be
reversibly stored in or released from the unoccupied interstitial
sites or anion vacancies in the crystal structure of the
intercalation-type electrodes for FIBs. Thus, the structural
integrity of the intercalation-type electrode can be maintained
due to the slight volume charge during the intercalation/
deintercalation of the F− ion, which ensures the highly
reversible cycling stability and good rate performance of FIBs.

Recently, a F−-ion-intercalated CoFe-layered double hydrox-
ide (CoFe-F LDH) was reported as a cathode material for
FIBs. Zhang and co-workers prepared the CoFe-F LDH
through a facile coprecipitation approach combined with an
ion-exchange method (Figure 25a) and successfully paired this
material as a cathode with a Li metal anode in a CsF-based
organic liquid electrolyte.592 The Li||CoFe-F LDH cell
delivered a stable specific capacity of 48.9 mAh g−1 during
100 cycles at 10 mA g−1 under room temperature (Figure 25b)
owing to the unique topochemical transformation property and
small volume change (∼0.82%) of CoFe-F LDH materials
accompanied by electrochemical intercalation/intercalation of
F− ions. Moreover, the good rate performance of CoFe-F LDH
indicated that the mitigation of the F− ion in the layer spacing
was facilitated by the weak electrostatic interaction between
the anions and the host layers with a low diffusion barrier.

The perovskite-type BaFeO2 was reported as an intercala-
tion-type electrode material for FIBs by Oliver and co-workers
in 2014.593 First, they demonstrated that BaFeO2.5 can be
directly fluoridated by heating BaFeO2.5F0.5 in F2. The
transformation of the monoclinic distorted phase to the
cubic perovskite phase in the XRD pattern indicated the
successful intercalation of the F− ion into the subcrystalline
vacancies in BaFeO2.5. Then, the MgF2|La0.9Ba0.1F2.9|BaFeO2.5
solid-state FIB was assembled and cycled between 3 and 4 V at
150 °C. As shown in Figure 4c, the long charge plateau at the
initial cycle was attributed to the formation of a Fe4+-
containing phase fraction of a BaFeO2.5Fy compound, where
the XRD pattern of electrochemical fluorination was consistent
with that of the chemical fluorination result. However, the low
reversible capacity in the following cycling suggested that the
F− ions were not fully deintercalated from the BaFeO2.5Fy
cathode, which may be caused by the contact problems in the
electrodes and side reactions of conductive carbon.

Likewise, CsMnFeF6 was investigated as a cathode material
for room-temperature FIBs by Jessica and co-workers in
2022.594 CsMnFeF6 in a defect pyrochlore structure with
suitable particle size and phase purity was obtained through a
mechanochemical method. The presence of Frenkel defects
was required to endow the F− ion’s diffusion through the
network, so the defect pyrochlore CsMn2+Fe3+F6 (Figure 25d)
with the disorder in the MnFeF6 substructure and ordered
anionic vacancies became a suitable fluoride intercalation host,
allowing fast F−-ion transport at room temperature. After
combination with an organic liquid electrolyte (1.0 M tetra-n-
butylammonium fluoride (TBAF)−THF) and cell activation
cycles, the half-cell delivered a reversible capacity of 70 mAh
g−1 at room temperature with a high CE of 98% (Figure 25e),
which almost approached the theoretical capacity for one
fluoride-ion transportation. Ex situ XRD and ex situ XAS

revealed that the CsMnFeF6 underwent a topotactic trans-
formation from the original defect pyrochlore structure into a
related polytype; meanwhile, the Fe3+/2+ and Mn3+/2+ redox
couples both functioned during the cycling.

Oliver and co-workers reported the investigation of
LaSrMnO4 with a K2NiF4-type structure as an intercalation-
based high-voltage cathode material with high capacity for
FIBs in 2017.72 As shown in Figure 25f, the structure of
K2NiF4-type compounds (A2BX4) can be described as built up
by alternating layers of ABX3 perovskite-type subunits and AX
rock salt subunits along the c axis. The large interstitial sites
that can store anions existed between the boundary of the rock
salt and the perovskite phase layers. The highest F−-ion
occupied interstitial sites (Y) per formula unit was 2, which
resulted in the composition of A2BX4Y2. The Pb−PbF2 anode
was paired with the LaSrMnO4F cathode with the La0.9Ba0.1F2.9
solid-state electrolyte, and the full cell was tested at 10 μA
under 200 °C. Combined with the results of the electro-
chemical data, XRD spectra, and DFT calculations, two charge
voltage plateaus at 1 and 2 V were confirmed as the first and
the second steps of F−-ion intercalation (LaSrMnO4 →
LaSrMnO4F and LaSrMnO4F → LaSrMnO4F2−x, x ≈ 0.2). It
is worth noting that the side reaction, fluorination of
conductive carbon in the cathode, along with the charging
process resulted in an overcharge capacity of 800 mAh g−1,
which was much higher than the theoretical capacity (155
mAh g−1) of two F−-ion transfers from LaSrMnO4 →
LaSrMnO4F2. Moreover, the fluorination of conductive carbon
also deteriorated electron transfer in the cathode, which then
led to the low reversible discharge capacity of 20 mAh g−1.

To overcome this side reaction issue, Oliver and co-workers
replaced the redox pairs of Mn3+/Mn4+ with Co2+/Co3+ to
reduce the oxidation potentials in the K2NiF4-type com-
pounds.595 The obtained intercalation-type cathode La2CoO4
showed a lower F−-ion interaction number of 1.2 per formula
in the same battery system with LaSrMnO4. The unwanted
side reactions in the cathode were effectively avoided by
adjusting the charge cutoff capacity of 65 mAh g−1, which
delivered a better discharge capacity of 32 mAh g−1 with a
capacity retention of ∼25% for the initial discharge capacity
after 50 cycles (Figure 25g). However, although the side
reaction has been suppressed by a cutoff charge voltage of 1 V,
the low discharge capacity of La2CoO4F1.2 indicated that part
of the F− ions was irreversibly fixed in the layered cathode,
which was supported by the XRD structural analysis.

Then, Oliver and co-workers developed a high-voltage
intercalation-type cathode (La2NiO4+d) and achieved an all-
solid-state FIB with high cycling stability and a CE close to
100%.596 As shown in Figure 25h, La2NiO4.13 was successfully
synthesized by a solid-state method, which delivered a
maximum theoretical capacity of 125 mAh g−1 after charging
into La2NiO4.13F1.87, where all empty interstitial anion sites
were filled by F− ions. When a charge cutoff capacity of 30
mAh g−1 was applied, the Zn/ZnF2|La0.9Ba0.1F2.9|La2NiO4+d
cell reached an average CE of 97.68% over 220 cycles (Figure
25i). As evidenced from the TEM images, automated
diffraction tomography (ADT), EDX spectroscopy, and XAS
indicated that the interstitial sites the in La2NiO4.13 cathode
were nearly fully occupied by F− ions, leading to the formation
of a high fluorine content phase of La2NiO4.13F1.59. However,
although the less reactive CNTs were used as conductors in
the cathode, the side reaction did not stop in the charge
process, as verified by electrochemical impedance spectroscopy
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(EIS) and XPS testing. Therefore, strategies aiming at
improving the stability of the interphase between the active
materials and the carbon-based additives in electrode
composites (e.g., coating techniques or advanced engineering)
should be further developed for development of FIBs.

In general, the conversion-type materials degrade fast due to
poor interphase contacts originating from the significant
volume change, incomplete conversion reaction, electrode
material dissolution, and irreversible generation of oxyfluoride
byproducts, while intercalation-type materials are limited by
the relatively low capacity and low energy density. Moreover,
side reactions between conductive carbons and fluorides in the
electrode continuously degrade the performance of FIBs.
4.2. Fluoride Electrolytes

4.2.1. Solid-State Electrolytes. Since the pioneering work
by Fichtner et al., which demonstrated the first rechargeable
FIBs employing La0.9Ba0.1F2.9 solid electrolyte, there has been

extensive interest in the F− conducting solid-state electrolytes.
Generally, the F−-ion conducting solid electrolytes can be
categorized into a tysonite-type structure (rare-earth fluorides
MF3, M = La, Ce, Pr, Nd), fluorite-type structure (alkaline-
earth fluorides MF2, M = Ba, Ca, Sr), and their doped phases,
displaying an ionic conductivity of 10−4 S cm−1 at high
temperature (e.g., 150 °C).43 Thus, insufficient F− con-
ductivity has been the restricting factor for the operation of
solid-state FIBs at low or room temperature.

The F−-ion transport through solid electrolytes is typically
facilitated by the Schottky and anti-Frenkel point defects via
the vacancy mechanism, interstitial mechanism, and inter-
stitial−substitutional exchange mechanism. Thus, the fast ionic
conductivity can be achieved by creating new defects within
the solid structure. However, the defect mechanism highly
depends on the structure of the solid electrolyte. Given that the
F− interstitial site is relatively smaller (0.84 Å) compared to the

Figure 26. Developments of solid-state electrolytes for FIBs. (a) Arrhenius plot of the ionic conductivity for ball-milled La1−yBayF3−y electrolyte.
(b) Arrhenius plots of the ionic conductivities for tysonite-type La0.9Ba0.1F2.9 and fluorite-type Ba0.6La0.4F2.4 prepared by ball milling and sintering.
Reproduced with permission from ref 276. Copyright 2014 American Chemical Society. (c) Crystal structures of the Ba0.95Ce0.05SnF4.05 phase.
Reproduced with permission from ref 601. Copyright 2022 American Chemical Society. (d) ESW based on the calculated thermodynamic
equilibrium voltage profiles and the phase equilibria for the CsPb0.9K0.1F2.9 electrolyte. Reproduced with permission from ref 602. Copyright 2022
Wiley-VCH. (e) Illustration of interphase wetting, cell assembly, and predicted reaction processes for Swagelok-cell-type CKC|KSn2F5|SSKC FIB.
(f) Voltage curves of the initial five cycles for a SSKC|KSn2F5|CKC battery. Reproduced with permission from ref 603. Copyright 2023 Wiley-VCH.
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F− radius (1.19 Å), it is unlikely to be created in tysonite-type
R1−xMxF3−x fluorides (where R denotes the rare-earth element,
while M represents the divalent element). In such instances,
the formation of F− vacancies has been demonstrated to be
effective in improving the ionic conductivity of RF3
fluorides.72,586,597−600 Doping the polycrystalline sintered
CeF3 with various difluorides including CaF2, SrF2, and BaF2
(5 mol %), Takahashi and co-workers revealed that the
conductivity of CeF3 was significantly enhanced up to 1.0 ×
10−2 S cm−1 at 200 °C (for Ce0.95Ca0.05F2.95), which was
attributed to the facile movement of vacancies.276 In addition,
the structural features of solid electrolytes have critical impacts
on the F− mobility. In the case of the tysonite Sm1−xCaxF3−x
solid, as the Ca content increases, the distortion of the F1(Sm,
Ca)4 tetrahedral site diminished, leading to an exponentially
reduced ionic conductivity and an increase in the activation
energy. Consequently, at room temperature, the highest
conductivity of 10−4 S cm−1 was achieved for the lowest Ca
content or the smallest fluorine vacancy content in the
Sm0.95Ca0.05F2.95 tysonite.599 The F− conduction mechanism
for the tysonite-type structure, however, was drastically
different from that for fluorite-type solids. To reveal the
conduction mechanism, Fichtner and co-workers prepared a
series of La1−yBayF3−y (0 ≤ y ≤ 0.15) solid compounds using
the ball-mill method, revealing that grain boundaries exert a
detrimental effect on the F− conduction of tysonite-type solids
(Figure 26a and 26b). Sintering the compounds to reduce
grain boundaries and improve grain growth contributed to
higher ionic conductivities. Unfortunately, extending the
sintering time beyond a certain threshold (20 h) did not
further increase the ionic conductivity (compared to samples
sintered for 2 h) due to the blocking effect of additional grain
boundaries induced by oxides, silicates, or fluorite-type
phase.276

The above-mentioned two mainstream fluorides have
achieved substantial progress, yet they generally realize an
ionic conductivity of 10−4 S cm−1 at high temperatures around
150 °C.604 Their practical applications are still plagued by
insufficient RT conductivity, prompting researchers to explore
novel fluoride structures with faster transport of F ions at low
temperature.43,605−607 Sn(II)-based fluorides such as BaSnF4
compound are anticipated to deliver high F− conductivity since
the polarizable lone pair of electrons on Sn2+ can reorient
during moving, enabling the mobile F− between the Sn−Sn
and the Sn−Ba layers to take part in the ionic conduction
process.608−610 Unfortunately, the strong electrostatic inter-
action between Ba and F in the Ba−Ba layer considerably
impedes the F-ion migration. To eliminate this shielding effect,
the introduction of point defects within BaSnF4 solids has been
adopted for realizing efficient F− shuttling. By partially
substituting Ba2+ by Ce3+, which has a similar atomic radius,
point defects can be built in the tetragonal BaSnF4 crystal
(Figure 26c). Accordingly, the Ba−Ba 3D barrier was
disrupted, broadening the pathways for F− transport.
Ba0.95Ce0.05SnF4.05 displayed an enhanced RT conductivity of
5.2 × 10−4 S cm−1 and a reduced activation energy of 0.15 eV
compared to 1.49 × 10−4 S cm−1 and 0.15 eV for BaSnF4 solid
electrolyte, respectively. The assembled all-solid-state BiF3|
Ba0.95Ce0.05SnF4.05|Sn FIB realized a high reversible specific
capacity of 170.9 mA h g−1 and a stable cyclability over 30
cycles at RT.601 Clearly, constructing point defects in F−

conducting solid electrolytes is promising for efficient shuttling
of F ions. Although BaSnF4 delivered high RT ionic

conductivities comparable to those for solid electrolytes in
LIBs,611 its narrow ESW restricted the selection of cathode and
anode materials, which led to a low average discharge voltage
(usually less than 0.5 V).609,612,613 To fulfill the requirements
of high conductivity (e.g., 10−4 S cm−1) at RT and an
adequately broad ESW simultaneously, a solid electrolyte with
the chemical formula of CsPb0.9K0.1F2.9 was designed. It was
revealed that introducing F vacancies greatly facilitated the
ionic transport of CsPb1−xKxF3−x, with the F− conductivity
reaching the maximum of 1.23 × 10−3 S cm−1 when x was
increased to 0.1. Moreover, the redox reaction was found to
proceed through the valence change of Pb rather than Sn, as
indicated by the calculation result. The reduction of Pb
occurred at −0.1 V (vs Pb/PbF2), while the oxidation to
obtain high-valent Pb took place at 1.7 V, contributing to a
wide ESW of 1.8 V for the CsPb0.9K0.1F2.9 electrolyte (Figure
26d). This result agreed well with LSV measurements, which
showed a distinct oxidation started at 1.92 V and a reduction
started at 0.11 V. Owing to these desirable features, a Pb/PbF2|
CsPb0.9K0.1F2.9|Ag battery with high discharge voltage was
constructed, maintaining high and stable specific capacity
(∼140 mAh g−1) after 72 cycles (4581 h) at a current density
of 5.2 mA g−1.602 Most recently, Li et al. introduced a new class
of layered Sn(II)-based fluoride conductor (i.e., KSn2F5)
where F− acted as charge carrier. The KSn2F5 solid electrolyte
exhibited a higher ionic conductivity (10−4 S cm−1 at 60 °C)
compared to typical tysonite-type and fluorite-type fluorides,
mainly due to the increased charge carrier concentration and
more frequent jumping process. Integrating this solid
conductor with a high potential CuF2 cathode and a low
potential Sn anode (Figure 26e), a high initial specific
discharge capacity of 442 mAh g−1 was achieved (Figure
26f), retaining a reversible specific capacity of ∼150 mAh g−1

for more than 70 cycles at 60 °C. It should be noted that the
interphase wetting of the solid electrolyte by the TBAF favors
the F− transfer between the electrode and the electrolyte.603

4.2.2. Nonaqueous Liquid Electrolytes. As discussed
above, the physicochemical characteristics of F− conducting
solid-state electrolytes have been studied for several decades.
Nevertheless, the majority of solid electrolytes necessitate an
operation temperature above 150 °C for FIBs due to their low
ionic conductivities at lower temperature. In contrast, liquid
electrolytes are expected to exhibit superior F− conductivities
to enable RT FIBs. Besides, they demonstrate enhanced
interphasial compatibility toward electrode materials, which is
crucial for the commercialization of FIBs. Unfortunately, the
developments of liquid electrolytes for RT FIBs has been
largely constrained by two primary factors, i.e., the low
solubility of fluoride salts in the electrochemically stable
aprotic organic solvents and the strong chemical reactivity of
F− which is prone to create hydrofluoric acid (HF) in the
presence of acidic hydrogen.9,42 To establish liquid electrolytes
for RT FIBs, several requirements should be satisfied, e.g.,
abundant free fluoride species (F− or F2H−) should exist in the
electrolytes to support high ionic conductivity, sufficient
electrochemical stability of the electrolytes to prevent
decompositions during cycling, and high chemical stability of
the electrolyte to prevent the dissolution of electrode active
materials.40 Thus, extensive attempts have been made to
explore novel electrolytes for potential RT FIBs. However,
initial efforts were disappointing due to the insolubility of most
fluoride salts in organic solvents. Among these endeavors, a
significant breakthrough was realized in 2018 by Jones et al.,
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who designed RT F− conducting electrolytes with high ionic
conductivity, wide electrochemical stability window, as well as
sufficient chemical stability via dissolving tetraalkylammonium
fluoride salts (i.e., neopentyl (Np)-substituted alkylammonium
fluorides) into ether solvents. The Np salt was chosen because
the branched Np chain enhanced salt solubility while the
absence of β-hydrogens inhibited HF2

− generation. Results
show that a high NpF salt concentration (>2.2 M) could only
be obtained when employing BTFE as the solvent without
reacting with F− (Figure 27a), exhibiting high ionic

conductivity comparable to that of LIB electrolytes (within
the range from 10−3 to 10−2 S cm−1, Figure 27b). It is
important to note that the electron-withdrawing groups on the
BTFE molecule could strengthen the partial positive charges
on α-CH2, guaranteeing adequate F− solvation. When paired
with a Cu@LaF3 core−shell nanostructure cathode, reversible
electrochemical cycling with F− shuttling was achieved at
RT.52 Though the cycle stability was far from satisfactory for
practical battery systems, this report represents the pioneering
work in exploring high-energy devices beyond that of LIBs. To

Figure 27. Room-temperature F− conducting nonaqueous liquid electrolytes for FIBs. (a) Solubility of Np1F salt in BTFE, AN, 3-
methoxypropionitrile (MeOPN), and propionitrile (PN) solvents. (Inset) 19F NMR spectra in the bifluoride region for Np1F salt dissolved in each
solvent. (b) Ionic conductivity of Np1F and Np2F in BTFE solvent as a function of salt concentration. Reproduced with permission from ref 52.
Copyright 2018 American Association for the Advancement of Science. (c) Ionic conductivity of Np1F salt (0.75 M) in a mixture of BTFE and
cosolvent. Reproduced with permission from ref 614. Copyright 2019 Royal Society of Chemistry. (d) Charge/discharge curves of the RT FIB
based on a Bi cathode and a PbF2|Pb anode in ∼0.35 M MPPF/TMPA−TFSA at 20 μA cm−2. Reproduced with permission from ref 618.
Copyright 2017 American Chemical Society. (e) Schematic illustration of a FIB based on a fluorohydrogenate ionic liquid electrolyte, and
structures of fluorohydrogenate anions ([(FH)nF]− when n = 2 and 3). Reproduced with permission from ref 619. Copyright 2019 American
Chemical Society. (f) Voltage curves of the Cu electrode in the [C2C1pyrr][(FH)2.3F] electrolyte at RT with a current rate of 0.05 C (= 42.2 mA
(g-Cu)−1). Reproduced with permission from ref 620. Copyright 2021 Elsevier.
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gain a deep understanding of the factors affecting F ion−
solvent properties in liquid FIBs, these authors further
investigated various organic solvents in combination with the
Np1F salt. They revealed that partially fluorinated solvents
possessing partial charge distribution and conformational
flexibility achieved the highest level of salt dissolution, with
BTFE being particularly prominent for its large Np1F salt
dissolution. Besides, introducing amide as a cosolvent
promoted the ion dissociation between Np1

+ cations and F−

anions, thus enhancing the electrolyte ionic conductivity
(Figure 27c).614 Apart from organic fluoride salts, inorganic
fluoride salts (i.e., CsF, KF, or NaF) have been successfully
employed as fluoride sources in the development of RT F−-
transporting liquid electrolytes, as demonstrated by the
RISING project in Japan.615−617 They introduced novel
lactone (γ-butyrolactone, GBL)-based liquid electrolytes,
which consist either of CsF or KF, through a solvent
substitution method. Despite of the low F− concentration of

Figure 28. Employing anion acceptors and cation acceptors to improve the F− conductivity for FIB electrolytes. (a) Discharge/charge curves of the
PbF2 (C) electrodes (vs Ag/Ag+) at 0.025 C (1 C = 219 mA g−1). (Inset) Optimized molecular structure of TPhBX-F−. Reproduced with
permission from ref 627. Copyright 2019 Elsevier. (b) Scheme illustrating the effects of electrolyte concentrations (CsF: 0.45 mol dm−3 or
saturated) on the BiF3 dissolution during cycling. Reproduced with permission from ref 636. Copyright 2019 American Chemical Society. (c) The
most stable structures of lithium bis(oxalato)borate (LiBOB), CsF, CsBOB, and LiF. (d) Possible interactions in the LiBOB0.25/CsF/G4 electrolyte
system. Reproduced with permission from ref 637. Copyright 2019 Royal Society of Chemistry. (e) Relationship between the 18C6 concentration
and the ionic conductivity. (f) Charge/discharge curve of BiF3 electrodes at 0.02 C (1 C = 302 mA g−1; KHF2 represents the saturated KHF2/
18C6/PC electrolyte, KF denotes the saturated KF/18C6/PC electrolyte, while 18C6 concentration is 1.10 M). (Inset) [(FH)F]− shuttling
between two electrodes during charge/discharge. Reproduced with permission from ref 638. Copyright 2022 American Chemical Society.
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around 0.05 M, these electrolytes delivered high ionic
conductivity of 0.8 mS cm−1, enabling reversible metal/
metal−fluoride transformations for a wide range of metal
electrodes. Nevertheless, the electrolyte solvent showed poor
antireductive stability with the anode, which was promoted by
the presence of fluoride ions.617 In another effort, when 4.5 M
LiFSI and 0.45 M CsF salts were dissolved in tetraglyme (G4)
solvent as the electrolyte, this project revealed the formation of
a SEI on a MgF2 anode, which resulted from the irreversible
decomposition of the liquid electrolyte during the reduction
process. However, the detected LiF within the SEI could exert
a detrimental impact on the FIB performance, given the poor
electronic and F− conductivity of LiF.615 Consequently, a
thorough investigation of the SEI compositions and properties
is warranted to optimize the FIB performance in the future.

Owing to their characteristic physicochemical properties,
including high ionic conductivities, sufficient thermal and
chemical stabilities, low volatilities, high nonflammability, and
favorable solubility, RT (ionic liquids) ILs have been utilized
for operating liquid FIBs. The first proof-of-principle RT FIB
was presented by Darolles et al. in US patent 9166249,
reporting an IL electrolyte consisting of tetramethylammonium
fluoride (TMAF) in 1-methyl-1-propylpiperidinium bis-
(trifluoromethanesulfonyl) imide (MPPTFSI). An ionic
conductivity of ∼10−3 S cm−1 at RT and a stable voltage
window > 4 V were realized, delivering an initial discharge
specific capacity of 103 mAh g−1 in a polyaniline (PANI)||PbF2
battery.621 Nevertheless, the extent of F− shuttling contributed
to the cyclability was not adequately verified, the possible
influence of IL cations on the cycling process remained
unsolved, and the redox reactions associated with the PANI
cathode were not thoroughly investigated, as noted by
Hörmann et al. Despite these shortcomings and the very
limited electrochemical performance, this patent remains
seminal in the development of RTFIBs.40 Subsequently, the
RISING project in Japan has achieved notable progress in
enhancing the ionic conductivity of ILs for the operation of RT
FIBs. By dissolving the 1-methyl-1-propylpiperidinium fluoride
(MPPF) in an IL, specifically N,N,N-trimethyl-N-propylam-
monium bis(trifluoromethanesulfonyl)amide (TMPA−TFSA),
with a fluoride concentration of ∼0.35 M, a high conductivity
of 2.5 mS cm−1 was realized. When paired with a Bi cathode
and a PbF2|Pb anode, the resulting liquid FIB exhibited distinct
two-step plateaus in the initial charge/discharge profiles.
However, some of the charged products (e.g., BiF3) was
electrically detached from the Bi cathode through exfoliation,
causing diminished charge−discharge efficiency and poor cycle
stability (Figure 27d).618 Notably, the possible generation of
bifluoride ions from organic cations with β-hydrogens due to
Hofmann elimination was not discussed in these IL-based
electrolytes, presenting a significant challenge for the develop-
ment of RT FIBs. To eliminate this issue, a novel liquid
electrolyte based on fluorohydrogenate ionic liquids (FHILs)
was designed by this project (Figure 27e), featuring the
fluorohydrogenate anion ((FH)nF−), which possesses high
ionic conductivities (e.g., 100 mS cm−1 at RT for [C2C1im]-
[(FH)2.3F] (C2C1im = 1-ethyl-3-methylimidazolium)). When
paired with this electrolyte, the CuF2 cathode underwent
reversible defluorination/fluorination, achieving 94.7% of the
theoretical specific capacity (528 mAh (g-CuF2)−1) for the first
cycle. However, a drastic capacity decay was observed upon
subsequent cycling.619 Afterward, these authors developed an
alternative FHIL, [C2C1pyrr][(FH)2.3F] (C2C1pyrr = N-ethyl-

N-methylpyrrolidinium), which, despite delivering reduced
initial specific capacities (400 mAh (g-Cu)−1), extended the
cycle life to 20 cycles while maintaining the specific capacity
(Figure 27f). The improved cyclability was attributed to the
low CuF2 solubility in [C2C1pyrr][(FH)2.3F], which largely
inhibits the aggregation of the Cu particles.620

Under acidic conditions, β-hydrogen elimination and/or
other nucleophilic fluoride attacks toward atoms such as α-H,
C�O, ChN, P, Si, etc., take place relatively easily. These
reactions can be mitigated by enhancing the solvation of F−

through Lewis acidic solvating agents (i.e., anion acceptors
(AAs)) such as organic compounds containing electropositive
elements (e.g., B, Si, P, etc.). Among them, boron-based AAs
have been proven to be effective in promoting the dissolution
of Li salt (e.g., LiF, LiCl, Li2O, Li2O2) by reducing the cation−
anion interactions.622−626 Motivated by these findings, the
RISING project in Japan undertook a series of research works
to identify boron-containing compounds, including triphenyl-
boroxine (TPhBX), triphenylborane (TPhB), fluorobis(2,4,6-
trimethylphenyl) borane (FBTMPhB), 4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)pyridine (DiOB-Py), etc., as AAs to
form complexes with anions, thereby providing sufficient F−

conductivity for operating RT FIBs.627−635 Typically, fluoride
salts such as CsF are challenging to dissolve in organic solvent
such as G4. Through DFT calculations, the optimized
molecular structure of TPhBX-F− was elucidated, revealing
that the boron atom served as the most stable binding site for
F−. Besides, the introduction of 0.5 M TPhBX greatly
increased the solubility of CsF in G4 solvent from 0.00017
to 0.51 M, experimentally validating the effectiveness of
TPhBX as an AA. The resulting PbF2 (mixed with carbon)
electrode delivered a high discharge specific capacity
approaching the theoretical value (219 mAh g−1), which was
sustained after the subsequent three cycles (Figure 28a).627

While the solubility of CsF in G4 could be enhanced by AAs, it
was found that the AA also led to the severe dissolution of the
electrode active material, causing fast capacity degradation
during cycling.633 Subsequently, these researchers demon-
strated that both the type of AA and the concentration of CsF
can be optimized to balance the AA−F− interaction and the
electrode dissolution. It was revealed that though the BiF3
electrode could be discharged/charged normally in both
electrolytes, the cycling performance with CsF (saturated)-
TPhBX (0.50 M)-G4 electrolyte was higher than that with CsF
(0.45 M)−TPhBX (0.50 M)-G4, attributed to the reduced
dissolution of BiF3 active material (Figure 28b). Additionally, it
was proposed that the CsF/TPhBX ratio would significantly
affect the formation state of Bi as well as the electrolyte
decomposition products during the discharge process.636

Besides the AAs, another type of additive called cation
acceptors (CAs) can also improve the conductivity of F− by
promoting the dissolution of F salt in electrolytes. Unlike the
AAs discussed above, CAs interact with cations instead of
anions from the salts. As an extensively investigated salt
additive to mitigate the cathode material dissolution/diffusion
in LIBs, lithium bis(oxalato)borate (LiBOB) has exhibited
great potential as a CA in liquid FIBs.637,639−643 This is
attributed to the strong interactions between BOB ions and
alkali metal ions (such as Na+ and Li+).644−646 Kucuk et al.
found that the optimum BOB− content to promote CsF
dissolution in G4 was 0.25 M. Results revealed that BOB−

addition not only reduced active material loss but also
improved the electrolyte electrochemical stability during
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redox reactions via the interactions between BOB− and Cs+ as
well as between fluoride and the CH2 group of G4 solvent
(Figure 28c and 28d).637 More recently, instead of using CsF
salt, a widely available potassium salt, potassium bifluoride
(KHF2), was employed as the F− source. To increase the salt
disassociation, the 18-crown-6 ether (18C6) was introduced as
a CA to interact with potassium ions, significantly boosting the
mobility of fluoride ions with an ionic conductivity of 1.72 mS
cm−1 (Figure 28e). As depicted in Figure 28f, the consequent
BiF3 electrode achieved a discharge specific and a charge
specific capacity of 263 and 184 mAh g−1, respectively. In
contrast, a higher voltage−polarization was observed for the

KF salt-based electrolyte with a reversible specific capacity
below 140 mAh g−1. It is interesting to note that the fluoride
ions existed in the form of [(FH)F]−, shuttling between the
two electrodes during cycling. In addition, the HF generated
from the equilibration reactions of [(FH)F]− was considered
to dissolve metal fluorides, further enhancing the fluorination/
defluorination reactivity of metal fluorides.638 Based on these
results, the AA (or CA) type as well as fluoride salt/AA (or
CA) ratio should be carefully regulated to achieve high
mobility of fluoride ions and to suppress the loss of active
material. Furthermore, other types of supporting fluoride salts
with higher dissociation levels (compared to the common

Figure 29. Developments of “water-in-salt” aqueous electrolytes in FIBs. (a) Charge−discharge curves of the Cu electrode in 16 m KF aqueous
electrolyte at 500 mA h g−1. (b) CV results for different cycles at a scan rate of 1 mV s−1. Reproduced with permission from ref 647. Copyright
2022 Royal Society of Chemistry. (c) ESW expansion using 25 m CsF aqueous electrolyte compared to pure water and other aqueous electrolytes.
(d) The fraction of free water molecules calculated from the MD simulation. Fluoride-ion chemical species and electronic environment: (e) pH as a
function of concentration, suggesting a decrease in the HF content, and (f) 19F NMR spectroscopy. Reproduced with permission from ref 649.
Copyright 2023 American Chemical Society.
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CsF) should be explored. However, it should be noted that
ultimately, after enhancing the fluoride-ion solvation, the
reactivity of fluoride ions may probably be suppressed due to
the high desolvation energy of fluoride ions on the electrode
surface, which can affect the electrochemical storage/release of
F− during cycling.
4.2.3. Aqueous Electrolytes. Compared with other

electrolyte systems, aqueous solutions typically possess out-
standing merits of having high ionic conductivity, having low
cost, and being environmentally benign, which have gained
attention for developing liquid RT FIBs. In 2019, Chen and
co-workers applied an aqueous NaF salt solution to operate a
rechargeable FIB based on a TEMPO cathode and a BiF3
anode. To prevent side effects of insoluble compounds from

both electrodes, an anion exchange membrane was placed to
ensure only F− transported between the cathode and the anode
during cycling. This FIB delivered a discharge capacity of 89.5
mAh g−1 (based on the mass of BiF3) after 85 cycles at 1000
mA g−1 as well as good rate capability.591 However, the
voltage−polarization was notably larger (∼1.0 V) compared to
that observed in LIBs. Additionally, the possibility of creating
HF or bifluoride in the aqueous electrolyte and the electrolyte
compatibility toward electrode materials were not examined.
Besides NaF salt, KF, which boasts a high solubility of 16 m in
an aqueous solution, has recently attracted much interest for
FIBs. As demonstrated by Ji et al., a “water-in-salt” electrolyte
of 16 m KF (KF·3.47H2O) facilitated the reversible F− storage
process of commercial Cu powder, mitigating the dissolution

Figure 30. Fluorine-containing electrode materials for SIBs. (a) Calculated potentials for conversion reactions between transition metal oxides or
fluorides with Na. (b) Voltage vs capacity of SIB electrode fluorinated materials. Reproduced with permission from ref 655. Copyright 2011
Elsevier. (c) 3D Na+ migration pathways with the energy landscape predicted by the NEB method in the NaxFe2F7 structure. (d) Voltage curves of
the Na2Fe2F7 cathode within the range of 1.5−4.3 V at a charge current rate of C/20 and various discharge current rates. Reproduced with
permission from ref 54. Copyright 2021 Elsevier. (e) Comparison of the predicted redox potential of NaxTiFeF7 and its experimentally tested
charge/discharge curves. (f) The energy landscape determined by the NEB method in the Na2TiFeF7 structure. Reproduced with permission from
ref 656. Copyright 2022 Wiley-VCH.
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associated with the active material for the reversible conversion
between Cu and CuF2 (the charged product of Cu).
Furthermore, the KF solid embedded into the Cu electrode
acted as part of the active material, contributing to a higher
specific capacity of 222 mA h g−1 (based on the Cu mass) in
the initial cycle. It was observed that the cathodic peaks shifted
to a higher potential to reduce the electrochemical polar-
ization, which aligned with the voltage curves. (Figure 29a and
29b).647 Soon after, a “water-in-salt” aqueous electrolyte
composed of 7.5 M KF and 1.5 M KOH was designed,
expanding the electrolyte stability window to ∼2.1 V. Taking
advantage of this electrolyte, a Zn||Cu battery based on the F−

shutting was constructed, realizing an improved discharge
platform of 1.9 V and a steady operation over 1600 cycles.648

This finding combined the advantages of the high conversion
voltage of metal fluoride and the low-cost, environmental
friendliness of Zn||Cu batteries. Most recently, the ESW of
aqueous electrolytes was significantly increased to 3.1 V by
dissolving 25 m CsF in water. As reflected in the 17O NMR
spectroscopy and MD simulation, the 25 m CsF electrolyte
displayed an increased fraction of ion pairs and aggregates in
addition to the elimination of free water molecules (compared
with 1 m CsF), which confirmed the mechanism behind the
expanded ESW (Figure 29c and 29d). More significantly, the
chemical stability of fluorides was investigated through 19F
NMR coupled with pH measurements, demonstrating that HF
formation was almost completely suppressed (Figure 29e and
29f). Therefore, the dissolution of active materials from
electrodes such as Pb|PbF2 and CuF2 was inhibited, offering
improved cycle stabilities.649

To conclude, in terms of solid-state electrolytes, the high
operating temperature (e.g., >150 °C), low ionic transport
capability, and poor interfacial contact remain challenging for
most of the fluorite-type and tysonite-type solid-state electro-
lytes. Novel fluoride structures and modification strategies are
urgently needed to promote the development of F− conducting
solid-state electrolytes. Liquid electrolytes permit FIBs to
operate at ambient temperature with minimal internal
resistance. Nevertheless, several issues persisted, as outlined
in Table 4. The majority of fluoride salts exhibit limited
solubility in organic solvents, leading to low ionic conductivity.
Besides, the narrow ESW strongly constrains the selection of
active materials, thus lowering the energy density of FIBs.
Dissolution issues related with active material are another main
concern that cause unsatisfactory cycle stability. Notably, due
to the high chemical reactivity of F− ions, most liquid
electrolytes are corrosive and toxic toward cell components. To
achieve high ionic conductivities and simultaneously inhibit
nucleophilic β-hydrogen elimination and/or other nucleophilic
fluoride attacks, novel fluoride salts (other than the common
CsF) and/or suitable solvents should be explored. Besides,
suitable anion acceptors acting via forming a complex with the
F anion or cation acceptors interacting with cations can be
employed for promoting the dissociation of fluoride salts. It
should be noted that the anion acceptors may also facilitate the
loss of active materials. For a more comprehensive overview of
electrolyte advancements in rechargeable FIBs, readers are
encouraged to refer to several excellent reviews.41,276

5. FLUORINE CHEMISTRY IN OTHER RECHARGEABLE
BATTERIES

5.1. Na- and K-Based Batteries

5.1.1. Fluorine-Containing Electrode Materials in Na-
Based Batteries. As mentioned above, fluorine is the most
electronegative element with χ = 3.98 compared to 3.44 for
oxygen on the Pauling scale, contributing to more ionic M−X
bonds in fluorides and thus higher redox potentials of
transition metal ions than oxygen ions (Figure 30a and
30b).54,650 In addition, in contrast to polyanions such as PO4

3−

and SO4
2−, the lower molecular weight of F− is favorable for

enhanced specific capacity. Generally, F-based inorganic or
organic compounds are more stable against oxidation.
Therefore, F-containing compounds (NaxMyFz) can combine
the benefits of the large gravimetric energy density of layered
NaxMO2 with the high structural stability of polyanions, which
has been proposed as promising cathode materials for SIBs.54

A summary of the main characteristics of fluorinated materials
as the cathode materials of SIBs has been thoroughly reviewed
by Maisonneuve et al.;651 readers are encouraged to refer to
this review dedicated solely to fluorinated cathodes based on
the material structures and other related reviews focused on
transition metal oxyfluorides, transition metal fluorides,
etc.113,652 Here, we mainly discuss some representative cathode
materials of SIBs with the best overall performance, especially
for 3D materials, analyzing the structure characteristics for
further improving highly reversible/stable Na+ uptake/release.

The metal difluorides (MF2) synthesized from the
decomposition of metal trifluoroacetates were first employed
in SIBs in 2014. Different from the direct conversion reaction
with Li, FeF2 reacted with Na by direct conversion at the
surface region; then, it reacted heterogeneously with Na to
convert to Fe3+ and Fe0.653 This work proved the
disproportionation reaction mechanism in the conversion
system, which helped to understand the nanoscale sodiation
in metal difluorides. Sun et al. prepared a FeF2-reduced
graphene oxide nanocomposite. When associated with a PAA
(poly(acrylic acid)) binder, the reversible capacity of the
nanocomposite was greatly improved from 100 to 175 mAh
g−1 and the high-rate capability was also achieved with a
capacity of 78 mAh g−1 at 10 A g−1.654

To increase the capacity based on conversion reactions, the
oxyfluoride FeOF has also been employed in SIBs. FeOF was
studied by Deng et al. for insertion−conversion reactions in
SIBs, which was prepared through a facial alcohol-assisted
solvothermal method. The obtained FeOF nanorods delivered
a high reversible capacity of ∼250 mAh g−1 after 20 cycles at
10 mA g−1.657 Afterward, FeO0.7F1.3/C nanocomposite was
synthesized via a solution process for Na storage. This cathode
material displayed a high initial discharge capacity of 496 mAh
g−1, a reversible capacity of 388 mAh g−1 at 50 °C, as well as
satisfactory capacity retention of 92.8% after 50 cycles.
Furthermore, it was elucidated that the reaction mechanism
of FeO0.7F1.3/C included a hybridized mechanism of both
intercalation and conversion reactions. The initial discharged
products were NaF, Fe nanoparticles, and a newly formed rock
salt phase (Na1.4FeO1.4F0.6). Then, the phase separation was
observed during recharging, inducing huge irreversible capacity
loss in the first cycle. As the competitive reactions involved the
rock salt phase and rutile components could improve the
cycling stability of nanosized electrode materials,658 the
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authors then proposed that the phase separation could stabilize
the desodiation reactions during subsequent cycles.

Apart from the above-mentioned potential high gravimetric
energy densities, most NaxMyFz materials exhibit excellent
structural stability in the Na-deficient phase compared with
layered NaxMO2, attributed to their three-dimensional frame-
work. Using a similar solvothermal method for the preparation
of NaFeF4 except at elevated temperature (230 °C), NaF was
introduced into the one-dimensional (1D) FeF3·3H2O host to
stabilize the lattice structure, obtaining the novel weberite
Na2Fe2F7 (via the Fe2+/Fe3+ redox reaction). A high insertion
voltage of 3.25 V vs Na+/Na was achieved, but the Na2Fe2F7
cathode delivered a rather low discharge capacity of 58 mAh
g−1 and poor cyclability.659 A more recent report by Kim et al.
demonstrated the NaxFe2F7 cathode material with the crystal
structure composed of point-shared FeF6 octahedra could
deliver a high capacity of 184 mA h g−1 at C/20 (1 C = 184
mA g−1), attributed to a single-phase reaction without phase
transition and negligible volume change during Na+ extraction/
insertion.. The activation barrier energies for Na+-ion
migration in NaxFe2F7 were theoretically predicted by the
nudged elastic band (NEB) according to first-principles
calculations (Figure 30c), revealing the low activation barrier
energies for efficient Na+ diffusion along 3D pathways. This
structure characteristics favor a long-term cycle span of over
1000 cycles at 2 C with ∼88% capacity retention and an
outstanding rate capability, as shown in Figure 30d.54 Although
Na2Fe2F7 had the best reported performance for weberite
cathode, the relationships between the structures and the
properties remained unclear. To investigate the structure
features and electrochemical behavior of the Na2Fe2F7
weberite cathode in detail, an experimental−computational
approach was adopted by Foley et al.660 The results showed
that Na2Fe2F7 was metastable with a mixture of polymorphs
(e.g., the orthorhombic (2O), trigonal (3T), and monoclinic
(4M) weberite polymorphs). As the Na2Fe2F7 phases preferred
to transform to the more stable NaFeF3 perovskite, the
cathode experienced capacity fading upon cycling. Interest-
ingly, these various polymorphs would not exert a large impact
on the Na storage behavior, as indicated from the first-
principle investigations. Further comprehensive investigations
on regulating the weberite polymorphism and phase stability
for advanced SIB cathodes are needed.

Except for Na2Fe2F7, the weberite structure contains a large
family of materials featuring the chemical formula of
Na2MIIMIIIF7 (e.g., MII = Mg, Fe, Mn, Co, Ni, etc., MIII =
Al, Fe, Mn, V, Cr),661,662 which have not been employed as
cathode materials for SIBs. Zhou et al. synthesized three
vanadium-based weberite-type fluorides, Na2MVF7 (M denotes
Mn, Fe, and Co), through a polytetrafluoroethylene-assisted
fluorination process. Based on the redox reactions of Fe2+/Fe3+
and V3+/V4+, a reversible capacity of 146.5 mA h g−1 was
obtained for the optimal Na2FeVF7 cathode. Furthermore, 95%
capacity was retained after 200 cycles owing to the robust
crystal structure during repeated Na+ deintercalation/inter-
calation.663 More recently, a novel Fe2+/Ti3+-based fluoride,
Na2TiFeF7, was prepared as a SIB cathode materials. The Fe2+
and Ti3+ ions in the Na2TiFeF7 structure enabled the full
utilization of Ti3+/Ti4+ and Fe2+/Fe3+ redox couples for a high
specific capacity of ∼185 mAh g−1 at C/20 (1 C = 189 mA
g−1). Moreover, the high Fe2+/3+ redox potential (∼3.75 V vs
Na+/Na) increased the average operating voltage of the
cathode to 3.37 V (Figure 30e). Notably, the Na2TiFeF7

cathode still delivered a specific capacity of ∼136 mAh g−1

even at 5 C, which was associated with the low activation
energy barriers (∼477.68 meV, Figure 30f) and low band-gap
energy (∼1.83 eV) for high-power SIB applications.656

MX3-type fluorides, in particular FeF3, have been widely
studied for SIBs. Among its three allotropic varieties (ReO3,
hexagonal tungsten bronze (HTB), and pyrochlore), the
hydrated FeF3·0.33H2O HTB has gained visibly increasing
interest in recent years due to its high average voltage (∼2.74
V vs Na/Na+), high theoretical specific capacity, nontoxicity,
and low cost.664,665 The presence of cavities could remove
water molecules from the [001] hexagonal channels and insert
Na+ ions. In 2013, an HTB-type FeF3·0.33H2O was
synthesized through a solid−solid transformation, where
thermally vulnerable channels in FeF3·3H2O were expanded
into more robust ones. At the same time, the microsized
precursor underwent particle nanosizing. During this process,
the characteristic Fe-based octahedral chains isolated in FeF3·
3H2O precursor were preserved, mainly due to the infiltration
and capping of IL (1-butyl-3-methylimidazolium tetrafluor-
oborate (BmimBF4)), followed by the alleviated release of
hydration H2O from FeF3·3H2O. Beneficial from the well-
suited Na-insertable cavities, this HTB-type FeF3·0.33H2O
electrode (wired by 10 wt % single-wall CNT (SWCNTs))
delivered a high discharge capacity of 130 mAh g−1 in the first
cycle and good capacity retention (74 mAh g−1) after 50
cycles.666 Despite these advantages, the low electronic and
ionic conductivities of FeF3·0.33H2O, induced by the highly
ionic character of the Fe−F bond, strongly hinder the practical
application of SIBs. To improve the electrochemical perform-
ance, the FeF3·0.33H2O nanoparticles were packaged into 3D
ordered mesoporous carbons (3D-OMCs) to serve as a SIB
cathode material, where the 3D-OMCs as the carbon source
facilitated the electron transfer and shortened the Na+ diffusion
path while improving the structural stability and suppressing
nanoparticle aggregation upon the Na+ deintercalation/
intercalation. Besides, 3D-OMCs provided a large surface
area for high mass loading as well as increased contact area of
the electrode|electrolyte interphase. Consequently, the FeF3·
0.33H2O@3D-OMCs nanocomposite exhibited a high first
discharge capacity of 386 mAh g−1 with a steady capacity of
238.0 mAh g−1 over 100 cycles at 20 mA g−1. This
nanocomposite cathode also demonstrated remarkable rate
performance with a reversible capacity of 201 mAh g−1 even at
100 mA g−1.665 Although the electrochemical properties were
enhanced, the intrinsic conductivity of FeF3·0.33H2O was still
the same. Previous studies revealed that the band gap of this
material could be decreased through ion doping, thus
improving the intr ins ic conduct iv i t ies of FeF3 ·
0.33H2O.667−670 For instance, with a smaller ionic radius
(0.0615 nm) than that of Fe3+ (0.0645 nm), Cr3+ is easier to
enter into the lattice of FeF3·0.33H2O. According to the DFT
calculation results, Cr3+ doping could redistribute the charge of
FeF3·0.33H2O, which reduced the band gap from 0.88 to 0.49
eV to improve its intrinsic conductivity. The optimized
Fe0.95Cr0.05F3·0.33H2O cathode delivered a reversible capacity
of 194.02 mAh g−1 at 0.1 C, which is much larger than that
obtained with the FeF3·0.33H2O cathode (136.47 mAh g−1).
In addition, this doping cathode displayed much lower
impedance than that of the FeF3·0.33H2O cathode, further
proving the increased electronic conductivity of the cathode
material after Cr3+ doping.671 In brief, these findings suggest
that the thermodynamically stable phases of the fluoride-based
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cathodes are promising to achieve excellent electrochemical
performance in SIBs, especially in terms of power capability
and cycle durability.

Although great progress has been achieved, fluoride-based
cathode materials have been limited to a small number of
candidates. In addition, presodiation is required for some of
these developed fluoride-based cathodes to utilize their high
theoretical capacities. More notably, owing to the large band-
gap energies and low electronic conductivities, fluoride-based
cathode materials typically suffer from poor electrochemical
kinetics, which further causes rapid capacity deterioration,
especially at high charging rates, significantly restricting their
applications in SIBs.
5.1.2. Fluorinated Electrolytes in Na-Based Batteries.

Similar to Li-based batteries, the battery performance of SIBs is
largely determined by the selection of electrolytes,672−674

especially the stability of the electrolytes toward the high
electrochemical polarization of both the cathode and the
anode. The ability to form passivation layers on the electrode
surfaces must be considered for the stable operation of SIBs.

Encouraged by the positive results obtained from Li-based
battery systems, the effect of FEC on the performance of SIBs
was first examined in 2011, revealing an improved reversibility
insertion/extraction of Na+ ions for the hard carbon (HC)
anode and the NaNi1/2Mn1/2O2 cathode. Besides, FEC
benefited the passivation of Na metal anode for suppressing
undesirable reactions, thus enhancing the deposition/dissolu-
tion of metallic Na with higher reversibility.675 The favorable
role of FEC toward both the anode (e.g., hard carbon, Na
metal) and the cathode (e.g., Na0.44MnO2) material was further
verified by researchers, demonstrating the formation of a
desirable passivation layer with FEC for improving the cycle
stability and of SIBs.676−679

Very recently, a unique SEI was designed via in situ
preimplantation of F atoms rooted in Na metal.680 As a
fluorine booster, the soluble functional molecule, amide
molecule bis(trifluoroacetamide) (ECDA), can be anchored
onto the Na metal. Owing to the strong induction effect and
electrostatic repulsion of Na toward ECDA, abundant FEC-
decomposed F atoms were driven to penetrate deeply into the

Figure 31. F-containing additives and (co)solvents for stable operation of Na-based batteries. (a) AIMD simulations with ECDA and FEC.
Reproduced with permission from ref 680. Copyright 2023 Elsevier. (b) Binding energies and bond lengths of FEC−ClO4

−, TPFPB−DME,
TPFPB−EC, and TPFPB-ClO4

− through H−O, B−O, B−O, and B−O interactions, respectively. (c) XPS spectra of F 1s using electrolytes without
and with TPFPB additive. Reproduced with permission from ref 685. Copyright 2023 Wiley-VCH. (d) LUMO and HOMO energy values of
electrolyte components. (Inset) Electrostatic potential mapping of these components. Reproduced with permission from ref 686. Copyright 2022
Wiley-VCH.
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Na metal from the outside inward, which resulted in a desired
functional rooted interphase (Figure 31a). Afterward, this
interphase promoted the generation of a multilayer, inorganic-
rich (e.g., NaF, NaxN, and Na2O) SEI with a concentration
gradient, ultimately enabling a high CE of 97.3% with an
extended Na plating/stripping lifetime (1700 h) at 1 mA cm−2.
In addition, the 4.5 V Prussian Blue||Na@Cu battery delivered
a high capacity retention of 86% over 200 cycles with a limited
amount of Na.680 Unfortunately, these strategies failed to
satisfy the wide temperature applications of SIBs. Generally,
unwanted electrolyte decomposition on the cathode surface
aggravates rapidly with increasing temperature, where the
unstable CEI layer is commonly accompanied by continuous
electrolyte decomposition, surface reconstruction, and capacity
fading.681−683 In addition, the defects of the uncontrollable
CEI would be further aggravated with high-voltage and high-
temperature conditions.684 Recently, Chou and co-workers
introduced an anion receptor tris(pentafluorophenyl)borane
(TPFPB) containing an electron-deficient B center, which
preferentially oxidized for constructing the NaF-rich CEI layer.
The strong interactions between the ClO4

− anion and the
TPFPB additive effectively reduced the involvement of ClO4

−

in the first solvation sheath and contributed to facilitated
coordination capability between organic solvents and Na+
cations, which greatly enhanced the antioxidative stability
(Figure 31b and 31c). With the TPFPB-containing electrolyte,
the resulting Na3V2(PO4)3 cathode delivered a capacity
retention of 86.9% over 100 cycles, when operated with a
high cutoff voltage of 4.2 V (vs Na+/Na) and at a high
operating temperature of 60 °C. This electrolyte also exhibited
promising performance over a wide temperature range from
−30 to 60 °C, highlighting the significance of tailoring the
solvation chemistry for high-voltage and high-temperature
SIBs.685

Learning from the Li-based battery electrolyte systems,
fluorinated “inert” diluents have been successfully employed in
SIBs for tuning the solvation structure and the related
electrochemical behavior. In 2018, Zhang et al. designed a
LHCE in SIBs by introducing a hydrofluoroether diluent (i.e.,
BTFE) to decrease the concentration of NaFSI−DME
electrolyte to less than 1.5 M.687 Taking advantage of the
“inert” nature of the fluorinated diluent, the interphasial
reaction kinetics and interphasial stability of the Na metal
anode were largely improved, which was attributed to the
formation of a F-enriched protective SEI layer. Consequently, a
dendrite-free Na deposition process along with stable cycling
(90.8% capacity retention over 40000 cycles) and fast charging
(20 C) were achieved in the Na||Na3V2(PO4)3 battery.
Afterward, the authors reported a nonflammable LHCE
composed of NaFSI-triethyl phosphate (TEP)/TTE (1:1.5:2
in molar ratio) for highly reversible SIBs. This electrolyte
stabilized the interphases on both the layered Na-
Cu1/9Ni2/9Fe1/3Mn1/3O2 (Na−NCFM) cathodes and the HC
anodes, enabling high CE and long-term cyclability for the
HC||Na−NCFM full cells.688

More interestingly, fluorine chemistry has also been utilized
in designing novel salts for SIBs. Despite high ionic
conductivity, NaPF6 is susceptible to undergoing hydrolysis,
leading to toxic species such as HF and POF3 and posing
severe safety concerns.689,690 Meanwhile, alternative Na salts
suffer from poor electrochemical performance, severe safety
concerns, or high cost. Borate anions with various attractive
features have gained interest as electrolyte salts recently,

especially when possessing varying degrees of fluorination for
greater ESW. Wright et al. prepared a series of Na borate salts
with varying steric and electronic properties, where Na[B-
(hfip)4]·DME (hfip = hexafluoroisopropyloxy, OiPrF) and
Na[B(pp)2] (pp = perfluorinated pinacolato, O2C2(CF3)4)
stood out with increased oxidative stability as well as excellent
electrochemical performance.691

Combining the Na anode with an abundant, nontoxic, and
high-capacity (1675 mAh g−1) sulfur cathode, sodium−sulfur
(Na−S) batteries have been technologically attractive for grid-
scale energy storage. High-temperature Na−S batteries have
been commercialized since 2002 with a high efficiency of
∼100% as well as a theoretical energy density of 760 Wh kg−1

(based on both the Na anode and the sulfur cathode), the
safety concerns and additional maintenance costs brought by
the high operating temperature (300−350 °C) still remain
unsolved. Besides, the capacity utilization of the sulfur cathode
is only ∼1/3 of the theoretical value, which is ascribed to the
incomplete sulfur conversion reactions. Motivated by these
issues, increasing efforts have been focused on RT Na−S
batteries, which operate through a complete sulfur conversion
with sodium sulfide (Na2S) as the final discharge product
instead of Na polysulfides, improving the theoretical energy
density to 1274 W h kg−1. Nevertheless, RT Na−S batteries
are strongly restricted by low reversible capacity, serious self-
discharge, and insufficient cycle stability, which are mainly
attributed to the incompatible electrolyte systems toward the
electrodes. By introducing FEC as the electrolyte cosolvent,
Wang et al. discovered that the solubility of Na polysulfides in
the electrolyte was successfully inhibited due to the low
binding energy between FEC and Na polysulfides. Meanwhile,
a stable and robust F-rich SEI was generated on the anode,
protecting the Na metal from dendrite growth.692 Recently,
their continuous work demonstrated highly reversible long-
term Na−S batteries through developing an all-fluorinated
electrolyte, consisting of 2,2,2-trifluoro-N,N-dimethylaceta-
mide (FDMA) as solvent, 1,1,2,2-tetrafluoroethyl methyl
ether (MTFE) as antisolvent, and FEC as additive. The
MTFE with a reduced HOMO value would strengthen the
electrolyte antioxidative stability. Besides, the decreased
negative charge density of the FDMA−MTFE system could
suppress the dissolution of polar polysulfide and also lead to
weak solvation of Na salts, which contributed to anion-
dominated SEI construction (Figure 31d). It was also
demonstrated that the FDMA solvent and FEC additive
controllably reacted with Na polysulfides to form a NaF- and
Na3N-rich CEI, enabling a “quasi-solid-phase” Na−S con-
version. As a consequence, the RT Na−S batteries delivered a
high reversible capacity of 1114 mAh g−1 (based on the mass
of sulfur) along with an extended lifespan.686

5.1.3. Fluorine-Containing Electrode Materials in K-
Based Batteries. Typically, the larger radius of K+ (1.38 Å)
than Li+ (0.76 Å) and Na+ (1.02 Å) causes sluggish
intercalation kinetics, which further leads to low storage
capacity, unsatisfactory rate capability, and poor cycle stability
of PIBs. Thus, exploring appropriate host materials for high-
performance PIBs is urgently needed.693 In PIBs, polyanion
compounds possessing 3D open-framework structures have
been extensively explored as cathode materials due to the fast
K+ diffusion kinetics and high redox voltages, among which
fluorophosphates and fluorosulfates have attracted great
interest.694−700 As early as 2012, a family of potassium
fluorosulfates, KMSO4F (M = Fe, Co, and Ni), has been
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explored for the insertion/extraction of various alkali ions
including Li+, Na+, or K+. KFeSO4F crystallizes in an
orthorhombic unit cell (space group Pna21), and its structure
consists of chains of FeO4F2 octahedra linked via F− ions. With
the removal of K+ from KFeSO4F (Figure 32a), no obvious
structural change was observed for the K0.55MSO4F composi-
tion. Further removal of K+ (x < 0.5) leads to a new oxidized
phase with a formula of “FeSO4F”. Notably, this new phase
with large and empty channels displayed excellent versatility as
reversible hosts for a variety of alkali guests.701 Afterward, a
mechanistic investigation for the K+ removal from the
KFeSO4F cathode was conducted. Based on the first-principles
calculations, the mechanism that induced this phase transition
upon K+ extraction was studied at the atomic scale. It was
unveiled that the crystal structure was stable for the phase
transition from KFeSO4F to K0.5FeSO4F, where only
neighboring Fe2+−Fe3+ pairs were formed through selective
oxidation. The continuous removal of K+ (x < 0.5) would
cause Fe3+−Fe3+ pairs with strong electrostatic repulsion, thus
triggering a structure transition to a more ordered “FeSO4F”
phase (enlarging the Fe3+−Fe3+ distance). Apart from the
structural stability, such strong electrostatic repulsion also
played a critical role in the voltage curve of the cathode, with
multiple voltage plateaus from x = 1 to x = 0.5 and just a single
plateau when x < 0.5 (Figure 32b).702 Nevertheless, the
electronic conductivities of these KMSO4F compounds were
insufficient for achieving high electrochemical performance. To

tackle this issue, Chen et al. synthesized graphene-decorated
KFeSO4F (KFSF@G) submicrometer particles.700 The ball-
milling treatment facilitated a tight wrap of graphene to the
KFeSO4F particle for efficient electron and K+ transport while
largely reducing the particle size to increase reaction sites. The
obtained KFSF@G not only displayed a reversible capacity of
111.5 mAh g−1 with a high average operating voltage of 3.55 V
but also exhibited excellent rate capability with a discharge
capacity of 82.8 mAh g−1 at 5 C (1 C = 128 mA h g−1).
Unfortunately, all of these efforts have not achieved a
satisfactory long-term lifespan of the KFeSO4F-based PIBs.

Compared with the above-mentioned fluorosulfates, V-based
polyanion compounds with enhanced cycle stability have
attracted great interest in recent years. In 2017, KVPO4F was
investigated as a high-voltage cathode material for PIBs,
displaying a reversible capacity of 92 mAh g−1 and a high
average working voltage above 4.0 V (vs K/K+) in 1 M KPF6−
EC/PC electrolyte. Notably, the lattice volume of the cathode
material shrank only 5.8% after charging to 5 V, which was
promising for applying as high-voltage cathodes in PIBs.695 In
these fluorophosphates, F− could be substituted by some O2−

(oxygenation), thus reducing the average working voltage and
reversible capacity. To illustrate the effects of the fluorine, a
stoichiometric KVPO4F synthesized via a two-step reaction
was evaluated by Ceder et al.699 Such KVPO4F cathode
achieved a reversible capacity of ∼105 mAh g−1 along with a
high average voltage of ∼4.33 V (Figure 32c and 32d),

Figure 32. Effect of fluorine on improving the electrochemical performance of polyanion cathode or carbonaceous anode materials in PIBs. (a)
Voltage curve of the Li||KFeSO4F cell starting with the charging process. Reproduced with permission from ref 701. Copyright 2012 American
Chemical Society. (b) Voltage curve predicted for the extraction of K+ from KFeSO4F cathode material. Reproduced with permission from ref 702.
Copyright 2013 Royal Society of Chemistry. (c) Crystal structure of KVPO4F cathode material. (d) Charge/discharge curves of KVPO4F and
KVPO4.36F0.64 in the second cycle at a current rate of 5 mA g−1. Reproduced with permission from ref 699. Copyright 2018 Wiley-VCH. (e) The
optimized mode after absorbing two, three, and four K atoms in the O/F dual-doped carbon (viewed from top and side). Reproduced with
permission from ref 71. Copyright 2019 Wiley-VCH.
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corresponding to a promising energy density of ∼454 Wh kg−1.
In addition, they revealed that intermediate phases at x = 0.75,
0.625, and 0.5 for the KxVPO4F cathode were formed upon
cycling. The oxygenation of KVPO4F not only caused a
disordered structure to suppress the K+/vacancy formation but
also reduced the reversible K+ storage capacity and the
operating voltage. To improve the cycle stability of the
KVPO4F cathode, Chen et al. prepared KVPO4F through
flower-like carbon-coated VPO4 and then enveloped these
primary particles in carbon frameworks (KVPO4F/C). The
carbon framework enhanced the electronic conductivity and
acted as a reducing agent to control the F content in KVPO4F.
It was elucidated that with a higher carbon content in the
KVPO4F/C material, the oxidation of V and the desorption of
F could be suppressed. The optimized KVPO4F/C manifested
a reversible capacity of 103 mAh g−1 at 20 mA g−1 and a stable
cycle life of 900 cycles at 1 A g−1. Such cathode also exhibited
superior discharging capability with a reversible capacity of
87.6 mAh g−1 at 5 A g−1. More promisingly, a full cell based on
this KVPO4F/C cathode and a VPO4 anode demonstrated a
long lifespan of over 2000 cycles, an excellent capacity
retention of 86.8%, and an average CE of 99.5% (at 1 A
g−1).697

As regards the anode materials, since the first report on the
successful electrochemical K+ insertion into graphite by Ji et al.
in 2015,703 carbonaceous materials have become the focus for

PIB anodes because of their low cost, high electronic
conductivity, and environmental friendliness. Unfortunately,
these carbonaceous anodes such as graphite suffer from a low
specific capacity with a theoretical capacity of only 279 mA h
g−1 with the formation of KC8 after discharging along with
poor cycle stability and a huge volume change (61%) upon
potassiation. To enhance electrochemical properties of this
anode material, heteroatom doping was adopted by Chen et
al.71 The F doping was reported to improve the surface
disorder of the carbonaceous material, which could create large
amounts of surface defects to facilitate K+ adsorption. In
addition, the O doping decreased the inert surface area and
generated abundant active sites as well. The codoping of O/F
into the porous carbon framework regulated the electronic
structure of the carbon atoms and enhanced the adsorption of
K+, as suggested by the structural integrity after absorbing a
number of K atoms (Figure 32e). Consequently, the O/F-
codoped anode material achieved a high reversible capacity of
481 mA h g−1 at 0.05 A g−1 and excellent cycle performance
with 92% capacity retained over 2000 cycles at 1 A g−1. Even at
a current density of 10 A g−1, an ultralong lifespan of 5000
cycles can be enabled with a retained capacity of 111 mAh g−1.
In brief, structure modification, carbon coating, and heter-
oatom doping are effective strategies to enhance the overall
electrochemical performance of polyanion (e.g., KVPO4F and
KFeSO4F) cathode or carbonaceous anode materials.

Figure 33. Fluorine-containing salts and electrolyte additives explored in PIBs. (a) Schematic illustration of the SEI constructed with 0.9 M KFSI/
TEP and 2 M KFSI/TEP electrolytes. Reproduced with permission from ref 714. Copyright 2020 Wiley-VCH. (b) LSV measurements of low-
concentration electrolyte (LCE), HCE, and LHCE. (c) XPS F 1s spectra of the NCP anode with different electrolytes. Reproduced with permission
from ref 715. Copyright 2023 Wiley-VCH. (d) DFT calculations for the solvation energies estimated from the binding energy of the clusters.
Reproduced with permission from ref 707. Copyright 2018 Elsevier. (e) Cycle stability of the graphite anode in 0.5 M KPF6−EC/DEC electrolyte
containing 0, 0.1, and 0.2 wt % of KDFP at 1/3 C (1 C = 279 mA g−1). Reproduced with permission from ref 716. Copyright 2020 American
Chemical Society.
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5.1.4. Fluorinated Electrolytes in K-Based Batteries.
As within LIBs, electrolytes play a critical role in deciding the
performance of K-based batteries.704 With regard to the
electrolyte salts, since the electron-withdrawing feature of F
atoms favors high solubility in organic aprotic solvents, most K
salts contain fluorinated anions.705 Wu et al. investigated
various electrolyte formulations based on KPF6, potassium
bis(trifluoromethylsulfonyl)imide (KTFSI), and KFSI salts,
demonstrating that only KFSI/DME electrolyte enabled a
reversible/stable plating/stripping behavior for K metal.706

This result was attributed to the cleavage of weak S−F bonds
in FSI−, forming a stable KF-rich SEI layer. Besides chemical
compositions, the choice of electrolyte salts also affects the
structure, mechanical properties, and electrical properties of
the SEI layer.707−711 As revealed by Guo et al., a thinner SEI
with higher viscoelasticity was formed with the KFSI-based
electrolyte instead of the KPF6-based electrolyte, largely
alleviating the stress induced by volume changes during
plating/stripping of K metal.710 Besides, compared with the
KPF6-based electrolyte, the SEI constructed in KFSI-based
electrolyte exhibited an improved thermal stability with more
thermoduric inorganic species, as evidenced by the decom-
position reaction that occurred at ∼117 °C.712 Afterward, DFT
and MD calculations were conducted to reveal the underlining
mechanism for different salts. Both the KFSI and the KFSI−
solvent complexes exhibited lower LUMO energy levels
compared with the corresponding KPF6 and KPF6−solvent
complexes. The solvation energy of K+ was higher in KFSI-
based electrolyte than that in KPF6-based electrolyte. These
findings suggested that the SEI layer constructed with KFSI
electrolytes was salt anion dominated while the layer with
KPF6 was derived from solvent decomposition.713

Based on KFSI as the conducting salt and the flame-
retardant TEP as the sole solvent, an intrinsically nonflam-
mable electrolyte was demonstrated for K-based batteries.714

Compared with the requirements of highly concentrated
phosphate electrolytes in LIBs and SIBs, a rather dilute
electrolyte with a concentration of 0.9 M was sufficient to run
the K-based battery system. Further optimizing the concen-
tration of the KFSI−-TEP electrolyte to 2.0 M, a uniform and
robust anion-derived SEI layer was constructed along with the
synergistic merits of low cost, low viscosity, and high ionic
conductivity of the optimized electrolyte (Figure 33a),
significantly suppressing the solvent decomposition and
allowing a high CE of 99.6% for K-metal plating/stripping
without dendrites. This advanced electrolyte was superior to
conventional carbonate electrolytes, offering a new avenue for
designing nonflammable electrolytes with high safety.

Following the design of LHCEs in LIBs discussed in section
3.2, a low-polarity diluent that does not dissolve K salts was
introduced to enhance the performance of LHCEs in K-based
batteries. The first attempt adopted the highly fluorinated HFE
as a diluent based on the concentrated KFSI−DME electrolyte,
forming a LHCE with a molar ratio of 1:1.90:0.95 for the
KFSI:DME:HFE components. Such a LHCE displayed higher
antioxidation stability, lower flammability, and higher ionic
conductivity than the concentrated KFSI−DME electrolyte. In
addition, with a durable KF-rich SEI layer constructed on the
surface of graphite, the graphite anode with a high mass
loading of ∼8 mg cm−2 survived for more than 300 cycles with
a reversible capacity of 200 mA h g−1 along with a high CE of
99.5%.717 This report employed LHCE to achieve highly
reversible graphite anodes. However, the influence of “inert”

diluent molecules on the K+ solvation structure and the local
coordination environment is still ambiguous. Later, a fire-
retardant electrolyte was developed by blending concentrated
KFSI−TEP electrolyte with TTE as an “inert” diluent. Results
revealed that such LHCE retained a relatively weakened anion-
coordinated solvation environment and the TTE diluent was
nonsolvated. Combining the synergistic effects of the KFI−

anions and the highly fluorinated diluent, a SEI film containing
well-balanced inorganic/organic species was tailored in situ on
the graphite anode, protecting the graphite anode from
continuous side reactions and meanwhile facilitating the K-
ion transport. Consequently, the graphite anode retained
92.4% capacity retention after 1400 cycles at 0.1 A g−1.155

Apart from the effects on graphite anodes, LHCEs were also
designed to improve the compatibility between electrolytes
and carbon-based anode materials in PIBs. Very recently, a
LHCE was designed by introducing the nonsolvent TTE into
the concentrated KFSI−DME electrolyte. This LHCE broke
the interconnected 3D K+-solvated shell while maintaining the
original individual K+-solvated structure, thus improving the
ionic conductivity and ensuring sufficient oxidation resistance
of the electrolyte (Figure 33b). More promisingly, a uniform
and durable KF-rich SEI layer was formed on the carbonous
(nitrogen-doped carbon spheres, NCP) anode (Figure 33c),
delivering a high reversible capacity of 232.5 mAh g−1 along
with 78.7% capacity retention over 200 cycles.715 These
reports discovered the significance of “inert” diluents
combined with salts and solvents for the design of LHCE
systems for enhanced K-based batteries.

Besides the fluorine-containing salts, appropriate electrolyte
additives can also stabilize the electrode|electrolyte interphase
and further enhance the battery performance, which has been
widely applied in LIBs and SIBs. Among them, as a widely
applied film-forming additive, FEC has demonstrated excellent
capability to solve the interfacial incompatibility of electrolytes
toward reactive metal anodes. Owing to the antioxidative
ability of the F-containing group, FEC additive was adopted to
reduce side reactions of the Prussian blue analog (PBA)
cathodes in PIBs, thus increasing the CE and cycle stability of
the K||PBA half cell.718,719 However, the FEC additive
sometimes worsened the electrochemical performance of full
cells, especially when intercalation-based or alloy-based anode
materials were used. This may be related to the excessive
reduction of FEC that induces undesirable SEI formation
during repeated cycling.720 Through DFT calculation, Guo et
al. verified that the electrolyte with FEC increased the
solvation energy from 0.305 to 1.281 eV (Figure 33d),
pointing out a larger resistance for the K+ diffusion and
desolvation in the FEC-containing electrolyte, thus leading to
poor performance.707 Similarly, the addition of FEC exerted a
negative influence on the electrochemical performance of the
Sn4P3 anode with fast capacity decay at high current rates. The
FEC additive generated more components with carbonyl
groups and K−F bonds in an unstable SEI layer that failed to
suppress continuous side reactions, resulting in the quick
resistance increase and rapid capacity degradation.708 Later,
such excessive SEI layer induced by FEC additive was further
observed by Mai et al., displaying a lower initial CE of 58%. In
addition, FEC stimulated a large amount of electrolyte
decomposition, which inevitably led to an increase in cell
resistance and a decrease in capacity.709 Contrary to the
unfavorable role of FEC additive on these anodes, by
employing potassium difluorophosphate (KDFP) as additive
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to the KPF6−EC/DEC electrolyte, Matsumoto et al.
successfully constructed a stable K+ conducting SEI (enriched
in KF and POx species) on the graphite anode, which
promoted a highly reversible capacity of 274 mAh g−1 with the
formation of a suitable potassium−graphite intercalation
compound (K−GIC, KC8).

716 The KDFP electrolyte enabled
a fast depotassiation/potassiation kinetic process, an increased
cyclability with 76.8% capacity retention, and a high average
CE of ∼99.9% over 400 cycles (Figure 33e). To briefly
summarize, compared with the favorable effects of FEC
additive on forming stable and robust SEI layers in LIBs and
SIBs, the role of FEC in PIBs remains unclear and needs
further investigation. Other effective functional F-containing
additives should be explored to avoid undesired reactions
between the anode materials and the electrolytes. It is
noteworthy that the full cell performance, including both the

cathode and the anode, should be implemented to reveal the
real functions of these additives.

Overall, fluorinated electrode materials are of great interest
to SIBs, where F− anions (compared with large polyanions
such as PO4

3−, SO4
2−) can improve the specific capacity and

fluorinated compounds are relatively stable against oxidation.
The research is currently focusing on 3D fluorinated phases
such as cubic perovskite fluorides due to their high-power
capability and 3D network stability, but further investigation is
needed to regulate polymorphism and phase transition during
Na+ storage. Furthermore, establishing structure−performance
relationships of these materials can reduce the activation
energy barriers and lower the band-gap energy for efficient Na+
diffusion. For PIBs, though 3D open-framework polyanion
compounds (e.g., potassium fluorophosphates and fluorosul-
fates) can enable fast K+ diffusion and high redox potential, the
low electronic conductivity of these materials requires surface

Figure 34. Fluorine chemistry in aqueous multivalent metal-based batteries. (a) Time−voltage curves for Zn||Zn and Zn@ZnF2||Zn@ZnF2
symmetrical cells at 10 mA cm−1 with a plating/stripping capacity of 1 mAh cm−2. (b) In situ optical observation results of the Zn deposition
morphologies on the Zn foil and Zn@ZnF2 electrode at a current density of 10 mA cm−2 for 20 min. Reproduced with permission from ref 722.
Copyright 2021 Wiley-VCH. (c) TEM images of the cycled Zn anode surface in 4 m Zn(OTf)2 + 0.5 m Me3EtNOTF. Reproduced with permission
from ref 723. Copyright 2021 Springer Nature. (d) Illustration of the surface evolution mechanism. (Upper panel) Zn dendrite growth in aqueous
electrolytes. The water-passivation-induced porous ZnO layer (purple) constantly breaks and reforms, leading to nonuniform Zn electrodeposition,
dendrite formation, and dead Zn during Zn plating/stripping. (Lower panel) Formation mechanism of ZnF2−Zn5(CO3)2(OH)6−organic SEI. The
presence of NO3

− promotes the formation of an electrically and ionically insulating Zn5(OH)8(NO3)2·2H2O layer (red), which subsequently
transforms into an electrically insulating but ionically conductive SEI in which the ZnF2−Zn5(CO3)2(OH)6 inner part is coated by the organic
outer part. Reproduced with permission from ref 724. Copyright 2021 Wiley-VCH. (e) Galvanostatic discharge profiles of Zn−air cells in KOH
(blue) and Zn(OTf)2 (red) electrolytes at 0.2 mA cm−2 (cutoff voltage: 0.6 V). The corresponding ZURs are indexed for comparison. (Insets)
Photographs of the pristine Zn anode (middle), the Zn anode after discharge in KOH (left), and Zn(OTf)2 (right) electrolytes. (f) Schematic
illustration of reaction processes in the inner Helmholtz layer (IHL) and outer Helmholtz layer (OHL) at the surface of the air cathode in
Zn(OTf)2 and ZnSO4 electrolytes, respectively. Reproduced with permission from ref 725. Copyright 2021 The American Association for the
Advancement of Science.
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modifications. Meanwhile, V-based fluorosulfates offer high
working voltages when used as cathodes, but the fluorine to
oxygen ratio should be controlled to prevent disordered
fluorosulfate structures. Analogous to Li-based batteries,
fluorine substitution in cosolvents/solvents and additives can
address critical issues in SIBs and PIBs, including interphasial
instability, flammability, and capacity decay under fast charging
or wide temperature ranges. Notably, strategies from
fluorinated electrolytes in Li-based electrolytes cannot be
directly applied to SIBs and PIBs, for instance, FEC exhibits a
negative influence on certain anodes by stimulating electrolyte
decomposition and forming unstable interphases. The current
understanding of fluorinated electrolytes and corresponding
interphases in SIBs and PIBs is still in the primary stage, and
efforts should concentrate on these aspects.
5.2. Multivalent Metal-Based Batteries

5.2.1. Aqueous Multivalent Metal-Based Batteries.
Aqueous multivalent metal-based batteries, such as the
aqueous ZIBs, have become a research hotspot owing to the
merits of high safety, high specific capacity, low cost, and
abundant distribution in the Earth’s crust. Zn metal is
considered an ideal anode due to its high theoretical specific
capacity (820 mAh g−1), low electrode potential (−0.76 V vs
standard hydrogen electrode), abundant distribution, and low
toxicity. However, when applied in aqueous electrolytes, Zn
metal anodes still face serious issues such as corrosion
reactions, hydrogen evolution, and uncontrolled dendrite
formation.721 These problems lead to low CE, poor cycle
life, continuous electrolyte consumption, and even internal
short circuits.

Fluoride plays an important role in constructing highly
reversible Zn metal anodes. In 2021, Li et al. devised a novel
approach to create durable Zn metal anodes protected by a 3D
ZnF2 matrix, effectively preventing dendrite formation and
extending the lifespan.722 In their study, a 3D interconnected
ZnF2 matrix was engineered onto the surface of the Zn foil,
denoted as Zn@ZnF2, using a rapid and straightforward anodic
growth technique. This Zn@ZnF2 electrode served as a
versatile protective layer, facilitating the redistribution of
Zn2+ ions and significantly reducing the desolvation active
energy, resulting in stable and efficient Zn deposition. The
findings demonstrated that the Zn@ZnF2 electrode effectively
suppressed dendrite growth, mitigated hydrogen evolution
reactions, and exhibited outstanding plating/stripping of Zn2+/
Zn. In addition, the authors used in situ optical microscopy to
capture the dynamic Zn plating process within 20 min,
revealing the growth of Zn dendrites and large hydrogen
bubbles on the pristine Zn electrode. In contrast, the smooth
Zn deposition was observed on the surface of the Zn@ZnF2
electrode without dendrites or gas bubbles (Figure 34a).
Consequently, the Zn@ZnF2 electrode displayed an impressive
cycle life, exceeding 800 h at a current density of 1 mA cm−2 in
a symmetrical cell test (Figure 34b). This excellent perform-
ance was also confirmed in Zn@ZnF2||MnO2 and Zn@ZnF2||
V2O5 full cells. Notably, a hybrid Zn-ion capacitor employing
the Zn@ZnF2|| active carbon (AC) configuration demon-
strated exceptional durability, maintaining a high capacity
retention of 92.8% over 5000 cycles at an ultrahigh current
density of approximately 60 mA cm−2.

Fluorine chemistry is widely used in aqueous electrolytes
and interface control. Wang et al. reported the development of
an aqueous Zn metal battery.723 They utilized a dilute and

acidic aqueous electrolyte containing 4 m zinc trifluorometha-
nesulfonate (Zn(OTf)2) and an alkylammonium salt (trime-
thylethylammonium trifluoromethanesulfonate, Me3EtNOTF)
as the additive to facilitate the creation of a robust, Zn2+

conducting, and waterproof SEI. TEM analysis revealed the
presence of a 64 nm thick ZnF2-rich interphase on the
deposited Zn surface when Me3EtNOTF was introduced
(Figure 34c). This SEI acted as an electron barrier, preventing
the reduction of water while allowing the migration of Zn2+.
The presence of this SEI led to outstanding performance,
including dendrite-free Zn plating and stripping, a remarkable
99.9% CE over 1000 cycles in a Ti||Zn asymmetric cell, stable
cycling behavior for 6000 cycles (equivalent to 6000 h) in a
Zn||Zn symmetric cell, and impressive energy densities in full
cells with limited Zn source (e.g., 136 Wh kg−1 in a Zn||
VOPO4 full cell with 88.7% capacity retention over 6000
cycles; 218 Wh kg−1 in a Zn||MnO2 full cell with 88.5%
capacity retention over 1000 cycles). Furthermore, the
electrolyte is conducive to SEI formation, allowing the
reversible operation of an anode-free pouch cell. The Ti||
ZnxVOPO4 full cell can be cycled at 100% depth of discharge
for 100 cycles, enabling aqueous Zn-based batteries as practical
and viable energy storage systems for various applications.
Wang et al. also reported the development of a Zn-ion
conductive, water-resistant, and ZnF2-rich SEI on the Zn
anode.724 A designed low-concentration aqueous electrolyte
composed of fluorine-containing Zn(OTf)2 and Zn(NO3)2 was
developed. This electrolyte facilitated the in situ formation of a
robust SEI with an inorganic inner layer made of ZnF2 and
Zn5(CO3)2(OH)6 to enhance Zn-ion diffusion, and an organic
outer layer acted as a barrier against water infiltration. Their
research revealed that the initial layer formed on the Zn anode
surface was an insulating Zn5(OH)8(NO3)2·2H2O, resulting
from a self-terminated chemical reaction involving NO3−, Zn2+,
and OH− generated through the hydrogen evolution reaction
(HER). Subsequently, this inorganic layer transformed into
Zn-ion conducting Zn5(CO3)2(OH)6, promoting the forma-
tion of ZnF2 as the inner layer (Figure 34d). The organic-
dominated outer layer was established through the reduction
of OTf−. This in situ-formed SEI exhibited remarkable
performance, achieving a high CE of 99.8% over 200 h in
Ti||Zn half cells and maintaining a high energy density of 168
Wh kg−1 in Zn||MnO2 full cells with 96.5% capacity retention
after 700 cycles, even with a N/P ratio of 2:1.

Rechargeable Zn−air batteries hold the promise of
delivering both high energy density and safety. However,
they encounter huge challenges due to the sluggish 4-electron
(e−)/oxygen (O2) reaction that relies on water participation.
The electrochemical reversibility stems from unwanted side
reactions driven by the harsh electrolytes and atmospheric
carbon dioxide. In 2021, Winter et al. reported a breakthrough
result in the form of Zn−O2/zinc peroxide (ZnO2) chemistry,
which was operated via a 2-e−/O2 reaction in nonalkaline
aqueous electrolytes.725 The new reaction mechanism
facilitated highly reversible redox reactions for Zn−air
batteries. The success of this ZnO2-based chemistry can be
attributed to the formation of a water-scarce and Zn2+-rich
inner Helmholtz layer (IHZ) on the air cathode, induced by
the hydrophobic trifluoromethanesulfonate anions (Figure
34e). In a nonalkaline electrolyte containing 1 mol kg−1

Zn(OTf)2, the Zn−air battery exhibited a well-defined
discharge plateau at approximately 1.0 V, boasting an areal
capacity of 52 mAh cm−2, corresponding to a specific capacity
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of 684 mAh g−1 (based on the weight of the Zn anode).
Additionally, as shown in Figure 34f, it achieved a remarkable
Zn utilization ratio (ZUR) of 83.1%. In contrast, the Zn−air
battery with an alkaline electrolyte composed of 6 mol kg−1

KOH only achieved a ZUR of 8.1%. The photographic
evidence of pristine and cycled Zn anodes immersed in
different electrolytes confirmed the superior ZUR in the
Zn(OTf)2 electrolyte, where most of the Zn foil dissolves. As a
result, the nonalkaline Zn−air battery not only maintained
stable performance in ambient air but also demonstrated

significantly improved reversibility compared to its alkaline
counterpart. Similar fluorine chemistry-involved electrolyte
engineering strategies can be promisingly extended to other
aqueous multivalent-ion systems (e.g., Mg-ion, Ca-ion, and Al-
ion batteries).

Moreover, F-containing materials have also been applied as
cathodes in aqueous multivalent-ion batteries. In 2021,
Gregorio et al. developed a trigonal Na5V(PO4)2F2 as the
cathode for Mg-ion batteries.726 Beneficial from the multi-
electron transfer redox couples of V4+/V3+ and V5+/V4+, the

Figure 35. Fluorine chemistry in nonaqueous multivalent metal-based batteries. (a) Schematic illustration of passivating adsorption and
nonpassivating adsorption. (Left panel) Passivating anions (TFSI−) adsorb on the Mg anode and form the passivation layer. (Right panel)
Nonpassivating anions (rPDI) with higher adsorption energy repel TFSI− away to prevent Mg anode passivation. (b) Cycling stability of Mg−PDI
full cells with pristine (gray) and rPDI (blue) electrolyte at 15 C under 1 mg cm−2 (1 C = 128 mA g−1). Reproduced with permission from ref 729.
Copyright 2021 American Chemical Society. (c) CEs for Mg plating and stripping in Ex in Mg||SS cells cycled at 0.1 mA cm−2. Mg-ion electrolyte
(Ex): 0.5 M Mg(TFSI)2−DME/Mx (x = 1, 2, 3, or 4). (d) Marcus−Gerischer diagram of electron transfer at the metal electrode|electrolyte
interphase. EF refers to the Fermi level of the metal electrode, and E0 refers to the energy level of the electrolyte and electrode at equilibrium. Red,
green, and black Gaussians represent the DOS of Mg2+ in the electrolyte. The orange curve represents the DOS of other electrolyte components,
and ED refers to the onset potential of the electrolyte decomposition. Reproduced with permission from ref 730. Copyright 2021 The American
Association for the Advancement of Science. (e) CVs of Ca plating/stripping in the electrolyte containing Fc as the internal reference with a three-
electrode configuration using Pt, Ag, and Ca as the working electrode, reference electrode, and counter electrode, respectively, at a scan rate of 80
mV s−1. Reproduced with permission from ref 731. Copyright 2019 Royal Society of Chemistry. (f) Cycling stability of voltage−time curves with a
capacity of ∼0.1 mAh cm−2 at 0.1 mA cm−2 of Ca||Ca symmetrical batteries. Reproduced with permission from ref 732. Copyright 2020 Wiley-
VCH.
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Mg|0.5 M magnesium bis(trifluoromethanesulfonyl)imide
(Mg(TFSI)2)−DME + 0.4 M H2O|Na5V(PO4)2F2 cell
delivered a reversible specific capacity of 136 mA h g−1,
achieving a high energy density of 190 W h kg−1 with an
average discharge voltage of 1.4 V. It should be noted that the
regulation of the F−/O2− ratio in sodium−vanadium
fluorophosphate directly affected the content of V3+/V4+ and
changed the specific capacity of the cathode materials.
5.2.2. Nonaqueous Multivalent Metal-Based Bat-

teries. F-related chemistry also plays an important role in
the development of nonaqueous multivalent metal-ion
batteries (e.g., Mg-ion batteries, Ca-ion batteries, and Al-ion
batteries) as promising energy storage systems owing to the
high energy densities and low cost. The multielectron redox
capability contributes to the high energy density, and the
abundant distribution of these multivalent metal ions in the
Earth’s crust ensures the low manufacturing costs. However,
the larger ionic radii and greater charge density of multivalent
metal ions bring significant challenges associated with slow ion
transport, large polarization, and low reversibility, making them
less competitive than Li-based batteries in the race toward
ever-rising energy density targets.727

A strategy aiming at balancing the protection and passivation
effect of the F-containing layer on the anode surface has been
widely applied to realize high-performance multivalent metal-
ion batteries. For instance, Mg-based batteries often face
several challenges, such as low power density and limited cycle
life, primarily due to the issue of severe passivation of the Mg
anode. Although using nucleophilic electrolytes can effectively
stabilize the Mg anode, their high chemical reactivity prevents
the use of organic and conversion cathodes. To solve this issue,
Lu et al. introduced a nonpassivating anion additive known as
reduced perylene diimide-ethylenediamine (rPDI). This
additive has been proven effective in facilitating rapid and
reversible Mg deposition/dissolution in a straightforward
Mg(TFSI)2−MgCl2-based electrolyte with only a minimal
addition of 0.2 mM rPDI. The ability of rPDI to selectively
adhere to a Mg anode is the key factor for the enhanced
performance, thus repelling TFSI− anions from the surface of
the Mg anode. This prevented TFSI− decomposition and
subsequent Mg passivation (Figure 35a). Leveraging rPDI’s
millimolar-level solubility in the electrolyte, it was employed as
an electrolyte additive in both symmetric cells and full cells.
With the addition of only 0.2 mM rPDI as the electrolyte
additive, Mg symmetric cells with an electrolyte of 0.25 M
Mg(TFSI)2−2MgCl2/DME demonstrated impressive results,
achieving highly reversible cycling performance for 300 h at 1.0
mA cm−2. More importantly, the protective effect of rPDI
persisted even when the electrolyte was exposed to air, which
remarkably extended the cycling stability. Furthermore, the
researchers showcased the performance of a Mg−organic full
cell, demonstrating fast and reversible Mg2+ storage at 50 C
(6.4 A g−1). This configuration achieved a superior specific
power density of 8.78 kW kg−1 and a stable cycle life exceeding
1000 cycles at 15 C. Exceptional areal power density (2.0 mW
cm−2) and energy density (1.6 mWh cm−2) were attained at 1
C, along with the highest reported areal capacity of 1.0 mAh
cm−2 and a stable cycle life extending beyond 200 cycles
(Figure 35b). In another case, Zhao et al. effectively
synthesized magnesium tetrakis(hexafluoroisopropyloxy)-
borate, denoted as Mg[B(hfip)4]2, showcasing its exceptional
characteristics as a viable and efficient electrolyte for
prospective high-energy Mg-based batteries.728

Similar to Mg-based batteries, rechargeable Ca-based
batteries show great promise as alternatives to LIBs due to
the abundant resource of Ca element in the Earth’s crust and
the high theoretical specific capacity. However, these batteries
face significant challenges related to slow reaction kinetics and
unwanted side reactions. Wang et al. developed a significant
breakthrough by demonstrating that multidentate methox-
yethyl-amine chelates [−(CH2OCH2CH2N)n−], located in the
first solvation sheath of Mg2+ and Ca2+, facilitate both highly
reversible reactions on Mg and Ca anodes as well as high-
voltage layered oxide cathodes.730 Specifically, 0.5 M Mg-
(TFSI)2−DME was selected as the baseline electrolyte. Four
types of multidentate chelates (Mx, x = 1, 2, 3, or 4) were
added to the baseline electrolyte to form the electrolytes Ex (x
= 1, 2, 3, or 4). The overpotentials during the Mg plating and
stripping processes were significantly reduced from 2.0 V
(blank) to below 0.1 V (E4) with a high CE of 99.5% (Figure
35c). Solvation sheath analysis demonstrated that the solvation
sheath became less compact and more polarizable, leading to a
decrease in solvation sheath reorganization energy (λ) for
electron transfer (Figure 35d). This, in turn, lowered the
overpotential by preventing electrolyte decomposition and
facilitating stable Mg and Ca plating and stripping. Calcium
tetrakis(hexafluoroisopropyloxy)borate, known as Ca[B-
(hfip)4]2, was developed as a prospective electrolyte for
room-temperature rechargeable Ca batteries, which demon-
strated room-temperature reversible Ca plating and stripping
(Figure 35e), exceptional oxidative stability up to 4.5 V, and a
high ionic conductivity exceeding 8 mS cm−1.731

Wang et al. showcased that a hybrid Na/Ca-based SEI
surpassed a purely Ca-based SEI in achieving stable Ca plating
and stripping processes.732 In the case of fluorine-based
electrolytes like calcium hexafluorophosphate (Ca(PF6)2) and
calcium tetrafluoroborate (Ca(BF4)2) ethers and esters
solutions, Ca metal underwent passivation with a SEI primarily
composed of CaF2 (pure Ca SEI). This CaF2 layer served as
both an ionic and an electronic insulating barrier. Conversely,
when using NaPF6 in an electrolyte composed of EC/DMC/
EMC in a 1:1:1 ratio by volume, an in situ evolution of a
hybrid Na/Ca-based SEI occurred. These hybrid SEIs
exhibited excellent ion conductivity for both Ca2+ and Na+
ions, simultaneously preventing anions from deeply penetrat-
ing and averting uncontrolled decomposition of the electrolyte
upon the freshly deposited Ca. Consequently, long-term Ca
plating and stripping (lasting over 1000 h with minimal
polarization shift) can be reliably achieved by utilizing Ca
metal itself as the current collector (Figure 35f). Furthermore,
Ca metal safeguarded by the hybrid Na/Ca-based SEIs also
maintains impressive high-voltage stability, extending up to 4.5
V when used in full cells.

Aluminum, the third most abundant element in the Earth’s
crust with an oxidation state of 3+, endows the construction of
cost-effective and high energy density batteries, boosting the
high specific capacity in the form of Al metal anodes and
enhanced safety due to its air-stable passive surface layer
compared to Li metal. In 2017, Masashi et al. reported a
fluoropolymer-supported Al3+ conducting solid-state electro-
lyte.733 By tuning the ratio of PVDF and AlCl3 (F/Al ratio),
the optimized Al3+ conductivity at room temperature reached
4.4 × 10−4 S cm−1 with a F/Al ratio of 8. This Al3+ conducting
solid-state electrolyte also showed a stable electrochemical
window of 0−2.4 V vs Al3+/Al, fulfilling the redox potential of
the reported cathode materials of Al-ion batteries. This
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fluoropolymer-based solid-state electrolyte is promising to
eliminate the safety issues such as the leakage of highly
corrosive liquid electrolytes in conventional aluminum-ion
batteries.

The cathode materials of nonaqueous multivalent metal-
based batteries also benefit from fluorine chemistry. In 2021,
Xu and colleagues applied a polyanion fluoride
(Na1.5VPO4.8F0.7, NVPF) as the cathode material for a
nonaqueous Ca-ion battery and achieved a high reversible
performance of over 500 cycles with a low capacity fading of
0.02% per cycle.734 A variety of characterization methods
revealed that the volume change relating to the insertion/
extraction of Ca2+, the diffusion resistances, and the activation
of large Ca2+-ion barriers were successfully suppressed owing
to the rigid open framework of VPO4.8F0.7.

In general, for aqueous multivalent metal-based systems
(e.g., ZIBs), the strategy of constructing fluoride-rich anode|
electrolyte interphases can effectively suppress the anode
dendrite growth and electrolyte decomposition. Moreover, the
sluggish plating kinetics of the anode in nonaqueous
multivalent metal-based systems (e.g., Mg-ion and Ca-ion
batteries) can be improved by solvation structure modification
via the introduction of fluorinated salts, solvents, and additives.
All of these fluorine chemistry-involving strategies are

accelerating the real-world application of multivalent metal-
based batteries.
5.3. Dual-Ion Batteries and Beyond

In DIBs, anion insertion is considered to be the most
important reaction on the cathode side, whereas various
inserted anions with F-containing groups were intensively
investigated, such as PF6

−,78−81 TFSI−,82,735 FSI−,83−86

FTFSI−,87,88 BF4
−,736 DFOB−,91 CF3SO3

−,92 AlF4
−,93 tris-

(pentafluoroethyl) trifluorophosphate [(C2F5)3PF3
−],737 and

BETI−.87 To improve the performance of Al||graphite DIBs,
Tang et al. developed an electrolyte of 7.5 m LiFSI−EC/DMC
(1:1 v/v) which not only elongated the cycle stability of the
graphite cathode during repeated deintercalation/intercalation
of FSI− anions but also enhanced the structural stability of the
Al anode via constructing a LiF-rich SEI layer.738 Motivated by
this Al−graphite electrochemistry, Chen et al. developed an
EMC/DMC carbonate electrolyte with binary salts of LiPF6
and AlF3. It was revealed that the Al anode was protected from
dissolving after adding AlF3 into the electrolyte. More notably,
AlF4

− complex anions were formed via combination of the
dissolved Al3+ and F− in the electrolyte, which deintercalated/
intercalated from/into the graphite during discharging/
charging together with PF6

−. Based on this electrochemistry,
the battery exhibited a high average working voltage of 4.0−4.5

Figure 36. Fluorine-containing electrolytes or electrodes for high-performance DIBs. (a) Average discharge voltage and (b) corresponding charge−
discharge profiles of the Ca||graphite DIB at a current density of 100 mA g−1. (Inset of a) Enlarged curves for the final 30 cycles. Reproduced with
permission from ref 739. Copyright 2018 Springer Nature. MD simulation for the RDFs g(r) (solid lines) and coordination number N(r) (dashed
lines) of F−H interactions in 1.0 M NaPF6−EC/DMC/EMC (1:1:1 by volume) electrolytes (c) with 10 wt % FEC and (d) without FEC additive.
Reproduced with permission from ref 740. Copyright 2021 American Chemical Society. (e) HOMO−LUMO energies and energy gaps of PHC
and FPHC molecules. (f) Four optimized models of PF6−FPHC with PF6

− at the near end group, PF6
− at the end group, PF6

− at the middle group,
and PF6

− at the near middle group. Reproduced with permission from ref 741. Copyright 2022 Wiley-VCH.
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V and a high reversible capacity of ∼100 mAh g−1 along with a
high CE of ∼99% over 600 cycles.93 Besides the Al anode,
Ca2+/Ca redox chemistry shows promising prospects for
rechargeable batteries due to its low polarization and low
reduction potential (−2.87 V vs SHE). Unfortunately, Ca-
based batteries experience critical issues, including unsuitable
electrode materials for reversible Ca2+ storage, low working
voltages (<2 V), and poor cycle stability, especially at RT. To
tackle these issues, Tang et al. designed a new battery
configuration by employing graphite as the cathode material
and Sn foil as both the anode material and the current
collector. With an electrolyte consisting of 0.8 M Ca(PF6)2 in
mixed solvents (EC:PC:DMC:EMC = 2:2:3:3 by volume),
highly reversible redox reactions incorporating the deinterca-
lation/intercalation of the PF6

− anion at the cathode and the
dealloying/alloying of Ca2+ ions at the metal anode were
achieved. The resulting DIBs yielded a high discharge voltage
of up to 4.45 V and high cycling stability (95% capacity
retention over 350 cycles), as displayed in Figure 36a and
36b.739

Apart from the F-containing salts, fluorination treatment of
other electrolyte components also endows DIBs with unique
features such as wide working windows, a wide temperature
range, nonflammability, and enhanced electrode|electrolyte
compatibility. Read et al. employed a fluorinated solvent and
additive in DIBs. The designed 1.7 M LiPF6−FEC/EMC
electrolyte with 5 mM tris(hexafluoroisopropyl) phosphate
(HFIP) as the additive supported a graphite||graphite cell with
a charge voltage up to 5.2 V, enabling the accommodation of
PF6

− and Li+ at the graphite cathode and the graphite anode
simultaneously with a high CE of 97%.742 Thereafter, the role
of FEC on the anion solvation status and the anion insertion/
extraction behaviors in DIBs was carefully evaluated by Yang et
al.740 It was revealed that FEC tuned the solvation structures of
both Na+ and PF6

− by replacing part of the original EMC
solvent in the solvation shell (Figure 36c and 36d), inducing
the formation of a fluorinated CEI film to resist the electrolyte
side reactions at high voltages and suppress the expansion of
graphitic layers in the cathodes during long-term cycling. The
CEI layer on cathodes can also be modified by different salts as
additives, as evidenced by the work conducted by Yu et al.743

With the addition of ∼0.5 wt % LiDFOB (with) in the
electrolyte, a less resistive LixBOyFz-enriched CEI layer was
constructed on the cathode surface. The LiDFOB salt has a
higher HOMO energy level than that of the baseline solvent
(EMC), inducing the preferential decomposition of LiDFOB.
This robust and durable CEI enabled fast electrode reaction
kinetics and achieved an ultrafast charging capability within 2
min. Later, the authors designed an all-fluorinated electrolyte
(1 M LiPF6−FEC/FEMC) that synergistically guaranteed a
highly stable operation of the DIB up to 5.2 V by generating
robust and ion-conductive passivation films on both electrodes
to reduce undesired side reactions. More significantly, this
fluorinated electrolyte facilitated the fast reaction kinetics of
PF6

− and Li+ at low temperatures, delivering 97.8% reversible
capacity at RT, together with ∼100% capacity retention over
3000 cycles at 500 mA g−1.744 The all-fluorinated electrolyte
system endows DIBs as a promising choice for wide-
temperature applications. In addition to a wide operational
temperature range, safety concerns (e.g., fire, explosion, and
leakage of toxic electrolyte components) should be given
sufficient consideration. Based on the all-fluorinated electrolyte
(1 M LiPF6−FEC/FEMC/THE, 1:6:3 by volume), Wang et al.

prepared a GPE via in situ polymerization of diethyl allyl
phosphate (DAP) monomer and pentaerythritol tetraacrylate
(PETEA) cross-linker.353 This GPE with a 3D polymer matrix
showcased high safety features (e.g., nonflammability),
sufficient ionic conductivity (1.99 mS cm−1), superior stability
up to 5.5 V (vs. Li/Li+), and high compatibility toward both
electrodes.

To tackle concerns of cost, eco-friendliness, and safety
caused by organic electrolytes, aqueous or hybrid aqueous/
nonaqueous electrolytes have emerged as a highly interesting
alternative for promoting practical applications of DIBs.
Particularly, the pioneering work by Xu et al. proposed the
concept of “water-in-salt” (WiS) electrolyte, which significantly
enlarged the ESW of aqueous electrolytes from 1.23 to ∼4.9
V.135,745 Encouraged by this widely adopted strategy in
aqueous metal-ion batteries, especially in LIBs, a WiS
electrolyte formulated with 21 M LiTFSI in aqueous
electrolyte H2O was combined with 9.25 M LiTFSI−DMC
(mass ratio 1:1) nonaqueous electrolyte by Placke et al.746

This hybrid electrolyte not only guaranteed adequate safety
with the nonflammable feature from the WiS aqueous
electrolyte but also protected the anode from side reactions
by forming a stable SEI with the assistance of the nonaqueous
component. Therefore, a stage-2 graphite intercalation
compound (GIC) for TFSI− intercalation was achieved in
aqueous-based electrolytes. Afterward, an aqueous WiS
consisting of 20 m NaFSI and 0.5 m Zn(TFSI)2 was developed
by Placke et al. in a Zn||graphite DIB.747 The role of the high-
concentration NaFSI salt was to reduce the free water
molecules in the WiS electrolyte and to suppress the
occurrence of the oxygen evolution reaction (OER). It was
interesting to note that instead of the cointercalation of FSI−

and TFSI−, TFSI− anions were proved to predominantly
undergo the intercalation process into the graphite layers,
which was associated with its lower intercalation barrier.
Benefiting from this advanced electrolyte design, the
consequent Zn||graphite DIB exhibited a high working voltage
of ∼2.3−2.5 V and a high reversible capacity of ∼110 mAh g−1

with >80% capacity retention after 200 cycles.
Besides its beneficial effects on electrolyte optimization, the

fluorine element can also be introduced to the cathode
material to boost and stabilize anion intercalations. It is
generally known that with strong electronegativity, a low van
der Waals radius, and low polarizability properties, F is
considered to have the ability to tune the photoelectric
properties of conducting conjugated polymers such as
PANI.741 Based on these merits, a novel fluoridized−
polyaniline−H+/CNT composite (FPHC) has been developed
as the cathode material for DIBs. The introduction of F
effectively reduced the energy gap between the HOMO and
the LUMO (Figure 36e), thus enabling highly efficient storage
of anions in the FPHC cathode. This result was further
reflected by the higher electronic conductivity of 0.162 S cm−1

compared with the nonfluorinated PHC cathode (0.138 S
cm−1). In addition, the combinative formation of PF6

− anion in
the FPHC cathode was verified, suggesting that F− of the PF6

−

anion tended to form a stable covalent bond with −NH in
FPHC and thus exhibiting a symmetric structure of the whole
PF6

−−FPHC molecule, as shown in Figure 36f. This
fluoridized treatment guaranteed a stable cycling of 2000
times at 2 A g−1 with a retained discharge capacity of 73 mAh
g−1 along with a high power density of 7720 W kg−1 at an
energy density of 310 Wh kg−1.741
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In addition to the above-mentioned DIBs, another emerging
battery system also based on both cations and anions as charge
carriers for electrochemical reactions is called RDIBs, except
that the sequence of the anion- and cation-storage chemistries
is flipped between the cathode and the anodes. To date, the
RDIB chemistries have been only realized in aqueous
electrolytes. In 2018, Hou et al. developed a novel RDIB
relying on F− anion and Na+ cation electrochemistry, which
was comprised of a 0.8 M NaF aqueous solution as the
electrolyte, Na0.44MnO2 as the cathode material, and BiF3 as
the anode material.748 During the charge process, the BiF3
anode released F− ions and the Na0.44MnO2 cathode
deintercalated Na+ ions to the aqueous electrolyte simulta-
neously. During the discharge process, the F− ions in the
electrolyte were captured by the anode to obtain BiF3 and the
Na+ ions were intercalated into the cathode material as well
(Figure 37a). This RDIB delivered a high discharge capacity of
∼123 mAh g−1 at a current density of 100 mA g−1 based on the
mass of BiF3 anode materials. However, the capacity
deteriorated very rapidly to 47.28 mAh g−1 over just 40 cycles,
which was probably due to the instability of the anode
material. An obvious volume change of the anode material was
observed during cycling, i.e., 57.3% volume contraction for the
phase transition from BiF3 into Bi and a large volume
expansion of 134.0% for the reverse transition from Bi to BiF3.
Therefore, strategies such as structure modifications or surface

coatings should be explored to enhance the cycling stability of
the Bi/BiF3 electrode. Afterward, another RDIB was designed
by Li et al. (Figure 37b) utilizing KF aqueous electrolyte,
Prussian blue (PB) cathode material, and BiF3@Bi7F11O5@
reduced graphene oxide (BFO) anode material.589 It was
elucidated that the low electrolyte concentration improved the
cycle stability of the BFO||PB RDIB despite the reduced
discharge capacity. The reduction of F− ions in the dilute
electrolytes suppresses the dissolution of Bi3+ ions generated
upon the discharge process, reducing the deposition of the side
products on the electrode surface. In addition, this Bi3+
dissolution phenomenon can also be mitigated by the graphene
coating on the surface of the BFO anode material. The
resulting F/K-based RDIB achieved a high discharge capacity
of 218 mAh g−1 at 1 A g−1 as well as fast rate capability with a
capacity retention of 47% at a high current density of 5 A g−1,
which were calculated based on the weight of the BFO anode
material.

Interestingly, Wang et al. demonstrated a novel conversion−
intercalation chemistry based on the sequential intercalation of
Br− and Cl− into a composite cathode consisting of
(LiBr)0.5(LiCl)0.5C∼3.7 (LBC-G) using a highly concentrated
“water-in-bisalt” aqueous gel electrolyte. Benefiting from the
formed hydrated LiBr/LiCl layer (LiBr·0.34H2O−LiCl·
0.34H2O) by extracting water from the electrolyte, the LBC-
G surface was separated from the electrolyte accordingly. Upon

Figure 37. Beneficial effects of fluorine on the RDIB and beyond battery chemistries. (a) Schematics of the aqueous BiF3Na0.44||MnO2 RDIB based
on the F− anion and Na+ cation electrochemistry during the charging process. Reproduced with permission from ref 748. Copyright 2018 Royal
Society of Chemistry. (b) Voltage curves of the RDIB with BF and modified BFO anode material at 1 A g−1. Reproduced with permission from ref
589. Copyright 2021 Wiley-VCH. (c) Energy density of the highly fluorinated HFE/PEO-protected graphite||(LiBr)0.5(LiCl)0.5C∼3.7 full cell with
an aqueous gel electrolyte compared with various state-of-the-art commercial and experimental Li-ion chemistries using nonaqueous (blue circles)
and aqueous (green circles) electrolytes. Note: all energy densities were converted using the total weight of the cathode and the anode. Reproduced
with permission from ref 749. Copyright 2019 Springer Nature. (d) Schematic diagram of the 3 V Al||Cu battery in 3 M LiTFSI−FEC electrolyte
with a PP membrane. Reproduced with permission from ref 750. Copyright 2020 Wiley-VCH.
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charging, the Br− within the hydration layer was first oxidized
to Br0 and then intercalated into the graphite. As the charging
process continued, the oxidation and intercalation of Cl−
occurred, leading to a mixed intercalation compound. This
unique mechanism contributed to a stage-1 GIC, which
accounted for a high reversible capacity of 243 mAh g−1 at a
high average voltage of 4.2 V vs Li+/Li. When coupled with a
highly fluorinated ether (i.e., HFE)/PEO-protected graphite
anode, the 4 V class full cell achieved a high energy density of
460 Wh kg−1 (calculated based on the total weight of the
cathode and anode, Figure 37c) along with a CE of ∼100%.749

It can be reasonably concluded that anion-hosting cathode
materials generally provide limited theoretical capacities,
requiring the exploration of new cathode chemistry to enhance
the energy density of the battery systems.751 Along this line, Yu
et al. proposed a novel metal−metal system that uses Cu and
Al metal foils directly as the cathode and anode,
respectively.750 The electrochemical reactions proceed via the
stripping/plating of Cu at the cathode and the alloying/
dealloying of AlLi at the anode (Figure 37d). However, the
Cu+ ions inevitably shuttled from the cathode to the anode,
causing severe self-discharge and low CE during cycling. By
utilizing 3 M LiTFSI−FEC electrolyte, they disclosed that Cu+

ions were bound by FEC and TFSI− to form the solvation
complex, which prevented the Cu+ ions from transporting
through the PP membrane due to high interfacial tension
between the FEC molecules and the membrane. The blocking
effect by FEC contributed to a stable operation of the 3 V Al||
Cu battery for more than 1000 cycles. For comparison, a Li||
Cu battery was designed by Ji et al. with a different operation
mechanism.751 Upon charging, Cu was oxidized to Cu2+ to
precipitate as copper(II) bis(trifluoromethane sulfonyl)imide
(Cu(TFSI)2) on the cathode; meanwhile, Li+ was plated on
the Li anode. During the discharge process, Cu2+ was first

reduced to Cu+ and continuously reduced to Cu, while the
anode strips into Li+. An anion exchange membrane was placed
between the two electrodes to prohibit the crossover of cations
during charging. Besides, the catholyte//anolyte concentration
was regulated to 2 m//6 m for mitigating the negative
concentration gradient of TFSI−, therefore utilizing the Cu
capacity and suppressing Cu2+/Cu+ crossover. Although a high
reversible capacity of 762 mAh g−1 was enabled at an average
discharge voltage of 3.2 V vs Li+/Li, the solubility of charged
product Cu(TFSI)2 leads to unsatisfactory reversibility, the
heavy TFSI− as counterions limits the battery energy density,
and the usage of AEM increases the cost of the battery system.

Overall, anion insertion with F-containing groups is crucial
for DIB/RDIB performance, whereas no existing anion is ideal
for satisfying the high energy density, fast charging rate, long
lifespan, and low cost simultaneously. Further research should
explore novel anions toward higher theoretical specific capacity
and energy density of DIBs and RDIBs. Besides, fluorination of
the electrolyte components can endow DIBs with broad ESW,
wide temperature range, nonflammability, and improved
electrode|electrolyte compatibility. Moreover, though RDIB
chemistry can be realized in KF and NaF aqueous electrolytes,
the rapid capacity deterioration associated with incompatible
electrode materials remains a significant obstacle, requiring
further exploration of F-containing salts and novel organic
electrolytes to construct protective and robust interphases.

6. CONCLUSIONS AND OUTLOOK
Taking advantage of the extraordinary electronegativity, low
atomic weight, small ionic size, natural abundance, and low
cost of fluorine, fluorine chemistry has significantly advanced
rechargeable battery technology. However, atomic-level in-
sights into fluorine chemistry remain underexplored, especially
under extreme conditions, and are not fully understood. This

Figure 38. Fluorine chemistry in rechargeable batteries. (a) Strategies and prospects of fluorine chemistry in rechargeable batteries. (b) Radar
diagrams of various batteries based on six parameters: (A, safety; B, low cost; C, energy density; D, rate performance; E, voltage; F, lifespan.
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review summarizes the state-of-the-art research and technical
achievements in fluorine-containing materials/interphases for
metal ion-batteries, FIBs, DIBs, and beyond (Figure 38a).
Specifically, fluorine chemistry can address challenges in
various battery materials, including poor intrinsic conductivity
and severe structure deterioration during conversion reactions,
large volume change and low redox potential during
intercalation reactions, safety issues related with anode
materials, insufficient chemical/electrochemical stability and/
or low ionic conductivity for electrolytes, and performance
restrictions of other battery components. This review high-
lights the pivotal role of fluorinated interphases, material
structure−performance relationships, and cutting-edge techni-
ques for probing fluorine chemistry. From a fundamental and
practical perspective, the promising research directions to
enhance the benefits of fluorine chemistry in rechargeable
batteries can be identified as the following five aspects.
6.1. Addressing the Instinctively Low Electrochemical
Kinetics of Conversion-Type Metal Fluoride-Based
Cathodes

First, systematic studies on the redox mechanisms and
structural evolution are essential for a deeper understanding
of these cathodes. Theoretical studies on these materials are
limited to simple metal fluorides such as FeF2 and CuF2. The
expanding research of metal fluoride-based cathodes via
theoretical simulation and heterometal modification will
achieve structurally stable metal fluoride-based cathodes with
rapid ion diffusion, which is promising for practical
applications. Moreover, the low mass loadings and areal
capacities of reported metal fluoride-based cathodes hinder a
comprehensive evaluation of their energy density and cycling
performance compared to conventional LIB cathodes. There-
fore, developing high-loading metal fluoride-based cathodes
with increased areal capacities is a priority. In parallel, fluorine
chemistry can enhance conventional LIB cathodes such as
layered oxides, through F substitution, F doping, and surface
fluoridation, improving the cycling stability and energy density
of the cathodes and providing insights for the development of
high-performance LIBs.
6.1.1. Striking a Balance between Electrochemical

Performance, Stability, and Environmental Consider-
ations for Optimizing F Substitution/Modification in
Battery Components. The electrolytes for high-performance
Li-based batteries can be tailored by combining the benefits of
different partially fluorinated/per-fluorinated electrolytes.
Future design for Li salts should focus on integrating
functional groups with complementary roles for enhanced
overall performance. Fluorinated solvents and cosolvents
display unique physicochemical properties due to the high
electronegativity, high ionic potential, and low polarizability of
fluorine. Partial fluorination or optimization of the fluorination
positions can be applied to develop single-solvent electrolytes.
In parallel, introducing per-fluorinated cosolvent into non-
fluorinated solvents for multisolvent electrolytes is also viable.

Fluorine can also be utilized to modify and functionalize
battery separators, enhancing fire retardancy, preventing
potential mechanical abuse, and also promoting the formation
of a LiF-enriched SEI. Regarding battery binders, fluorine
groups can be incorporated into polymer backbones, while
fluorinated anions can be combined with ionic conductive
polymers, enabling higher ion transfer, greater resistance to
electrochemical oxidation, and enhanced thermal stability.

Especially, a fluorinated cross-linked network binder should be
designed for alloy-type anodes, where massive fluorine groups
improve the mechanical features while chemical/physical
cross-linking maintains the electrode structures against volume
changes. However, excessive fluorine content may lead to a
decay in the electrode performance. Furthermore, current
collectors can be modified by fluorinated carbon materials,
lithiophilic metal fluoride coatings, F-containing interlayers,
etc., which regulate Li deposition and enhance interphasial
stability. However, the environmental issues brought by F
substitution/modification must be taken seriously. Fluorinated
compounds in prevalent battery components (e.g., LiTFSI,
PVDF, and PTFE), which contain CF3 or −CF2− groups, are
under consideration for prohibition under European Union
regulations. Therefore, optimization of F substitution/mod-
ification in battery components should be scrutinized to strike
a balance between electrochemical performance, stability, and
environmental considerations.128

6.2. Tailoring Fluorinated Interphases for Li-Based
Batteries at All Working Conditions

The efficient operation of Li-based batteries especially under
extreme conditions relies highly on the stability of interphases,
including chemical stability, electrochemical stability, mechan-
ical stability, and thermal stability. Interdisciplinary research
should be encouraged to reveal the chemical nature of the SEI/
CEI. Considering that the low Li+ conductivity of LiF (∼10−12

S cm−1) restricts the high-rate performance, other fluorinated
conducting components (e.g., LixPOyFz) should be incorpo-
rated into LiF-rich interphases. A polymer-based organic SEI
matrix can also be combined with fluorinated components to
accommodate the large volume change of the Li anodes.
Besides, a LiF-rich CEI possessing excellent electrochemical
stability can effectively protect high-voltage cathodes. Although
the LiF-enriched SEI displays low interphase impedance/
charge transfer resistance and high stability for facilitating low-
temperature operation, the LiF effects on the CEI at low
temperatures remain a subject of debate. Further investigation
is needed to deeply understand the macroscopic and
microscopic properties of LiF, especially the roles and factors
(e.g., the distribution, particle size, and formation approach)
affecting the performance of Li-based batteries under extreme
conditions.
6.2.1. Unlocking Fundamental Issues Regarding

Chemical Compositions, Spatial Distributions, and
Realistic Structures of the Interphases. Nondestructive
and/or in situ/operando techniques (e.g., cryo-TEM, oper-
ando EQCM, in situ XPS, liquid TOF-SIMs, in situ NMR, and
synchrotron-based XRD) are imperative for real-time,
dynamic, and intuitive investigations of the structural,
morphological, and chemical characteristics of interphases
and their correlations with the battery performance. Therefore,
suitable electrochemical cells for in situ operations should be
carefully designed as different cell configurations can cause
inconsistent and even misleading results. An integrated
approach with complementary techniques is highly desirable
for obtaining multidimensional and/or multimodal insights
into interphases, facilitating the elucidation of the structure−
property relationships and guiding the design of stable
interphases.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.3c00826
Chem. Rev. 2024, 124, 3494−3589

3566



6.3. Revolution of the Electrode and Electrolyte Materials
for High Energy Density and Cycling Stability FIBs

The volume change and polarization issues of conversion-type
electrode materials should be solved by reducing the particle
size and constructing the conductive network, seeking for high-
capacity intercalation-type electrode materials via theoretical
screening and experimental verification, and preventing the
fluorination of conductive additive through the carbon
stabilization process. In parallel, to advance the development
of F− conducting solid-state electrolytes, novel fluoride
structures and modification strategies, such as creating point
defects, introducing F vacancies, and optimizing synthesis
methods, are highly required. For liquid electrolytes, it is
essential to explore novel fluoride salts, solvents, and suitable
anion/cation acceptors to facilitate the dissociation of fluoride
salts. Furthermore, the “water-in-salt” strategy exhibits great
prospect in expanding the ESW, suppressing the active material
dissolutions, and addressing HF formation in aqueous
electrolytes.
6.4. Establishing Fluorinated Material−Function
Relationships To Boost SIB/PIB Performance
In SIBs, the development of F-based electrodes is shifted
toward 3D fluorinated phases. An in-depth investigation is
necessary to regulate the structure and phase transitions to
mitigate volume changes and to elucidate the structure−
performance correlations, thereby reducing the activation
energy barrier and band-gap energy for efficient Na+ diffusion.
As for PIBs, surface modifications of potassium fluorophos-
phate compounds are necessary to improve both the electron
and the K+ transport. Besides, the fluorine to oxygen ratio
should be carefully controlled to prevent disordered structures
of fluorosulfates that suppresses the K+/vacancy formation and
decreases the reversible K+ storage capacity. Moreover, F
doping can improve the surface disorder of carbonaceous
anode materials, creating large amounts of surface defects to
facilitate Na+/K+ adsorption. As for electrolyte developments
in SIBs/PIBs, strategies from Li-based batteries are not directly
applicable due to potential adverse effects (e.g., FEC). Notably,
fluorine chemistry facilitates the discovery of novel conducting
salts with wide ESW, film-forming ability, and fast ionic
transport. However, the molecular structure−function relation-
ships of the fluorinated components remain unclear,
necessitating targeted molecular selection. Further efforts
should be focused on the challenging aspects of fluorinated
interphases to optimize their properties.
6.5. Exploring the Potential of F-Containing Materials for
Other Battery Chemistries
Challenges including the insufficient energy density of existing
electrodes, the sluggish plating/stripping dynamics kinetics of a
metallic anode, and the poor stability of the electrolyte/
electrode interphase hinder the utilization of multivalent metal-
based batteries with attractive advantages (e.g., low cost and
high energy density). Fluorine chemistry is important for
seeking suitable F-containing electrode materials as well as
providing a deep understanding of the construction of a F-
involved SEI film, which could positively or negatively affect
the battery performance. As for DIBs/RDIBs, novel anions
with smaller sizes and higher antioxidative stability as well as
multivalent anions with more charge numbers can potentially
provide high theoretical specific capacity and energy density.
Though fluorination treatment of the electrolyte components
can endow DIBs with enhanced performance, the fundamental

role of these fluorinated components in the anion solvation,
the relationship between fluorinated CEI features (e.g.,
chemical components, micro/nanostructures, mechanical
properties), and battery performance remain unclear. Fur-
thermore, other battery chemistries necessitate the exploration
of F-containing salts and novel electrolytes to construct
protective and robust interphases.

The high-temperature sintering of inorganic materials
containing the fluorine element is potentially detrimental to
the furnace, impeding its scalability for large-scale synthesis.
Thus, alternative soft chemical synthesis methods such as low-
temperature solid-phase synthesis, chemical transfer synthesis,
and solvent thermal synthesis should be developed for
preparing F-containing cathode and solid-state electrolyte
materials in the future. Overall, significant breakthrough
progress has been achieved by utilizing fluorine chemistry in
rechargeable batteries. Although traditional lithium-ion bat-
teries maintain a leading position in overall performance due to
decades of research, other alternative battery systems also
demonstrate significant advantages in specific aspects (Figure
38b). Thus, expanding fluorine chemistry research into these
areas is expected to accelerate the application of these rising
battery systems. Nonetheless, the ongoing development of
fluorine chemistry is bringing many scientific and technical
challenges, leaving substantial investigation room for its future
applications. Thus, researchers are highly encouraged to unlock
the fundamental role of fluorine chemistry in addressing the
obstacles for various types of battery materials, thus promoting
the widespread effectuation of fluorine chemistry in recharge-
able batteries. More significantly, we hope this review can raise
interest and provide key insights into the further development
of fluorine chemistry for high-performance rechargeable
batteries.
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Low-cost and environment-friendly dual-ion batteries (DIBs) with 
fast-charging characteristics facilitate the development of high-power energy 
storage devices. However, the incompatibility between the cathode and 
electrolyte at high voltage results in low Coulombic efficiency (CE) and short 
lifespan. Here, the addition of ≈0.5 wt% lithium difluoro(oxalate) borate salt 
into the electrolyte forms a robust and durable cathode–electrolyte interface 
(CEI) in situ on the graphite surface, which enables remarkable cycling of 
the graphite||Li battery with 87.5% capacity retention after 4000 cycles at 
5 C and ultrafast rate capability with 88.8% capacity retention under 40 C 
(4 A g−1), delivering high-power of 0.4–18.8 kW kg−1 at energy densities of 
422.7–318.8 Wh kg−1. Taking advantage of this robust CEI, a graphite||graphite 
full battery demonstrates high reversible capacities of 97.6, 92.8, 88.7, and 
85.4 mAh (g cathode)−1 at current rates of 10, 20, 30, and 40 C, respectively. 
The full battery also shows a long cycling life of over 6500 cycles with 92.4% 
capacity retention and an average CE of ≈99.4% at 1 A g−1, which is superior 
to other dual-graphite (carbon) batteries in the literature. This work offers an 
effective interface-stabilizing strategy on protecting graphite cathodes and a 
promising approach for developing DIBs with high-power capability.
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eco-friendliness concerns.[1c] Consid-
ering the demands for sustainability, low 
cost, high-power characteristics, and fast 
charging capability, various types of bat-
tery systems have been developed, among 
which dual-ion battery (DIB) is undoubt-
edly a highly interesting candidate and 
is attracting increasing attention. In con-
trast to the rocking-chair type cells such 
as LIB where the cations (i.e., Li+) are 
transported between the two electrodes 
upon charging/discharging, DIB exhibits 
a different working mechanism which 
involves simultaneous intercalation of 
anions into the cathode and cations into 
the anode during charge, and simulta-
neous extraction of both ions during dis-
charge.[2] Compared to conventional LIBs, 
the higher working voltage of above 4.5 V 
for the graphite cathode is favorable for 
improving the energy density of DIBs, but 
it also leads to continuous side reactions 
such as undesirable electrolyte decompo-
sition and structural deterioration of the 

graphite material.[3] Even though a few research works have 
demonstrated that cell performances of DIBs (e.g., reversible 
capacity, energy density, rate performance, and the cell voltage) 
are highly dependent on the type of electrolyte, more efforts are 
still needed to understand the underlying mechanism.[1a,2d,3a,4]

The reversible anion de-/intercalation behavior at high 
cut-off voltage could be compromised by the incompatibility 
between electrolyte and the cathode–electrolyte interface (CEI) 
on graphite, resulting in inevitable electrolyte decomposition, 
fast capacity decay, and low Coulombic efficiency (CE).[5] There-
fore, searching for more convenient, economical, and effective 
methods to ameliorate the interfacial stability of cathode is 
undoubtedly one of the most influential research undertakings 
for enhancing the long-term cycle stability of DIBs. Recently, 
modification of the solid electrolyte interphase (SEI) via elec-
trolyte additives has been reported as an effective strategy to 
facilitate cation (such as Li+ or K+) insertion/extraction into/
from graphite anode,[6] so one can also strengthen the CEI to 
reduce side reactions. Nevertheless, the role of electrolyte addi-
tive in manipulating the CEI layer on graphite cathode and the 
effect of the CEI layer on PF6

− anion de-/intercalation perfor-
mances in DIBs are still elusive, requiring further systematic 
investigations.

Here, we introduce a promising lithium salt-type additive, 
lithium difluoro(oxalate) borate (LiDFOB) to the bulk electrolyte 

1. Introduction

Electric energy storage technologies such as lithium-ion bat-
teries (LIBs) are becoming indispensable in various fields to 
reduce the reliance on fossil fuels and to promote the efficient 
utilization of alternative energy sources (e.g., solar, wind, and 
tidal energy).[1] Despite the appreciable advantages of high 
energy density and long lifetime, the grid/utility applications 
of LIBs are limited due to low power density, safety, cost, and 
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in DIBs and demonstrate that the charging capability and long 
cyclability are significantly enhanced. With an optimal addi-
tive amount (0.5 wt%), a robust and conductive CEI layer is 
formed in situ on the graphite cathode, facilitating the anion 
storage reaction, suppressing side reactions, and stabilizing 
the graphite structure (Scheme 1). At a low current rate (1 C, 
1 C = 100 mA g−1), the achievable energy density is as high as 
422.7  Wh  kg−1. The LiDFOB-modified CEI layer significantly 
improves the capacity retention of the DIB to 87.5% even after 
4000 cycles at 500 mA g−1 (5 C). Besides, the reduced activation 
energy and promoted diffusion kinetics for anion intercalation 
process enable an ultrafast charging capability of 88.8% at 40 C, 
achieving high power density up to 18.8  kW  kg−1 with corre-
sponding energy densities of 318.8 Wh kg−1 with respect to the 
mass of the graphite cathode. The characteristics of the protec-
tive CEI on the cathode are elucidated and are further correlated 
with the PF6

− de-/intercalation performance in DIBs. As a proof 
of concept, a dual graphite (graphite||graphite) battery delivers 
high discharge capacities of 97.6, 92.8, 88.7, and 85.4 mAh g−1 at 
current rates of 10, 20, 30, and 40 C, respectively. The prototype 
demonstrates attractive energy density of up to 179.8  Wh  kg−1 
and power density up to 7.8 kW kg−1, calculated with respect to 
the total mass of both graphite anode and cathode, along with a 
long lifetime of 6500 cycles with 92.4% capacity retention with 
a high average CE of 99.4% at 1 A g−1.

2. Results and Discussion

The graphite||Li cells were pre-cycled in 3M LiPF6 in ethyl 
methyl carbonate (EMC) electrolyte without (baseline) and 
with different amounts of LiDFOB at a constant current of 
20  mA  g−1 for three cycles to form the CEI. Thereafter, the 
cells were galvanostatically cycled at 5 C rate. The first charge/
discharge voltage curves and cycle efficiency of the cells are 
compared in Figure 1a,b, respectively. The 1st cycle charge 
capacity increases with a higher LiDFOB amount, while the dis-
charge capacity remains the same. The decrease in the initial  
CE is seen obviously with the addition of a small amount  
(≤1.0 wt%) of LiDFOB into the baseline electrolyte, resulting from  

the additional irreversible charge capacity. This can be attrib-
uted to the preferential decomposition of the LiDFOB additive 
which has a higher HOMO energy level than that of the EMC 
solvent, as reported before.[7] Another noteworthy feature is that 
the electrode polarization (the difference between the average 
charge and discharge plateaus) decreases due to the addition 
of LiDFOB. This is indicative of a less-resistive surface film 
derived from LiDFOB oxidation compared with that formed in 
the baseline electrolyte, allowing facile PF6

− de-/intercalation 
from/into the graphite cathode.

The comparison of cycle stabilities and CEs of graphite||Li 
cells with various contents of LiDFOB are shown in Figure 1c. 
CE of the graphite cathodes with the baseline electrolyte 
decreases to ≈90% within the first 30 cycles and remains 
between 89–90% in the following 50 cycles, indicating that 
side reactions occur continuously to form new interface layer. 
As a result, cells with baseline electrolyte experience rapid 
capacity fading to 25 mAh g−1 (24.3% capacity retention) after 
150 cycles. In comparison, the introduction of LiDFOB addi-
tive improves cycle performance of graphite cells and the cycle 
stability increases with LiDFOB concentration. The addition of 
0.3 wt% LiDFOB is however insufficient to suppress the side 
reactions during the initial 60 cycles, resulting in a continuous 
capacity fading during 1700 cycles even though the capacity 
maintains stability afterward. Our results indicate that 0.5 wt% 
LiDFOB is necessary to enhance CE and cycle stability, with a 
corresponding capacity retention of 87.5% after 4000 cycles with 
an average CE of 98.4%. However, when the LiDFOB content 
is further increased to 1.0 wt%, the cells show comparable 
capacity retention and average CE to that with LiDFOB amount 
of 0.5 wt% without additional benefits, suggesting that the cycle 
stability is saturated with ≈0.5 wt% LiDFOB-containing electro-
lyte. Thus, the electrolyte with 0.5 wt% LiDFOB additive was 
selected here for further analysis.

The evolution of charge/discharge voltage profiles of 
graphite||Li cells in electrolytes with 0%, 0.1%, 0.3%, 0.5%, and 
1.0% (wt%) LiDFOB additives are presented in Figure 1d,e and 
Figure S1, Supporting Information. The characteristic charge–
discharge plateaus corresponding to PF6

− de-/intercalation 
from/into graphite can be seen for cells with various electrolytes. 

Scheme 1.  Illustration of the CEI evolution during cycling in electrolyte with and without LiDFOB additive.

Adv. Funct. Mater. 2021, 31, 2102360

 16163028, 2021, 29, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202102360 by C
hina U

niversity O
f Petroleum

, W
iley O

nline L
ibrary on [21/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.afm-journal.dewww.advancedsciencenews.com

2102360  (3 of 10) © 2021 Wiley-VCH GmbH

During the 5th cycle, smaller cell polarization of ≈0.32  V is 
observed with 0.5 wt% LiDFOB-containing electrolyte compared 
with that of ≈0.47 V for cell cycled without LiDFOB (baseline). 
This is indicative of the reduced cell impedance by introducing 
LiDFOB additive. As illustrated in Figure 1d, the decrease in dis-
charge capacity with cycling in the absence of LiDFOB is due 
to a drastic increase in cell polarization with the vanishing of 
the voltage plateaus corresponding to the PF6

− de-/intercala-
tion process within 150 cycles. The addition of LiDFOB into the 
electrolyte improves the capacity retention of graphite||Li cells 
by suppressing the increase in polarization with cycling. In par-
ticular, for cells with 0.5 wt% LiDFOB-containing electrolyte, a 
well-overlapped voltage curve is maintained even after charging/
discharging for 2000 cycles. In subsequent characterizations, 
graphite electrode cycled in baseline electrode and that in  
0.5 wt% LiDFOB electrolyte is compared.

To explore the underlying reason for the performance 
enhancement with LiDFOB additive, the morphological evo-
lution of the cathodes at fully-charged state was studied by 

transmission electron microscopy (TEM) and scanning elec-
tron microscopy (SEM). Figure 2 presents the SEM and TEM 
images of the graphite electrodes after the 2nd and 150th cycles 
for the cell with baseline and with 0.5 wt% LiDFOB-containing 
electrolytes. For the graphite electrode cycled in the baseline 
electrolyte, a thick and uneven CEI film is observed on the 
material surface after the 2nd cycle (Figure 2a). The CEI thick-
ness further increases to ≈56  nm after 150 cycles (Figure  2b). 
This result is consistent with the poor cycle performance of the 
electrode material, where continuous side reactions between 
the electrolyte and the surface of graphite, as suggested by the 
low CE, leads to a thickening of the CEI layer, resulting in large 
interfacial resistance and impedes the transport of PF6

− anions 
into graphite cathodes. In addition, damages on the surface of 
the materials, which are evidence of graphite exfoliation, are 
discovered after 150 cycles (Figure 2g).

In contrast, for the graphite electrode cycled in electro-
lyte with 0.5 wt% LiDFOB, a thin CEI of ≈3  nm in thick-
ness is observed on the graphite surface at both charged and 

Figure 1.  a) The 1st cycle voltage profiles and b) the 1st cycle Coulumbic efficiency, c) cycle performance and CE of graphite||Li cells with 0% (baseline), 
0.1%, 0.3%, 0.5%, and 1.0% (wt%) LiDFOB-containing electrolytes. Charge–discharge curves of graphite||Li cells in electrolytes d) without and e) with 
0.5 wt% LiDFOB. Upper cutoff voltage: 5.1 V, current density: 500 mA g−1.
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discharged states after the 2nd cycle (Figure 2c and Figure S2a, 
Supporting Information). The CEI remains around 7 nm after 
150 cycles (Figure 2d), suggesting an enhanced interfacial sta-
bility of the CEI layer modified by LiDFOB additive. In addi-
tion, no CEI layer is observed on the graphite electrode with 
LiDFOB-containing electrolyte before charge/discharge 
(Figure S2b, Supporting Information), suggesting that the CEI 
is formed by electrochemical reactions between the graphite 
cathode and the electrolyte. The overall morphology of the 
graphite maintains intact after cycling in LiDFOB-containing 
electrolyte (Figure 2h), similar to the appearance of the pristine 
material (Figure S2c, Supporting Information). Thus, the stable 
CEI formed in situ with LiDFOB additive significantly reduces 
parasitic reactions and improves the cycle stability.

In addition to the cathode, LiDFOB could also influence the 
anode side.[7] To evaluate the effect of LiDFOB on the Li elec-
trode in graphite||Li battery, the Li plating/stripping behav-
iors were investigated via Li||Li symmetrical cells that were 
cycled with a current density of 0.05 and 1.15 mA cm−2 (corre-
sponding to a current of 20 and 500 mA g−1 in the graphite||Li 
cells). Compared with the Li||Li cells cycled at 0.05 mA cm−2, 
the voltage gap between charge and discharge increases 
noticeably under a high current density of 1.15  mA cm−2 
(see  Figure  S3, Supporting Information), indicating a large 

overpotential. It is noted that the Li||Li symmetric cell cycled 
in LiDFOB-containing electrolyte experiences a larger polari-
zation compared with that in baseline electrolyte. Thus, it can 
be concluded that LiDFOB additive has no significant effect 
on the Li striping/plating behavior and therefore, the improve-
ment in electrochemical performance of the graphite||Li bat-
teries is mainly attributed to the LiDFOB-induced CEI on the 
graphite cathode.[7,8]

To elucidate the effect of LiDFOB-induced CEI on the 
rate capability of graphite cathodes, graphite||Li cells were 
charged and discharged at current rates ranging from 1 to 
50  C (Figure 3a and Figure S4, Supporting Information). 
Clearly, when charging/discharging at increasing C rates, 
the graphite cathode cycled in electrolyte with LiDFOB addi-
tive shows a smaller increase in cell polarization up to 50 C 
(see Figure  S4, Supporting Information), further confirming 
this uniform thin CEI is highly conductive for anions.[9] As a 
result, high reversible capacities of 83.7 and 76.3 mAh g−1 are 
achieved for graphite||Li cells even when they are charged at  
40 and 50  C, corresponding to capacity retentions of 88.8% 
and 80.9%, respectively. Based on the measured capacity 
of the cathode material and the average discharge voltage, 
the graphite||Li cell can be cycled between a high power of 
0.4–18.8 kW kg−1 with respect to the mass of the cathode while 

Figure 2.  Morphological characterizations of graphite electrodes: TEM and SEM images after a,e) the 2nd and b,g) the 150th cycle using baseline 
electrolyte, after c,f) the 2nd and d,h) the 150th cycle in 0.5 wt% LiDFOB-containing electrolyte.
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maintaining a corresponding energy density in the range 
of 422.7–318.8  Wh  kg−1 (Table S1 and Note S1, Supporting 
Information), which is much superior to the activated carbon 
cathode for supercapacitors (Figure S5, Supporting Informa-
tion). The cell cycled in baseline electrolyte, in sharp contrast, 
suffers from large polarization at high current rate, resulting 
in a largely reduced capacity of ≈25 mAh g−1 at 50 C. In addi-
tion, the CE of the cell with baseline electrolyte is reduced 
when it is cycled above 10 C, and is also significantly reduced 
after the high-rate test. This indicates that the surface structure 
of the graphite material is damaged due to the high current 
rate, leading to the exposure of fresh graphite surface to the 

electrolyte with higher reactivity and lower CE, as seen from 
the SEM and TEM analysis (Figure S6, Supporting Informa-
tion). These results demonstrate that LiDFOB additive plays a 
dominant role in generating a protective and low-resistive CEI 
layer, contributing to the highly improved interfacial dynamics.

In order to explore the origins for this fast chargeability of 
cells with LiDFOB-containing electrolyte, cyclic voltammetry 
(CV) and electrochemical impedance spectroscopy (EIS) were 
systematically conducted. Specifically, CV measurements 
of graphite electrodes in baseline and 0.5 wt% LiDFOB- 
containing electrolytes at various sweep rates from 0.1 to 1.0 mV s−1  
were evaluated to investigate the kinetics for anion storage of 

Figure 3.  a) Rate capability of graphite||Li cells with baseline and 0.5 wt% LiDFOB-containing electrolytes. log i versus log v to determine b values for 
graphite cathodes with b) baseline and c) 0.5 wt% LiDFOB-containing electrolytes. d) The capacitive contribution towards PF6

− storage at different scan 
rates. Nyquist plots of the cycled graphite||Li cells with e) baseline and f) 0.5 wt% LiDFOB-containing electrolytes. Inset shows the equivalent circuit 
model for EIS analysis. g) Arrhenius plots of log(1/Rct) versus 1000/T calculated from the EIS results.
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graphite cathodes, as displayed in Figure S7, Supporting Infor-
mation. The relationship between the redox peak currents (i) 
and the scan rates (v) follows the power law:

i avb= 	 (1)

The electrochemical reaction is distinguished between semi-
infinite diffusion dominated (b  = 0.5) and surface controlled 
(b = 1) by the value of b.[10] Correspondingly, the measured cur-
rent can be divided into surface-controlled (k1ν) and diffusion-
controlled (k2ν1/2) parts by the equation:[5a,11]

k k1 2

1
2i v v= + 	 (2)

The b values of the graphite electrode with baseline  
electrolyte are determined to be 0.96 (peak 1), 0.96 (peak 2), 0.98 
(peak 3), 0.82 (peak 4), 0.83 (peak 5), 0.95 (peak 6), 0.93 (peak 7),  
and 0.92 (peak 8), respectively (Figure  3b). By integrating the 
CV profiles, we can find that the percentage of surface capaci-
tive contribution to the capacity increases with higher scan rate 
(Figure 3d). These results imply that capacitive reactions occur-
ring near the surface region of graphite cathodes account for a 
considerable proportion of the PF6

− anion storage capacity.[1b,5a] 
After LiDFOB addition, it is found that b values of all redox 
peaks increase (from peak 1 to peak 8: 1.00, 0.99, 0.99, 0.99, 
0.97, 0.95, 0.98, and 0.96), along with higher contribution from 
capacitive behavior (Figure  3d). These results confirm that 
the CEI layer generated from LiDFOB-containing electrolyte 
improves the kinetics of the graphite surface especially at high 
voltage (above 4.8 V).

In order to further explore the kinetics of the charge 
transfer process, EIS of the graphite cathodes was conducted 
at different temperatures (see Figure  3e,f ). It is found that 
all the impedance curves exhibit a depressed semicircle in 
the high-frequency region. The Nyquist plots were quan-
titatively analyzed using the equivalent circuit in the inset 
(Figure  3e,f ), where Rs and Rct are attributed to the resist-
ance of electrolyte and charge-transfer, respectively; CPE1 and 
CPE2 represent the capacitance of the double layer and the 
active material, while Zw is the Warburg impedance associ-
ated with the PF6

− ion diffusion in the active material.[1b,12] 
Rct is a significant parameter indicating the kinetics of the 
Faradic reactions and accordingly, the apparent activation 
energy (Ea) can be calculated based on the following Arrhe-
nius equation:[13]

log
1

2.303ct

a

R

E

RT
A







= − + 	 (3)

where T is the absolute temperature (in K), R and A are the 
gas constant, and Arrhenius constant, respectively. As the test 
temperature rises, cells cycled in the baseline electrolyte exhibit 
a drastic decrease in Rct, indicating that the anion intercalation 
process is facilitated. It is noted that the dependence of Rct on 
temperature is weakened with LiDFOB-containing electrolyte. 
Accordingly, the activation energy obtained from the fitting line 
in Figure 3d,e is 42.1 and 57.9 kJ mol−1 for graphite cells in elec-
trolyte with and without LiDFOB, respectively (Figure 3g). The 

lower activation energy of the cell using LiDFOB-containing 
electrolyte suggests that it is easier for PF6

− to transport through 
the LiDFOB-induced CEI, leading to the significant enhance-
ment of rate capability and reduction of electrode polarization 
over the additive-free cell.

These results indicate the CEI layer formed in LiDFOB-
containing electrolyte is robust and is capable of providing 
a stabilized interface for graphite cathodes. The character-
istics of the formed CEI are known to be closely associated 
with its chemical compositions, which is further analyzed by 
X-ray photoelectron spectroscopy (XPS). The C 1s, F 1s, and 
B 1s spectra of pristine and cycled graphite cathodes in the 
baseline and LiDFOB-containing electrolytes are compared 
in Figure 4 and Figure S8, Supporting Information. After 
the 2nd cycle, similar oxygenated organic groups, including 
CO (285.6  eV), C  = O (287.0  eV), and OC = O (288.9  eV) 
species, are observed for graphite electrodes in both electro-
lytes (Figure  4a). However, these peaks become stronger and 
the relative content of oxygenated organic groups increases 
largely on the graphite surface after 150 cycles in the base-
line electrolyte, which is due to the accumulation of surface 
deposits from electrolyte decomposition and the oxidation 
of graphite surface.[14] In contrast, the amount of these oxy-
genated organic species remains almost the same in 0.5 wt% 
LiDFOB-containing electrolyte, suggesting that LiDFOB is 
able to suppress undesirable surface reactions. The results are 
consistent with the morphological changes on the surface of 
the materials from TEM observations and confirm the excel-
lent capability of LiDFOB additive to enhance the interfacial 
stability of graphite cathodes. In the core level F 1s spectra, 
new peaks corresponding to LiF and LixPOyFz species appear 
after cycling due to the decomposition of LiPF6 salt.[15] After 
150 cycles, the content of LiF increases for the cell tested 
in the baseline electrolyte. In comparison, the graphite sur-
face shows smaller amount of LiF and LixPOyFz fractions 
in the presence of LiDFOB additive even after 150 cycles 
(Figure 4c,d). Owing to the reduced amount of electronically-
insulating LiF, the CEI formed with LiDFOB-containing elec-
trolyte is less resistive, contributing to the highly improved 
rate capability and low electrode resistance after long-term 
cycling. The B 1s spectrum of cycled graphite cathodes with 
LiDFOB-containing electrolyte contains two peaks, one occur-
ring at 191.4 eV which is attributed to LixBOyFz while another 
strong peak at around 193.5  eV which is characteristic of 
LiDFOB.[16] This suggests the compound decomposed from 
LiDFOB participates in generating a stable and uniform CEI 
film. Further, the considerably larger LixBOyFz fraction com-
pared with the amount of LiDFOB confirms the reaction of 
LiDFOB in the electrolyte, which is well consistent with the 
result in Figure  1a. The uniform distribution of B, P, and F 
elements further illustrate the homogeneity of the CEI layer 
that is formed in situ (Figure S9, Supporting Information). 
These results demonstrate LixBOyFz is a critical and effective 
component in providing a stable interface for PF6

− transport 
and enhancing cycle performance.

The evolution of graphitic structure after cycling is investi-
gated by X-ray diffractometry (XRD), as presented in Figure 5a. 
The average interlayer spacing between two graphene sheets 
(d(002)) is associated with the graphitic structure order and 

Adv. Funct. Mater. 2021, 31, 2102360
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accordingly, the degree of graphitization (DG) of the graphite 
can be determined by the following equation:[4c,17]

DG %
0.3440 002
0.3440 0.3354

100%
d( ) ( )= −

−
× 	 (4)

where 0.3440  and 0.3354  nm represent the d(002) values of 
the fully non-graphitic carbon and the perfect graphite crys-
tallite. The graphite electrode in baseline electrolyte exhibits a 
significantly decreased DG from 77.9% of the fresh electrode 
to 55.8% and 34.9% after the 2nd and 150th cycle, respectively 
(Table S2, Supporting Information). Besides, a broader peak of 
graphite can be noticed after 150 cycles in baseline electrolyte, 
which implies a randomly arranged crystal phase (002) and in 
stark contrast to the high crystallization structure of the pris-
tine graphite electrode with a sharp (002) peak. With LiDFOB 
addition, the graphite electrode displays a DG of 69.8% and 
65.1% after the 2nd and 150th cycle, respectively. These results 
confirm the capability of LiDFOB-induced CEI on maintaining 
an orderly and highly-integrated graphitic structure of the 
graphite cathode, largely improving the cycle stability of PF6

− 
de-/intercalation process.

The protection of the graphite structure by the LiDFOB-
induced CEI is further confirmed by Raman spectroscopy, as 
shown in Figure  5b. Two sharp peaks at 1580 cm−1 (G band) 
and 1350 cm−1 (D band) are noted for the pristine graphite, 

corresponding to the crystalline lattice and the disordered 
structure of graphite (such as defects), respectively.[4c,18] The 
level of defectiveness in graphite can be estimated by the inten-
sity ratio of the D band and G band (ID/IG). The ID/IG of the 
graphite electrode increases from 0.13 for the pristine material 
to 0.25 and 0.48 after the 2nd and 150th cycle (discharged state) 
with the baseline electrolyte (see Table S3, Supporting Informa-
tion), respectively, indicating significant structural deterioration 
and decreasing graphitization degree after repeated anion de-/
intercalation. The structural change of graphite after charging/
discharging with LiDFOB-containing electrolyte for 150 cycles 
is similar to that after one cycle, revealing that the protective 
CEI induced by LiDFOB can suppress the detrimental struc-
tural collapse of graphite cathodes during cycling. In addi-
tion, with LiDFOB-containing electrolyte, the resistance of the 
graphite cathode decreases gradually during cycling and then 
remains nearly unchanged after 20 cycles, in contrast to the 
continuous growth of the cell resistance using baseline electro-
lyte (Figure S10, Supporting Information). These results further 
confirm the protective effect of the LiDFOB-induced CEI layer 
on maintaining an integrated graphitic structure of the graphite 
cathode upon repeated cycling.

To demonstrate the possibility of DIB with LiDFOB addi-
tive for practical applications, a graphite||graphite battery with 
0.5 wt% LiDFOB additive was constructed as a proof of con-
cept without the use of lithium metal—the cell consists of 

Figure 4.  XPS spectra of graphite cathodes with baseline and 0.5 wt% LiDFOB-containing electrolytes after 2nd and 150th cycles at the upper cutoff 
voltage of 5.1 V: a,b) C 1s, c,d) F 1s, e,f) B 1s.
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a graphite cathode and pre-lithiated graphite anode (Figure S11, 
Supporting Information). The graphite||graphite full cell shows 
similar redox peaks to graphite||Li half cell (Figure 6a and 
Figure 1e), delivering a discharge capacity of 103.0 mAh g−1 at a 
current density of 100 mA g−1 (with respect to the mass of the 
cathode). Excellent rate performance is achieved with reversible 
capacities of 100.5, 97.6, 92.8, 88.7, and 85.4 mAh g−1 at current 
rates of 5, 10, 20, 30, and 40 C, corresponding to capacity reten-
tion of 97.6%, 94.8%, 90.1%, 86.1%, and 82.9% (Figure 6b and 
Figure S12a, Supporting Information), respectively, which indi-
cates a superior cell reaction kinetics. The increase in cell polar-
ization is small with the increase in current rate. A Ragone 
plot of the graphite||graphite battery in our work is shown in 
comparison with reported dual-graphite (carbon) batteries 
(Figure 6c), where the energy density and power density are cal-
culated based on the total mass of graphite in both electrodes 
with the pre-lithiated lithium (Table S4 and Note S2, Supporting 
Information, gives the details of the calculation). The cell dem-
onstrates superior power density of 0.17–7.8  kW  kg−1 while 
maintaining energy densities of 179.8–124.6 Wh kg−1, which is 
among the best performance of reported dual-graphite (carbon) 
batteries (see Table S5, Supporting Information). Under the 
current rate of 10 C (1000  mA  g−1), the graphite||graphite cell 
with LiDFOB exhibits excellent stability, maintaining 92.4% of 
the discharge capacity over 6500 cycles with a high CE of 99.4% 
(Figure  6d). Besides, as shown in Figure S12b, Supporting 
Information, the corresponding charge-discharge curves are 

well maintained during cycling with obvious PF6
− de-/intercala-

tion plateaus. A small drop in discharge voltage with cycling is 
probably due to some loss in active Li in the cell, which can be 
overcome with better optimization of the full cell. To the best 
of our knowledge, this long-term cycle capability is the most 
outstanding result thus far reported for a dual-carbon (graphite) 
battery (summarized in Table S5, Supporting Information).[19]

3. Conclusion

In this work, we have demonstrated that by designing an in situ 
CEI layer on the graphite cathode, the corresponding DIB can 
undergo long-term cycling with a high-power capability under 
high voltage. The thin but robust CEI formed with LiDFOB 
addition not only inhibits undesirable sides reactions between 
electrolyte and cathode, but stabilizes the graphite cathode 
against structural deterioration or exfoliation, thus contributing 
to the excellent cycle performance. In addition, the reduced 
interfacial resistance with the LiDFOB-induced CEI facili-
tates fast electrode reaction kinetics and enables an ultra-fast 
charging capability up to 50 C (i.e., charge time of less than 
2 min). When coupling the graphite cathode with a pre-lithiated 
graphite anode, the full battery achieves superior power den-
sity up to 7.8 kW kg−1 with energy density up to 179.8 Wh kg−1, 
which is among the best performance reported for dual-
graphite (carbon) batteries. Besides, this is the first report that 

Figure 5.  a) XRD patterns and b) Raman spectra of the pristine and cycled graphite cathodes in baseline and 0.5 wt% LiDFOB-containing electrolytes.

Adv. Funct. Mater. 2021, 31, 2102360
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a dual-graphite battery can be cycled for more than 6500 cycles 
and still keeps superb cycle stability of 92.4% capacity reten-
tion with a high average CE of 99.4%. Overall, this work sheds 
light on the strategy of regulating CEI on graphite cathode to 
enhance DIB performance. However, the understanding of the 
CEI layer for anion transport is still at its infant stage, more 
research work should be conducted in the future. Besides, fur-
ther works such as the adjustment of cathode–anode capacity 
ratio, optimization of electrolyte formulation, etc. are needed to 
facilitate the practical application of dual-graphite batteries with 
enhanced energy/power density.

4. Experimental Section
Electrolytes Preparation and Cell Assembly: The baseline electrolyte 

was 3 m LiPF6 (DoDoChem, purity ≥ 99.9%) in EMC (Sigma Aldrich). 
The LiDFOB-containing electrolyte was prepared by dissolving 0.1%, 
0.3%, 0.5%, and 1.0% (wt%) LiDFOB (Sigma Aldrich) to the baseline 
electrolyte.

The electrode slurry for the cathode in the dual-ion cells was 
composed of 85 wt% graphite (MTI SAG-R) as the active material, 
10  wt% conducting agent (carbon black AB – acetylene black, Alfa 
Aesar), and 5 wt% binder (polyacrylic acid (PAA, Sigma Aldrich MW 
450  000) dissolved in N-methyl-2-pyrrolidinone). The anode slurry 
was prepared by mixing graphite (RGS, from Dongguan Shanshan 
Battery Materials Co., Ltd), acetylene black and PAA binder in a ratio 
of 85:5:10. The slurry was coated onto an aluminum foil and copper 
foil, respectively, with a doctor blade and dried at 80 °C. The dried 
electrode was punched into circular discs (16 mm in diameter) and then 
pressed with a roll press. The average mass loading of active material 

on each cathode and anode was 2 ± 0.2 mg cm−2 and 3 ± 0.2 mg cm−2, 
respectively. The weight of the electrodes was measured using a balance 
by AND (GR-202, 0.01  mg precision). Electrodes were further dried at 
150 °C overnight under vacuum prior to cell assembly. CR2032-type coin 
cells with the cathode and lithium metal (purchased from China Energy 
Lithium Co., Ltd., diameter × thickness: ϕ16 × 0.6 mm) were fabricated 
in an Ar-filled glove box with both O2 and H2O content being less than 
0.1  ppm. A PVdF membrane (Merck Millipore Ltd., pore size: 0.2  µm) 
wetted with approximately 120 µL electrolyte was used as the separator 
for graphite||Li and graphite||graphite cells. For the dual graphite battery, 
it was constructed with a cell balancing of 1:1.5 (graphite in cathode: 
graphite in anode) by weight as a proof of concept. Before the full cell 
assembly, the graphite anode was pre-lithiated with lithium metal as 
the counter electrode to form an SEI layer by discharging/charging at a 
current rate of 0.05 C (1 C = 372 mAh g−1) for 2 cycles, then discharging 
at 0.1 C to 200 mAh g−1. The pre-lithiation process reduces the initial 
irreversible capacity and improves the stability of the dual graphite 
battery. The reported capacity for the full cell was with respect to the 
weight of the cathode.

Electrochemical Tests: Galvanostatic charge–discharge tests were 
conducted using a Neware battery tester at room temperature 
(22 °C). The cells were pre-cycled at a current density of 20 mA g−1 for 
three formation cycles. Then cells were typically cycled with a constant 
current of 500 mA g−1 (5 C) for graphite||Li cells and 1 A g−1 (10 C) as for 
dual-graphite batteries, in a voltage range of 3.0–5.1  V (versus Li/Li+). 
Rate performance tests were carried out within the current rates of 1 to 
50 C. CV measurements were performed with a Bio-Logic potentiostat 
(VMP3) at various scan rates from 0.1 to 1.0  mV  s−1. Impedance 
measurements were performed also using the Bio-Logic potentiostat 
(VMP3) by applying a 10 mV AC potential amplitude within the frequency 
range from 100 kHz to 5 mHz.

Sample Characterizations: In order to investigate the surface chemistry 
and morphological changes of the graphite cathodes, the cycled cells were 
disassembled in the glove box. The graphite electrodes were rinsed with 

Figure 6.  a) Charge–discharge curve of graphite||graphite cells using 0.5 wt% LiDFOB-containing electrolyte. Inset is the corresponding dQ/dV curve. 
b) Rate capability of graphite||graphite using 0.5 wt% LiDFOB-containing electrolyte. c) Ragone plot of the graphite||graphite DIB in comparison with 
reported dual-graphite (carbon) batteries.[19] d) Cycle performance and CE of graphite||graphite batteries with 0.5 wt% LiDFOB-containing electrolyte 
under a current rate of 10 C. Upper cutoff voltage: 5.1 V, 1 C = 100 mA g−1.

Adv. Funct. Mater. 2021, 31, 2102360
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dimethyl carbonate solvent several times to remove the salt residuals, 
followed by drying in the antechamber of the glove box under vacuum. 
The morphological evolutions of the cathode material were studied using 
a field-emission SEM (FE-SEM, Zeiss SUPRA-55 microscope) and a TEM 
(JEOL 2100 F). XRD (X′Pert3 Powder X-ray Diffractometer, PANalytical) 
and Raman spectroscopy (Renishaw Invia Raman) were performed to 
investigate the crystal structure of the cycled electrodes. XPS (ESCALAB 
250X form Thermo Fisher) measurements were conducted to examine 
the chemical compositions of graphite surface.
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H I G H L I G H T S G R A P H I C A L A B S T R A C T

� The working mechanisms, achieve-
ments, and challenges in developing
anion shuttle battery (ASBs) electrolytes
are reviewed.

� The unique properties and basic princi-
ples for designing ASB electrolytes are
described and illustrated.

� Future perspectives on strategies to
design electrolytes for ASBs are pre-
sented to facilitate grid-scale
applications.

A R T I C L E I N F O
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Anion shuttle batteries
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Electrochemical stability
Interfacial compatibility
Grid-scale energy storage

A B S T R A C T

As an emerging new type of battery chemistry, the anion shuttle battery (ASB), based on the shuttling and storage
of anions, is considered a sustainable alternative to gigawatt-scale energy storage due to the associated resource
abundance, low cost, high safety, and high energy density. Although significant progress has been achieved,
practical applications of ASBs are still hindered by tough challenges, such as short lifetime, limited reversible
capacity, and low Coulombic efficiency. Therefore, it is very necessary to design and explore new electrolyte
systems with high electrochemical/chemical stability, sufficient compatibility towards electrodes, and excellent
kinetics/reversibility for anion electrochemical reactions. Here, we review the recent achievements and main
challenges in developing electrolytes for ASBs, which include solid, non-aqueous, and aqueous electrolytes. We
mainly focus on the unique properties and basic principles of designing these electrolytes, and their various
performance parameters. Perspectives on design strategies for ASB electrolytes are also presented, which could
facilitate the development of advanced ASBs for grid-scale energy storage.

1. Introduction

The current worldwide energy economy still relies heavily on fossil
fuels, which causes severe air pollution and global warming. Motivated by
the ever-increasing demands for renewable energy and its extensive ap-
plications, from portable electronics to grid storage, it is of vital

significance to develop highly efficient energy storage and conversion
technologies, such as rechargeable batteries [1,2]. Owing to their high
energy density and long lifespan, lithium-ion batteries (LIBs) have come to
dominate the battery markets, from portable electronics to electric vehicles
[3,4]. However, the high cost and limited reserves of lithium and transition
metals (e.g., Co, Ni) strongly hinder their applications for stationary energy
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storage [5]. Alternative rechargeable metal-ion batteries based on other
univalent or multivalent cations as charge carriers (e.g., Naþ, Ca2þ, Mg2þ,
Zn2þ, Al3þ) have been developed [6,7]. However, their large ionic radii
mean they suffer from limited energy density and/or significant challenges
when it comes to ion transport and reversible cycling, which makes them
less competitive for widespread applications.

Recently, a new type of battery chemistry based on the shuttling and
storage of anions (e.g., Cl�, F�, NO3

�, PF6
�, TFSI–, FSI�) has attracted

increasing attention due to low cost, resource abundance, safety, and high
energy/power density. In contrast to cation rocking-chair batteries (CRBs,
e.g., LIB), where the cations are transported between cathode and anode
upon charging/discharging, anion shuttle batteries (ASBs) utilize anions as
the principal charge carriers for electrochemical reactions [8,9].

ASBs can be divided into three configurations: (i) anion rocking-
chair batteries (ARBs), e.g., chloride-ion batteries (CIBs) and fluoride-
ion batteries (FIBs), which rely on the shuttling of anions between the
two electrodes for charge storage; specifically, anions are released from
the cathode and transfer to the anode upon discharging, while the
process occurs in reverse during the charge process [8–10]; (ii) dual-ion
batteries (DIBs), which exhibit a different operating mechanism
involving the simultaneous incorporation of anions and cations into the
cathode and the anode, respectively, during charging, and the simulta-
neous release of the charge carriers into the electrolyte during dis-
charging (Fig. 1c) [11,12]; (iii) analogous to DIBs, reverse dual-ion
batteries (RDIBs) utilize both cations and anions for the energy stor-
age process, with anions being incorporated into the anode and cations

into the cathode upon discharging, while in the subsequent charge
process, both ions return to the electrolyte simultaneously [13].

Generally, the unique features of anions as charge carriers give ASBs
key advantages, such as high energy density (theoretical energy density
of 2500 Wh L�1 for CIBs and 5000 Wh L�1 for FIBs, respectively) and/or
high power capability (with DIBs) [14–16]. In addition, ASBs utilize
earth-abundant anions in place of Liþ as the principal charge carrier, and
their inexpensive electrode materials are effective for reducing
manufacturing cost [10]. These merits facilitate the development of
ASBs, which offer great potential for low-cost grid-scale energy storage.
Thus far, however, our understanding of the relationship between
anionic charge carriers and their electrochemical performance remains
limited.

It is essential that ASB electrolytes comply with the same key re-
quirements as LIBs: (i) high ionic conductivity to enable fast anion
transport, and negligible electronic conductivity to suppress battery self-
discharge; (ii) excellent chemical stability and inertness towards the
cathode and anode materials, as well as the separator, current collector,
and other cell packing components to mitigate side reactions; (iii) a wide
electrochemical stability window (ESW), i.e., a large energy gap between
the lowest unoccupied molecular orbital (LUMO) and the highest occu-
pied molecular orbital (HOMO), to achieve high energy density and to
prevent electrolyte side reactions within the cell operating voltage; (iv)
low interfacial resistance to ensure good contact, and a low energy bar-
rier for ionic conduction between the electrode and the electrolyte. These
electrolyte properties play a decisive role in the kinetics/reversibility of

Fig. 1. Overview of electrolyte progress for anion rocking-chair batteries, dual-ion batteries, and reverse dual-ion batteries, including aqueous, non-aqueous, and
solid-state electrolytes. Reproduced with permission [13,17]. Copyright 2019, American Chemical Society. Reproduced with permission [18,19]. Copyright 2021,
Wiley-VCH. Reproduced with permission [20]. Copyright 2017, American Chemical Society. Reproduced with permission [21]. Copyright 2020, American Chemical
Society. Reproduced with permission [22,23]. Copyright 2021, American Chemical Society. Reproduced with permission [24]. Copyright 2020, Elsevier. Reproduced
with permission [25]. Copyright 2019, Royal Society of Chemistry. Reproduced with permission [26]. Copyright 2018, American Association for the Advancement of
Science. Reproduced with permission [27]. Copyright 2019, The Electrochemical Society.
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electrochemical reactions and the lifespan of ASBs. However, compared
with the extensive studies on electrode materials (cathode and anode),
research work and reviews on electrolyte development for ASBs are
lacking [8–10,12,28–31].

Notably, the migrated anions in ARBs are initially stored in the
cathode materials, and the electrolyte only serves as the charge carrier to
transport anions, hence the ion concentration remains unchanged during
the charge/discharge process. In contrast, for DIBs and RDIBs, since both
the cations and the anions for charge transfer are supplied by the elec-
trolyte, the ions in the electrolyte should be considered the active ma-
terial. Consequently, in DIBs and/or RDIBs, the concentrations of both
cations and anions, and the corresponding physical qualities of the
electrolyte, such as ionic conductivity and viscosity, are highly depen-
dent on the state of charge (SOC). Remarkably, the reversible capacity,
energy/power density, and cell voltage of DIBs and/or RDIBs depend
largely on the electrolyte formulation (e.g., the type of solvent, the salt
type and content, the additive amount) [32].

In this review, we focus on discussing the recent achievements and
main challenges in developing electrolytes — including solid, non-
aqueous, and aqueous (Fig. 1) — for ARBs, DIBs, and RDIBs. The
unique properties of each type of electrolyte (ESW, ionic transport,
electrode/electrolyte compatibility, etc.) are summarized, and perspec-
tives on future design strategies for ASB electrolytes are proposed.

2. Electrolytes for ARBs

ARBs function based on anion shuttling across cathodes and anodes
for electrochemical reactions during charging/discharging, two repre-
sentative examples being CIBs and FIBs. In general, these batteries utilize
a metal as the anode and a metal halide or metal halide-containing ma-
terial as the cathode. As mentioned in the introduction, the rich abun-
dance of halide materials makes far less expensive redox pairs in ARBs
than in LIBs. More interestingly, the wide range of possible redox pairs
and/or multiple-electron transfer reactions can potentially yield
extremely high energy densities for ARBs. However, several major ob-
stacles remain, one crucial factor being the need for a suitable electrolyte
design that achieves high ionic conductivity, superb interfacial stability,
as well as stable/reversible charge storage reactions. This will be
comprehensively discussed in the following section.

2.1. Chloride-ion batteries (CIBs)

The first proof-of-concept CIB based on Cl� shuttling through a Cl�-
containing electrolyte was proposed by Fichtner et al., in 2014, and since
then, the CIB has attracted intensive attention owing to its high theo-
retical volumetric energy density, low cost, dendrite-free operation, and
other features [33–35]. In particular, the massive abundance of
Cl�-containing materials allows a wide array of potential redox pairs,
giving CIBs a theoretical energy density comparable to that of lith-
ium–sulfur batteries (~2800 Wh L�1) [35]. As the charge carrier across
the cathode and anode, the electrolyte plays a critical role in CIB per-
formance, such as cyclability. Two of the biggest challenges for devel-
oping CIB electrolytes lie in providing fast Cl� anion conduction and
superior electrode compatibility at room temperature (RT). The key
progress and main challenges for state-of-the-art CIB electrolytes will be
discussed in detail below.

2.1.1. Solid electrolytes
Solid electrolytes have been demonstrated to be effective in solving

issues associated with electrode dissolution and/or undesirable side re-
actions between electrode materials and liquid electrolytes, and they are
garnering increasing interest in the field of LIB systems. Nevertheless, only
a few studies have been reported on chloride-ion-conducting solid elec-
trolytes for CIBs [21,36,37]. Zhao et al. developed the first all-solid-state
rechargeable CIB by employing a ternary solid electrolyte, which con-
sisted of a poly(ethylene oxide) (PEO) matrix, a quaternary ammonium

chloride salt (TBMACl), and a succinonitrile (SN) solid plasticizer. The
PEO1-TBMACl1-SN3 solid electrolyte exhibited a high anti-oxidation sta-
bility of more than 4.2 V vs. Li/Liþ and a conductivity of 10�5

–10�4 S cm�1

within the temperature range of 198–343 K. Consequently, a FeOCl
(cathode)||Li (anode) battery using this electrolyte displayed reversible
redox reactions during charging/discharging (Figs. 2a–c) [36].

Inorganic compounds such as BaCl2, SrCl2, and LaOCl can also be
utilized as chloride-ion conductors. However, the ionic conductivity
(~10�6 S cm�1) of these polycrystalline materials can only be achieved at
an operating temperature above 500 K [38,39]. Some metal chlorides,
such as SnCl2-and PbCl2-based materials, have exhibited enhanced ionic
conductivities (~10�6 S cm�1) at RT, but they suffered from reduced
electrochemical reduction stability [40,41]. Zhao et al. reported a
room-temperature-stable inorganic halide perovskite of CsSnCl3 pre-
pared by mechanical milling and subsequent mild heat treatment, which
demonstrated highly enhanced structural stability against phase trans-
formation of the cubic structure (Fig. 2d), thus enabling a high ionic
conductivity of 3.6 � 10�4 S cm�1 at RT together with a wide electro-
chemical window of ~6.1 V (Fig. 2e) [21]. Although remarkable progress
has been made, extensive efforts are still needed to enhance the Cl� ion
conductivity and/or interfacial properties of solid electrolytes, such as by
structurally engineering inorganic chloride ion conductors (e.g., doping),
to achieve solid CIBs that operate at room temperature.

2.1.2. Non-aqueous liquid electrolytes
Compared with solid electrolytes, the high ionic conductivities of

non-aqueous liquid electrolytes enable the operation of rechargeable
CIBs at RT. Since their first development in 2014, the majority of
rechargeable CIBs have been explored based on non-aqueous electrolytes
(Table 1) comprising mixtures of ionic liquids (IL) and/or carbonates as
solvents.

A binary IL electrolyte was designed by mixing 1-methyl-3-octylimi-
dazolium chloride ([OMIM][Cl]), possessing low melting point but
high viscosity, with 1-butyl-3-methylimidazolium tetrafluoroborate
([BMIM][BF4]) in a 1:3 volume ratio, which accelerated the movement of
Cl� ions. Owing to the combined merits of the two ILs, reversible Cl�

transfer was achieved at RT, contributing to a high discharge capacity of
142.9 mAh g�1 for a BiCl3||Li cell based on the mass of BiCl3 [33]. To
further improve the Cl� ionic conductivity/mobility, carbonates have
been introduced into IL electrolytes as co-solvents. By dissolving 0.5 M
1-butyl-1-methylpiperidinium chloride (PP14Cl) in propylene carbonate
(PC) solvent, Fichtner and co-workers reported a novel electrolyte that
demonstrated both a high ionic conductivity of 4.4 mS cm�1 and a wide
electrochemical window of 3.2 V versus Li/Liþ. Coupling this electrolyte
with a VOCl cathode and a Li anode, an initial discharge capacity of 189
mAh g�1 at 2 C based on the active material of the cathode was achieved
for the CIB, which retained a high discharge capacity (113 mAh g�1) even
after 100 cycles (Figs. 3a and b) [43]. Han et al. developed a highly
reversible CIB comprising Ni2V0.9Al0.1-Cl layered double hydroxides
(LDH) as the cathode and Li as the anode, and employing 1 M 1-butyl-1--
methylpyrrolidinium chloride (BpyCl) in PC and 1-butyl-1-methylpiper-
idinium bis(trifluoromethylsulfonyl) imide (PP14TFSI) as the
electrolyte. Electrode dissolution was mitigated, contributing to a high
capacity of 312.2 mAh g�1 and an ultralong lifetime of 1000 cycles, with
a stable capacity of 113.8 mAh g�1 based on the mass of the cathode
material [45].

Although these IL-based electrolytes have been regarded as a possible
choice for CIB applications due to the high Cl� ionic conductivity and wide
ESW, they generally suffer from serious interfacial side reactions (e.g.,
electrode dissolution into the electrolytes) and carry high risks of leakage,
volatility, and flammability. To resolve these issues, gel polymer electro-
lytes were developed as potential candidates for rechargeable CIBs.
Gschwind et al. reported three types of Cl�-conducting polymer electro-
lytes that combined the polymer with chloride salts containing large cat-
ions — tetraethyl ammonium chloride with gelatin, tetrabutyl ammonium
chloride (TBACl) with polyvinyldifluoride-hexafluoropolymer (PVDF-HF),
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and octyltrimethyl ammonium chloride (TOACl) with polyvinylchloride
(PVC), respectively [49]. The PVC-based electrolyte displayed the lowest
ionic conductivity of 10�7 S cm�1, whereas the other two electrolytes
showed higher conductivity (10�4 S cm�1). However, the Cl� conductiv-
ities of these polymer electrolytes were lower compared to IL-based elec-
trolytes, and electrochemical processes only occurred at the
electrode/electrolyte interface. In addition, although these electrolytes
were combined with a Zn anode and a CuCl2, BiCl3, or polyaniline (PANI)
cathode, respectively, as prototype batteries, only discharge performance
was reported, while their reversibility was doubtful. Further studies of the
stability/reversibility of the electrochemical reactions upon charging/di-
scharging with improved battery setups are therefore urgently required.

Immobilization of Cl-containing ILs within polymer matrices can be
another effective approach, forming IL-based polymer electrolytes that
have high ionic conductivity as well as enhanced thermal and electro-
chemical stability. Such IL-based polymer electrolytes exhibit rather better
electrode compatibility compared with solid electrolytes. Recently, a Cl�-
conducting IL-based polymer electrolyte based on cross-linked poly(-
methyl methacrylate) (PMMA)-0.5 M PP14Cl-PP14TFSI was demonstrated,
where the IL acted as both plasticizer and Cl� supplier. When containing
80 wt% ILs, the IL-based polymer electrolyte exhibited a high ionic con-
ductivity of 0.90 � 10�4 S cm�1 and a high anodic stability limit of 5.0 V
(using stainless steel as the counter electrode) at RT. An as-assembled
FeOCl|PMMA-0.5 M PP14Cl-PP14TFSI|Li cell yielded a high discharge ca-
pacity of 122 mAh g�1 based on the mass of FeOCl after 7 cycles at 10 mA
g�1, demonstrating the application feasibility of Cl�-conducting IL-based
polymer electrolytes for high-performance CIBs [47].

2.1.3. Aqueous electrolytes
In addition to non-aqueous electrolytes containing ILs or organic

solvents, aqueous electrolytes have also been explored in rechargeable
CIBs, displaying obvious advantages that include nonflammability,

eco-friendliness, safety, and low cost due to the facile fabrication process
[8,9,14]. However, most electrode materials for CIBs suffer from signif-
icant dissolution or stability issues in aqueous electrolytes. In addition,
the narrow stability window of the electrolyte solvent, i.e. water, restricts
the battery energy density. By pairing a silver cathode with a BiOCl
anode, Yang et al. demonstrated the first aqueous CIB by using 1 M NaCl
as an electrolyte [14]. This aqueous CIB exhibited obvious redox peaks
representing Cl� insertion and extraction between the two electrodes,
leading to a stable discharge capacity of 92.1 mAh g�1 (based on the mass
of the BiOCl anode) that was maintained for 45 cycles at a current density
of 400 mA g�1 (Fig. 3c) [14]. After that, Sun et al. replaced the anode
material with Sb4O5Cl2, and the resulting Ag||Sb4O5Cl2 full battery
(Fig. 3d) using 1 M NaCl electrolyte demonstrated a discharge capacity of
34.6 mAh g�1 (based on the mass of Sb4O5Cl2) after 50 cycles at 600 mA
g�1 [17]. In another effort to address the poor stability and volume
expansion/contraction for the conversion reaction between Bi and BiOCl
during the electrochemical process, a Bi-nanoparticle@carbon-film
composite electrode was employed as an anode. When this anode was
coupled with a AgCl cathode and NaCl electrolyte, a high capacity of 87.9
mAh g�1 based on the Bi weight was achieved after 200 cycles at 400 mA
g�1 [48]. Nevertheless, the aqueous CIBs reported thus far have relied on
NaCl as the chloride salt. Other chloride salts and/or highly concentrated
electrolytes (HCEs) should be explored to enhance the electrolyte elec-
trochemical window and further improve the compatibility/stability of
the electrode materials towards aqueous electrolytes.

2.2. Fluoride-ion batteries (FIBs)

Similar to CIBs, the rechargeable FIB operated by a F� shuttle has
emerged as a competitive battery technology that is attracting increasing
attention. Owing to the high electronegativity of F, the F� anion exhibits
superb anti-oxidation stability, which enables the utilization of high-

Fig. 2. Solid electrolytes for CIBs. (a) Schematic diagram, (b) cyclic voltammetry (CVs, 50 μV s�1), and (c) cycle performance (10 mA g�1) of a FeOCl|PEO1-TBMACl1-
SN3|Li cell. Reproduced with permission [36]. Copyright 2019 Wiley-VCH. (d) Schematic of the preparation of CsSnCl3 perovskite solid-state electrolyte. (e) Linear
sweep voltammetry (LSV) of the cubic CsSnCl3 electrolyte at 298 K with a scan rate of 5 mV s�1, demonstrating an electrochemical stability window of ~6.1 V.
Reproduced with permission [21]. Copyright 2020, American Chemical Society.
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voltage redox couples [9,10,50]. In addition, the multiple-electron
electrochemical reactions for F� storage are promising for achieving
high theoretical energy density [50]. Compared to the use of Cl� as the
charge carrier in CIBs, the smaller size and lower weight of the F� anion
enables faster ionic transport and higher energy density for FIBs [10,51].
Although research into rechargeable FIBs is in the fledgling stage, elec-
trolyte design and related mechanism studies have been a significant
research area, especially in recent years [52–57]. In the following sec-
tion, we will provide an overview of the current F�-transporting solid and
liquid electrolytes suitable for the efficient functioning of FIBs.

2.2.1. Solid electrolytes
The first proof-of-principle rechargeable FIB was demonstrated by

Fichtner et al., in 2011 and employed La0.9Ba0.1F2.9 as a F� ion-
conducting solid electrolyte, achieving a high ionic conductivity of
~2.0 � 10�4 S cm�1 at 150 �C [50]. When combined with a BiF3/Ce
redox couple, a discharge capacity of 190 mAh g�1 based on the mass of
BiF3 was delivered for the initial cycle. However, due to the large volume
change in electrode materials and the consequent loss of electro-
de–electrolyte contact upon repeated charging/discharging, the cell
suffered from poor cycling stability. Following this pioneering work,
numerous reports exploring solid electrolytes for FIBs have appeared [52,

55,56,58–62]. In solid electrolytes, ionic transport is mainly achieved via
Schottky and anti-Frenkel point defects (i.e., the vacancy mechanism,
interstitial mechanism, and interstitial-substitutional exchange mecha-
nism). Therefore, creating more defects in the solid structure can enhance
ionic conductivity [31]. Typically, F�-ion transporting solid electrolytes
are categorized into two types: alkaline-earth fluorides with a
fluorite-type structure (MF2, M ¼ Ba, Ca, Sr) and rare-earth fluorides with
a tysonite-type structure (MF3, M ¼ La, Ce, Pr, Nd) [63,64]. However,
some of these solid electrolytes can achieve high ionic conductivity
without a high concentration of defects.

Owing to the lone pair of electrons on the Sn2þ atom, SnF2-containing
compounds (e.g., MSnF4, M ¼ Pb, Ba, Ca, etc.) have been reported to
possess high ionic conductivity. The polarizable lone pair can reorient
while moving, and the mobile F� between Sn–Sn and Sn–Ba layers thus
can participate in the conduction process, leading to an enhanced ionic
conductivity from 2 � 10�10 S cm�1 at 160 �C for BaF2 to above 1 � 10�4

S cm�1 at RT for BaSnF4 solid electrolytes [31,53]. Unfortunately, the
low electrochemical stability of Sn2þ has largely restricted the applica-
tion of highly reductive electrode materials. On the other side, the widely
studied tysonite-type La0.9Ba0.1F2.9 displayed low ionic conductivity (4
� 10�7 S cm�1 at RT), while it was compatible towards metal anodes like
Ce and La. To combine advantages from both electrolytes, Mohammad
et al. pressed together a thick BaSnF4 layer with a thin La0.9Ba0.1F2.9
layer. The resulting interlayer electrolyte achieved a much higher ionic
conductivity (8.9 � 10�6 S cm�1) than La0.9Ba0.1F2.9 electrolyte on its
own (4.0 � 10�7 S cm�1) while also preventing physical contact between
the less stable BaSnF4 and the anode. This interlayer electrolyte enabled a
BiF3||Ce battery to be charged/discharged at RT, though the first
discharge capacity (only 27 mAh g�1) decayed rapidly [54].

To further demonstrate that lone pairs could improve electrolyte ionic
conductivity, Reddy et al. substituted trivalent Sb3þ for divalent Ba2þ,
revealing that the fluorite-type structured Ba1-xSbxF2þx (0.1 � x � 0.4)
solid conductors displayed enhanced ionic conductivities (Figs. 4a and b)
[64]. The migration of fluoride vacancies along the grain boundaries
accounts for the ionic conductivity of Ba1-xSbxF2þx compounds, wherein
the lone pair of electrons on Sb3þ appear to facilitate the F� mobility.
Though the highest ionic conductivity (4.4 � 10�4 S cm�1 at 160 �C) was
obtained with Ba0.7Sb0.3F2.3 solid electrolyte, insufficient evidence was
provided to determine the role of lone pairs in improving the ionic
conductivity.

In the case of tysonite-type fluorides (R1-xMxF3-x, where R is the rare-
earth element and M is the divalent element), a F� interstitial site cannot
be formed because it is much smaller (0.84 Å) than the F� radius (1.19
Å). The ionic conductivity of tysonite-type fluorides can be improved via
creating F� vacancies in RF3 [65]. Fichtner et al. investigated the con-
duction mechanism of a La1-yBayF3-y (0 � y � 0.15) solid compound
synthesized by mechanical milling, revealing that the mechanism of
conductivity was rather different from that of fluorite-type structured
compounds (Figs. 4c and d) [61]. In contrast to the dominant role played
by the migration of vacancies along the grain boundaries in the ionic
conductivity of fluorite-type compounds (Ba1-xLaxF2þx), the grain
boundaries had detrimental impacts on ionic conduction for
tysonite-type compounds (La1-yBayF3-y). Sintering of the La0.9Ba0.1F2.9
compound led to grain growth and a reduction in grain boundaries,
causing enhancement of the F� ionic conductivity. This confirmed that
the grain boundaries acted as a barrier to conduction; however, the exact
contribution of grain boundaries to ion conduction remains uncertain.

Reducing the thickness of electrolyte films has been recognized as
another strategy to improve the ionic conductivity of solid electrolytes. A
thick solid electrolyte layer (700–800 μm) typically results in high resis-
tance for the ionic conductor and poor contact between the solid electro-
lyte and the electrodes, which can be mitigated by employing a thin-film
mode (Fig. 4e). Preparing thin-film electrolytes of La1-xBaxF3-x (0 � x �
0.15) by a sol-gel spin-coating method, Fichtner et al. achieved an ionic
conductivity of 8.8 � 10�5 S cm�1 at 170 �C (La0.9Ba0.1F2.9) [60]. In spite
of the conductivity being lower than with bulk solid electrolytes

Table 1
Comparison of the electrochemical performance of non-aqueous and aqueous
electrolytes for CIBs.

Electrolyte Cathode||Anode Output
voltage
(V)

Specific
capacity
(mAh g�1)

Retained
capacity
(mAh g�1)/
cycles

Ref.

0.5 M
PP14Cl-
PP14TFSI

FeOCl||Li 1.6–3.5 158 at 10
mA g�1

60/30 [35]

0.5 M
N116(14)Cl-
N1114TFSI

BiOCl||Li 1.6–3.0 60 at 5
mA g�1

60/6 [35]

0.5 M
PP14Cl-
PP14TFSI

FeOCl/CMK-3||
Li

1.6–3.5 202 at 10
mA g�1

162/30 [42]

0.5 M
PP14Cl-
PP14TFSI

PPyCl@CNTs ||
Li

1.0–4.0 118 at
500 mA
g�1

~90/40 [20]

[OMIM][Cl]-
[BMIM]
[BF4] (1:3)

VCl3||Li 1.6–3.5 111.8 at 3
mA g�1

– [33]

[OMIM][Cl]-
[BMIM]
[BF4] (1:3)

BiCl3||Li 1.6–3.5 142.9 at 3
mA g�1

~80/3 [33]

0.5 M
PP14Cl- PC

VOCl||Li 1.0–2.8 151 at
522 mA
g�1

113/100 [43]

0.5 M BpyCl-
PC/
PP14TFSI

CoFe–Cl LDH||
Li

1.2–3.0 239.3 at
100 mA
g�1

160/100 [44]

0.5 M BpyCl-
PC/
PP14TFSI

Ni2V0.9Al0.1–Cl
LDH||Li

1.2–3.0 312 at
200 mA
g�1

113.8/
1000

[45]

0.5 M
Bpy14Cl-
PC

NiFe–Cl LDH||Li 1.2–3.0 350.6 at
100 mA
g�1

101.1/800 [46]

PMMA-0.5
M PP14Cl-
PP14TFSI

FeOCl||Li 1.6–3.5 ~122 at
10 mA g�1

122/7 [47]

1 M NaCl Ag||BiOCl 0–1.5 153 at
400 mA
g�1

92.1/45 [14]

1 M NaCl Ag||Sb4O5Cl2 0–1.5 41 at 600
mA g�1

34.6/50 [17]

1 M NaCl AgCl||
Bi@carbon-
texture

0–1.2 94.2 at
400 mA
g�1

87.9/200 [48]

Note: Benzyldimethyltetradecylammonium chloride (N116(14)Cl); Butyl-
trimethylammonium bis(trifluoromethyl-sulfonyl)imide (N1114TFSI).
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synthesized by ball milling, the thin-film strategy reduced the overall
resistance of the FIBs. Soon after, using La0.9Ba0.1F2.9 as a thin-film elec-
trolyte, Fichtner et al. achieved initial discharge capacities of 66 and 76
mAh g�1 based on the weight of the active material in the cathode at 160
�C for Bi||MgF2 and Cu||MgF2 FIBs, respectively. Nevertheless, the ca-
pacity for both cells faded sharply during subsequent cycles [66]. Very
recently, a tetragonal β-Pb0.78Sn1.22F4 thin film synthesized by pulsed laser
deposition (PLD) was employed as a solid electrolyte for FIBs [22]. The
ionic conductivity of the thin-film electrolyte was enhanced due to the
regulation of preferential growth under various annealing atmospheres.
The rate-determining factor of the interfacial reaction kinetics for
solid-state FIBs was investigated (Fig. 4f), revealing that mass transfer (F�

conduction in electrolyte) should be the limiting process at the interface
between an electrode and the thin-film electrolyte.

Solid electrolytes bring FIBs several obvious advantages, such as
safety, high chemical stability, and a wide ESW. However, their high
operating temperature (> 140 �C), low ionic conductivity, poor interfa-
cial contact, and incompatibility with most conversion-type electrode
materials are still tough challenges for the practical application of
rechargeable solid FIBs.

2.2.2. Non-aqueous liquid electrolytes
Non-aqueous liquid electrolytes generally possess higher ionic con-

ductivities than those of solid electrolytes. Unfortunately, due to the
existence of lone pairs within the ionic radius, “naked” F� ions are highly
reactive with nucleophilicity and basicity. As a result, organic cations

possessing β-hydrogens easily undergo Hoffman elimination and salt
decomposition, posing a great challenge for designing stable liquid
electrolytes in FIBs at RT [10]. Pioneering reports demonstrate that
designing electrolytes that are resistive to nucleophilic F� attack and
solvating F� with Lewis acidic agents to reduce its basicity are effective
strategies for developing liquid fluoride electrolytes [51,67–69].

In 2017, dissolving 1 M organic fluoride (1-methyl-1-propylpiper-
idinium fluoride: MPPF) in ILs (N,N,N-trimethyl-N-propylammonium
bis(trifluoromethanesulfonyl)-amide: TMPA/TFSI) as the F�-trans-
porting electrolyte, Okazaki et al. produced a 0.35 M MPPF-TMPA/TFSI
electrolyte with a high ionic conductivity of 2.5 mS cm�1 [70]. By
combining this electrolyte with a Bi cathode and a PbF2|Pb anode, a
charge capacity of 1.2 mAh cm�2 was achieved with a Coulombic effi-
ciency of ~56%. Nevertheless, organic cations with β-hydrogens in ILs
were considered to potentially generate bifluoride ions, attributed to
Hofmann elimination [9,65]. Despite such drawbacks, these reports were
still pioneering in designing liquid electrolytes for room-temperature
FIBs.

A significant advance in designing stable room-temperature F�-con-
ducting electrolytes was achieved by Jones et al., in 2018 [51]. The
electrolytes were prepared by dissolving tetraalkylammonium fluoride
salts (i.e., neopentyl (Np)-substituted alkylammonium fluorides) in
ethers. The solubility of the organic fluoride salt could be improved due
to the branched Np chain, while the decomposition of F� to HF2

� could
be suppressed in the absence of β-hydrogens. Bis(2,2,2-trifluoroethyl)
ether (BTFE) was found to be the only organic solvent able to dissolve

Fig. 3. Non-aqueous and aqueous electrolytes for CIBs. A non-aqueous VOCl|0.5 M PP14Cl-PC|Li CIB with (a) CV measurements at a scan rate of 0.1 mV s�1 and (b)
cycling performance at 2 C (1 C ¼ 261 mA g�1). Reproduced with permission [43]. Copyright 2016, Wiley-VCH. (c) Charge and discharge curves for an aqueous Ag|1
M NaCl|BiOCl CIB at a current density of 400 mA g�1. Reproduced with permission [14]. Copyright 2017, Elsevier. (d) Schematic illustration of the working
mechanism for an aqueous Ag|1 M NaCl|Sb4O5Cl2 CIB. Reproduced with permission [17]. Copyright 2019, American Chemical Society.
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NpF salt at high concentrations (> 2.2 M) without reacting with F�

(Fig. 5a). Electrolytes composed of N,N,N-trimethyl-N-neopentylammo-
nium fluoride (Np1F) and N,N,N-dimethyl-N,N-dineopentylammonium
fluoride (Np2F) in BTFE solvent were designed, respectively, demon-
strating high ionic conductivity comparable with values obtained in

traditional LIB electrolytes (10�3 to 10�2 S cm�1; Fig. 5b). By pairing 1 M
Np1F-BTFE electrolyte with a Cu@LaF3 composite cathode, reversible
fluorination and defluorination reactions in a FIB were achieved at RT.
However, poor cycling stability was displayed, attributed to the insuffi-
cient ESW of this liquid electrolyte. Following this groundbreaking work,

Fig. 4. Solid electrolytes for FIBs. (a) Representative structure of Ba1-xSbxF2þx (doped fluorite). (b) Arrhenius plots of ionic conductivity of ball-milled Ba1-xSbxF2þx (0
� x � 0.4) compounds. Conductivities were measured from impedance measurements, while the dotted lines represent the linear fitted results. Reproduced with
permission [64]. Copyright 2018, American Chemical Society. (c) Arrhenius plot of the conductivity for La1-yBayF3-y electrolyte prepared by ball milling. (d) Arrhenius
plots of the conductivities for ball-milled and sintered samples of tysonite-type La0.9Ba0.1F2.9 and fluorite-type Ba0.6La0.4F2.4. Reproduced with permission [61].
Copyright 2014, American Chemical Society. (e) Schematic illustrations of a bulk-type solid battery and a thin-film electrolyte-based battery. Reproduced with
permission [60]. Copyright 2014, Elsevier. (f) Schematic illustration of mass/charge-transfer processes at an electrode/electrolyte (thin-film) interface. Reproduced
with permission [22]. Copyright 2021, American Chemical Society.
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the authors continued exploring liquid FIB electrolytes by studying
ion-solvent properties. They demonstrated that various organic solvents
were capable of dissolving Np1F salt that can stabilize F� in solution,
including propionitrile (PN), 2,6-difluoropyridine (2,6-DFP), and BTFE,
among which 2,6-DFP solvent enabled the highest F� ion mobility
(Fig. 5c), while BTFE solubilized a larger amount of Np1F. In addition, the
electrolyte ionic conductivity was improved via mixing amide into BTFE
as a co-solvent (Fig. 5d), which was attributed to the ability of
BTFE/co-solvent mixtures to promote ion dissociation between Np1

þ

cations and F� anions [57].
To mitigate β-hydrogen elimination and/or other nucleophilic fluo-

ride attacks towards atoms like α-H, C––O, ChN, P, Si, etc. under acidic
conditions, Lewis acidic solvating agents (i.e., anion acceptors: AAs) such
as organic compounds containing electropositive elements (e.g., B, Si, P,
etc.) can be employed to enhance the solvation of F� [10,71]. Ogumi
et al. demonstrated that a variety of boron-containing compounds, such
as fluorobis(2,4,6-trimethylphenyl) borane (FBTMPhB), triphenylbor-
oxine (TPhBX), and triphenylborane (TPhB) could be employed as AAs in
FIB electrolytes. With the aid of 0.5 M FBTMPhB as an AA, a stable
electrolyte consisting of 0.45 M CsF in tetraglyme solvent was formed,
achieving a high anti-oxidative voltage of ~3.6 V vs. Li/Liþ. Unfortu-
nately, the authors found this AA also contributed to the dissolution

of the active material upon charging, which caused capacity fading
during subsequent cycles [72]. Afterwards, the authors demonstrated
that both the type of AA and the salt concentration of CsF in the elec-
trolytes had significant effects on the electrochemical performance of
PbF2 electrodes.

To solve the above issues of active materials’ dissolution in these
electrolytes, the extensively studied lithium bis(oxalato)borate (LiBOB),
which is effective in suppressing cathode material dissolution in LIBs,
has been considered a promising candidate for FIBs. For the first time,
using tetraglyme (G4) electrolytes containing CsF and different amounts
of LiBOB, Kucuk et al. investigated the effects of LiBOB on the solubility
of fluorine-based salts and found the optimum BOB� concentration and
formulation to be LiBOB0.25/CsF/G4 [73]. Following this effort, they
found the addition of BOB� not only suppressed cathode material
dissolution [73–78] but also enhanced the electrochemical stability of
the LiBOB-containing electrolytes compared with AA/G4 systems (e.g.,
via the interactions between BOB� and Csþ, and between fluoride and
the CH2 groups of G4) [74,76]. This design enabled the successful
operation of FIBs. In this pursuit, exploring and regulating liquid elec-
trolytes with the appropriate AA type and fluoride salt/AA ratio
should be done to achieve high-performance FIBs. When designing an
F-containing electrolyte, one should keep in mind that ultimately, the

Fig. 5. Non-aqueous electrolyte for FIBs. (a) Np1F solubility in BTFE, acetonitrile (can), 3-methoxypropionitrile (MeOPN), and PN. Inset shows 19F NMR spectra in the
bifluoride region for Np1F dissolved in each solvent. (b) Ionic conductivity of Np1F and Np2F in liquid BTFE solutions as a function of concentration. Inset shows the
simulated solvation shell of BTFE molecules surrounding F� (pink sphere). Reproduced with permission [26]. Copyright 2018, American Association for the
Advancement of Science. (c) Ionic conductivity of Np1F in PN, 2,6-DFP, and BTFE solvents. (d) Ionic conductivity of Np1F (0.75 M) in BTFE:co-solvent mixtures.
Reproduced with permission [57]. Copyright 2019, Royal Society of Chemistry.
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conduction and reactivity of F� will be suppressed when F� ion solva-
tion is enhanced [10].

2.2.3. Aqueous electrolytes
Aqueous solutions have also been considered for designing liquid

electrolytes for rechargeable FIBs. Recently, an aqueous NaF salt solution
acting as the electrolyte for FIBs was proposed by Chen et al., where 4-hy-
droxy-2,2,6,6-tetramethyl-piperidinooxy (TEMPO) and BiF3 were used as
the cathode and anode, respectively [27]. To ensure only F� were
transported upon cell cycling, an anion exchange membrane was
employed to prevent side effects due to insoluble compounds from both
electrodes. After 85 cycles, the cell displayed a reversible and stable
discharge capacity of 89.5 mAh g�1 based on the BiF3 weight at a current
density of 1000 mA g�1. However, the voltage hysteresis was relatively
large (~1.0 V), especially when compared with those obtained with
traditional LIBs. Moreover, the formation of HF or bifluoride in the
aqueous electrolyte was not discussed. For the implementation of FIBs
with high capacity and environmental friendliness, other salts besides
NaF need to be developed, and electrode materials compatible with
aqueous electrolytes should be explored.

Above all, it should be noted that the safety issue is probably the
greatest concern facing liquid F�-conducting electrolytes. These elec-
trolytes are generally corrosive and toxic towards cell components due to
the highly reactive F�. They are also potentially more flammable than
solid electrolytes, which require tuning of the electrolyte chemistry to
allow practical FIBs with high safety [10]. For further detailed and spe-
cific discussion on developments in FIB electrode materials and electro-
lytes, readers are strongly encouraged to see Nowroozi et al.’s and Yu
et al.’s excellent reviews [31,53].

3. Electrolytes for DIBs and RDIBs

By involving anions and cations simultaneously for charge transfer,
unique operating mechanism for DIBs and RDIBs are achieved. Serving as
a reservoir for active ions (both cations and anions), the electrolyte plays
a decisive role in the cell performance of DIBs and RDIBs — e.g., the
voltage of DIBs and RDIBs relies heavily on the active ions, solvent, and
electrolyte concentration — while the voltage of ARBs is determined by
the Gibbs free energy [79,80]. Obviously, the electrolyte design princi-
ples and related research directions for these kinds of batteries are
distinctly different from those of CRBs (e.g., LIBs). This section will
systematically discuss various types of electrolyte systems utilized, and
their impacts on the electrochemical properties of DIBs and RDIBs.

3.1. Dual-ion batteries (DIBs)

Typically, the anion insertion/extraction at the cathode endows DIBs
with a high working voltage, which is beneficial for enhancing energy/
power characteristics. However, the oxidation stability of conventional
organic electrolytes cannot meet the high voltage requirements for anion
reaction, resulting in low Coulombic efficiency and short lifetimes for
DIBs. The following section will review recent progress in electrolytes for
DIBs and RDIBs, including non-aqueous (e.g., conventional organic
electrolytes, fluorinated electrolytes, HCEs, ILs, and gel polymer elec-
trolytes) and aqueous electrolytes, focusing on their ESWs and compat-
ibility with the anion intercalation process.

3.1.1. Non-aqueous liquid electrolytes
The solvent is a vital component in an electrolyte and affects the

anion insertion behaviors at the cathode. Owing to their low cost, high
ionic conductivity, high dielectric constant, low viscosity, and suitable
ESW, carbonates — including EC, PC, ethyl methyl carbonate (EMC),
DMC, and dimethyl carbonate (DEC) — are the most extensively used
organic solvents in DIBs [15,81–83]. Wang et al. revealed that the ki-
netics for the PF6

� intercalation reaction was promoted with EMC sol-
vent more than with PC, EC, or sulfone (SL) solvent, which can be

ascribed to EMC's stronger affinity for PF6
� (presumably, EMC forms

stronger H⋅⋅⋅F hydrogen bonds, where H comes from the solvent and F� is
provided by PF6

�) [84–86]. Nevertheless, such promotion of the anion
insertion process by EMC solvent was not obtained when PF6

� was
replaced with other anions. The authors further revealed that the
Liþ-BF4

� ionic bonding was too tight to be split by EMC, which possessed
low permittivity (dielectric constant: ~2.96), kinetically retarding the
insertion process of BF4

� into graphite cathodes. To liberate BF4
� from

Liþ, a co-solvent with high permittivity (e.g., PC, SL) to bond with Liþ, or
another salt containing a larger cation, such as tetrafluoroborate
(TBABF4; the van der Waals radius of TBAþ is 4.15 Å, compared with
0.76 Å for Liþ) were employed, achieving a much higher anion interca-
lation capacity [87,88].

Unfortunately, the high voltage required for the anion intercalation
process exceeds the oxidation stability voltage of conventional carbonates,
hindering the development of high-voltage electrolyte systems. Ascribed to
the decreased HOMO energy level, solvent molecules containing the sul-
fonyl group (-S(¼O)2-) were demonstrated to enhance the electrolyte
oxidation stability to ~6 V (vs. Li/Liþ) [89]. An electrolyte composed of 2
M LiPF6 salt in ethyl methyl sulfone (EMS) solvent allowed a graphite||Li
DIB to work within 3.5–5.45 V with a high capacity of 95 mAh g�1 [90].
Phosphates have also proven effective in achieving high-voltage electro-
lytes, owing to their ability to form protective CEI films and their
nonflammability [91]. As a strong electron-donating solvent, trimethyl
phosphate (TMP) was used by Cui et al. to reconfigure the anion solvation
structure, yielding a 1.5 M Zn(TFSI)2-EMC/TMP (1:3 by volume) electro-
lyte. Thereby, the TFSI– anions were confined in the solvation regime of
TMP, liberating the EMC solvent from the EMC-TFSI– complex into a free
state (Figs. 6a and b), which elevated the oxidation voltage of carbonate
electrolytes to 3 V vs. Zn/Zn2þ. The resulting graphite||Zn DIB achieved a
capacity retention of 92% over 1000 cycles [92]. By introducing
electron-withdrawing fluorine, fluorinated solvents with lower HOMO
energy contributed to enhanced anti-oxidation stability.

Fluorinated solvents have also proven effective in forming a stable SEI
layer on the anode and/or CEI layer on the cathode [93]. The first
fluorinated electrolyte employed in DIBs was reported by Read et al.,
consisting of 1.7 M LiPF6 in fluoroethylene carbonate (FEC)/EMC with 5
mM tris(hexafluoro-isopropyl) phosphate (HFIP) as an additive. This
electrolyte was demonstrated to support the reversible charging/di-
scharging process of a 5.2 V graphite||graphite battery with a lifetime of
50 cycles [94]. Recently, Yang et al. proposed that FEC co-solvent
participated in the solvation structures of Naþ cations and PF6

� anions
via replacing the original EMC solvent, constructing both a fluorinated
CEI film on graphite cathodes and a NaF-rich SEI layer on Na metal an-
odes. Based on a modified 1 M NaPF6-EC/DMC/EMC (1:1:1 by volume)
electrolyte containing 10 wt% FEC additive, graphite cathodes with long
cyclability and high reversibility were achieved [23]. Notably, owing to
their high anti-oxidation ability (stable over 6 V vs. Li/Liþ), nitriles have
been considered as potential high-voltage electrolytes in LIBs [95], yet no
related work with DIBs has been reported.

Owing to their broad ESW, excellent thermal stability, nonflamma-
bility, and low volatility, ILs — specifically room-temperature-molten
salts-based electrolytes — have emerged as a strategy to enable
outstanding stability/reversibility in high-voltage DIBs [98,99]. How-
ever, the major challenge facing these IL-based electrolytes is their
inability to form an effective SEI film on anode materials (e.g., graphite
anode), leading to the co-intercalation of large IL cations (e.g., 1-butyl-1--
methylpyrrolidinium cations; Py14

þ) along with Liþ insertion (Pyr14TF-
SI-LiTFSI electrolyte system) [100]. Additives such as vinylene carbonate
and vinyl ethylene carbonate have been reported to suppress solvent
co-intercalation by forming effective SEI layers [101,102]. In another
effort, pure IL (PP14TFSI) was employed to supply ionic charge carriers,
where TFSI– and PP14

þ were successfully intercalated into a graphite
cathode and graphite anode simultaneously upon charging. Within the
voltage range of 1.0–5.0 V, a discharge capacity of 82 mAh g�1 was
obtained without obvious capacity decay over 600 cycles. In addition, the
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appropriate viscosity and conductivity of the PP14TFSI electrolyte
enabled a reduced self-discharge rate compared with other pure ILs
[103]. Overall, current IL systems require further exploration to enhance
the compatibility of both the cathode and the anode, as well as reduce the
viscosity and improve the ionic conductivity.

In recent years, HCEs have been recognized as a new electrolyte
design strategy to reinforce the interactions between cations and anions/
solvent molecules and also reduce the fraction of free solvent molecules
[104]. HCEs display peculiar physicochemical and electrochemical
properties in comparison to conventional dilute electrolytes: with fewer
free solvents, HCEs are expected to achieve higher oxidation stability; in
addition, enhanced solvent–cation interaction can decrease solvent
volatility, thus endowing the battery with a high level of safety [104].
Since active ions are supplied solely by the electrolyte salts, employing
HCEs is beneficial to decrease the usage of electrolyte solvent, thus

enhancing the energy density of DIBs. Kravchyk et al. presented a
graphite||K DIB that utilized an HCE of 5 M potassium bis(fluorosulfonyl)
imide (KFSI)-EC/DMC, achieving an energy density of up to 207 Wh kg�1

(calculated based on the mass of electrolyte and the active materials of
both electrodes) with an average discharge voltage of 4.7 V [105].
Recently, Tang et al. developed an HCE consisting of 4 M lithium bis(-
fluorosulfonyl)imide (LiFSI) in tetramethylene sulfone (TMS). Owing to
the disappearance of free TMS solvent in this HCE, excellent
anti-oxidative stability of up to ~6.0 V vs. Li/Liþ was achieved (Figs. 6c
and d), contributing to significantly suppressed detrimental gas forma-
tion and thus a reversible de-/insertion process for FSI� at the graphite
cathode under a high working voltage. The resulting graphite||Li DIB
delivered a reversible capacity of 113.3 mAh g�1 with a medium voltage
of ~4.6 V, based on the active mass of the cathode, along with 94.7%
retention after 1000 cycles [96]. Although their wide ESWs can satisfy

Fig. 6. Non-aqueous electrolytes for DIBs. Representative solvation structures for (a) 1.5 M Zn(TFSI)2-EMC and (b) 1.5 M Zn(TFSI)2-EMC/TMP electrolyte for
graphite||Zn DIB. Reproduced with permission [92]. Copyright 2020, Wiley-VCH. (c) LSV results under different electrolyte concentrations. (d) Raman results for
LiFSI-TMS electrolytes. Reproduced with permission [96]. Copyright 2021, Wiley-VCH. (e) Schematic illustrations of the CEI compositions on graphite cathodes using
0.5 M NaPF6-PC/EMC electrolyte and GPE, respectively. Reproduced with permission [24]. Copyright 2020, Elsevier. (f) LSV curves of 1 M LiPF6-EC/EMC electrolyte
and GPE at a scan rate of 5 mV s�1 (inset shows the nonflammability of the GPE). Reproduced with permission [97]. Copyright 2020, Springer.
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the high working voltage required for anion insertion, HCEs still face
major challenges, such as high viscosity, high cost, and poor wettability
towards both the separator and the electrodes.

In light of their high safety (e.g., avoiding liquid leakage), high ionic
conductivity, excellent electrochemical stability, and good flexibility, gel
polymer electrolytes (GPEs) have also been explored in DIBs. In 2018,
Tang et al. developed the first GPE based on the poly(vinylidene fluoride-
hexafluoro propylene) (PVDF-HFP) polymer, which was co-doped with
PEO and graphene oxide (GO) via weak bond interactions. The GO was
favorable for improving the mechanical property and thermal stability,
while the PEO optimized the pore configuration of the GPE. After soaking
in a liquid electrolyte (4 M LiPF6-EMC with 2% vinylene carbonate (VC)
additive), this modified GPE with a 3D porous network greatly increased
the ionic conductivity to 2.1 mS cm�1, contributing to excellent rate
capability and cycling stability (92% capacity retention after 2000 cycles)
at 5 C for graphite||Al DIBs [106]. Later in 2020, Tang and coworkers
further demonstrated that a GPE consisting of PVDF-HFP crosslinked by
Al2O3 nanoparticles via Lewis acid–base intermolecular bonding is also
promising for realizing high-performance flexible DIBs [107].

Multifunctional GPEs prepared by in situ thermal-induced polymeri-
zation were previously reported by our group [24]. In one work,
ethoxylated pentaerythritol tetraacrylate (EPTA) monomer was poly-
merized in situ in an optimized electrolyte of 0.5 M NaPF6-PC/EMC/FEC
(1:1:1 by volume) with 1,3-pro-panesultone (PS) as an additive to obtain
a GPE [24]. The FEC co-solvent and PS additive significantly enhanced
the anti-oxidative stability of the electrolyte (up to 5.5 V vs. Na/Naþ),
constructed stable CEI/SEI layers on both electrodes, and enabled highly
efficient intercalation/plating of anions and cations. The as-designed
GPE also displayed a high ionic conductivity (5.33 mS cm�1) and high
safety. As a result, a graphite||Na DIB (Fig. 6e) achieved an energy
density of up to 484 Wh kg�1 at a working voltage of 4.4 V based on the
graphite mass, as well as superior long-term cycling stability. Following
this work, our group developed a new GPE prepared from in situ copo-
lymerization of diethyl allyl phosphate (DAP) monomer and pentaery-
thritol tetraacrylate (PETEA) crosslinker in an all-fluorinated electrolyte.
This GPE demonstrated similar advantages (Fig. 6f), such as high safety
(i.e., nonflammability and non-leakage), high ionic conductivity, and a
high anti-oxidative voltage of up to 5.5 V vs. Li/Liþ. It is very interesting
to note that residual DAP after polymerization acted as a CEI-forming
additive to suppress solvent co-intercalation and other side reactions
between the GPE and the graphite cathode. Consequently, a highly
reversible de-/intercalation process of PF6

� anions from/into graphite
cathodes was enabled [97]. These reports demonstrate the great poten-
tial of GPEs for realizing high-performance DIBs, and more interesting
work can be expected in the future.

3.1.2. Aqueous electrolytes
Organic liquids may give rise to concerns about cost, eco-

friendliness, and safety, severely restricting the large-scale applica-
tions of DIBs. To tackle these issues, aqueous or hybrid aqueous/
nonaqueous electrolytes (Table 2) have emerged as highly interesting
candidates for developing novel DIBs [25,108–110]. Employing a
simple aqueous NH4NO3 electrolyte (1 M), Ji et al. demonstrated
reversible intercalation/de-intercalation into/from Mn3O4 cathode for
the first aqueous DIBs. Electrochemical quartz crystal microbalance
(EQCM) tests revealed that around two H2O molecules were
co-intercalated into Mn3O4, accompanied by one NO3

� insertion. The
as-prepared Mn3O4||activated carbon (AC) DIB delivered a discharge
capacity as high as 183 mAh g�1 at 0.1 A g�1, based on the active mass
of the cathode, which is one of the highest reversible capacities ach-
ieved by state-of-the-art graphite cathode-based DIBs. This cell also
demonstrated fast reaction kinetics for NO3

� in the Mn3O4 structure
[110]. Later on, another work based on 1 M (NH4)2SO4 aqueous elec-
trolyte was reported by Zhang and co-workers, who presented a novel
DIB consisting of an n-type polyimide (PI) anode for the NH4

þ reaction
and a p-type radical polymer cathode (PTMA) for the SO4

2� reaction

during battery operation. This as-assembled battery enabled a high
working voltage of 1.9 V and an excellent cycle life of 10,000 cycles
with 86.4% capacity retention at 5 A g�1, as well as a maximum energy
density of 51.3 Wh kg�1 and a maximum power density of 15.8 kW kg�1

(based on the total weight of the cathode and anode materials) [25].
These reports provide new insights into designing novel aqueous DIBs;
nevertheless, the narrow stability window limits the working voltage
and energy output of aqueous DIBs.

Recently, a new class of “water-in-salt” (WiS) electrolytes formulated
with superconcentrated lithium salts (> 21 m, mol kg�1) has been
developed by Xu and co-workers, significantly enlarging the stability
window of aqueous electrolytes from 1.23 to ~4.9 V [108,122]. With
regard to relatively dilute electrolytes (� 5 m), hydrated Liþ remains in
its primary solvation sheath in the presence of free H2O molecules,
whereas the activity of H2O molecules is significantly suppressed in a WiS
electrolyte, as nearly all H2O molecules participate in forming the ion
solvation shells (Fig. 7a). A WiS electrolyte of 20 m NaFSI þ 0.5 m
Zn(TFSI)2 was explored in a graphite||Zn DIB by Placke et al., where Zn2þ

and TFSI– functioned as the predominant intercalants, while a 20 m
NaFSI concentration effectively reduced the free water amount in the
WiS electrolyte (Fig. 7b) [19]. The WiS electrolyte provided enhanced
anodic stability, from ~1.4 V for the dilute electrolyte (1 m NaFSI þ 0.5
m Zn(TFSI)2) to ~1.8 V vs. Ag|AgCl, enabling anion storage during the
electrochemical oxidation of the graphite cathode (Fig. 7c). As a conse-
quence, the as-assembled graphite||Zn DIB displayed a reversible ca-
pacity of ~110 mAh g�1 at 200 mA g�1, which retained > 80% capacity
over 200 cycles. Benefiting from the high average discharge voltage of
~2.25 V, an energy density of ~200 Wh kg�1 was achieved based on the
active material of the cathode.

More interestingly, WiS electrolytes also promote highly efficient
halogen conversion–intercalation chemistry at graphite cathodes. Ac-
cording to the work by Wang et al., the sequential intercalation of Br� and
Cl� (Figs. 7b and c) was realized by developing a composite cathode
consisting of (LiBr)0.5(LiCl)0.5C~3.7 (LBC-G). A hydrated LiBr/LiCl layer
(LiBr⋅0.34H2O–LiCl⋅0.34H2O) was formed via extracting water from a WiS
electrolyte (21 m LiTFSI þ 7 m lithium trifluoromethanesulfonate (LiOTf)
in water), separating the LBC-G surface from the electrolyte, and regu-
lating the dynamic water equilibrium. During charging, Br� within the
hydration layer was oxidized to Br0

first, then intercalated into graphite
via one-electron transfer. When the charging continued, the oxidation and
intercalation of Cl� occurred (one-electron transfer), forming a mixed
intercalation compound (Figs. 7d and e). The Cl0 and Br0 were extracted
from the graphite material to form solid LiCl/LiBr upon discharging. It was
demonstrated that a stage-1 graphite intercalation compound (GIC) was
formed, contributing to a high reversible capacity of 243 mAh g�1 based
on the total weight of the electrode. When paired with a highly fluorinated
ether (HFE)/PEO-protected graphite anode, a 4 V-class full cell enabled
full reversibility with ~100% CE, along with a high energy density of 460
Wh kg�1, based on the total mass of the cathode and anode [111]. Inspired
by this work, Ji et al. demonstrated reversible storage of I–Cl interhalogen
(½ICl2��) at a graphite cathode by employing an aqueous deep eutectic
solvent (DES) gel electrolyte of 120 m choline chloride (ChCl) þ 30 m
ZnCl2 þ 5 m KI. As a consequence, the graphite cathode delivered a high
reversible capacity of 291 mAh g�1 at 30 mA g�1, based on the mass of the
cathode material, with stable cycling performance [118]. Overall, these
findings reveal that the WiS strategy not only widens the ESWs of aqueous
electrolytes but also facilitates the intercalation/de-intercalation process
of anions into/from cathode materials.

Hybrid aqueous/nonaqueous electrolytes have also been explored to
achieve both high safety from nonflammable aqueous WiS electrolytes and
broad ESWs via non-aqueous solvents. Combining 21 M LiTFSI-H2O with
9.25 M LiTFSI-DMC in a mass ratio of 1:1, Placke et al. demonstrated a
stage-2 GIC of the TFSI– intercalation reaction with a graphite cathode.
When coupled with lithium titanium phosphate (LiTi2(PO4)3; LTP) mate-
rial as the anode, the full battery exhibited a reversible capacity of ~42
mAh g�1, based on the active mass of the cathode, as well as 71% capacity
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retention after 500 cycles at 200 mA g�1. The low average discharge
voltage of 1.5 V was unsatisfactory but could be further enhanced to 2.5 V
by substituting the LTP with a LTO anode [109]. Following this work, Yan
et al. designed another hybrid electrolyte by mixing a WiS electrolyte (7 m
LiOTF and 21 m LiTFSI dissolved in water) with a non-aqueous electrolyte
of 9.25 m LiTFSI in DMC. Despite the high salt concentration, the hybrid
electrolyte achieved an ionic conductivity of 0.65 mS cm�1 at 25 �C,
providing good wettability towards the cathode and anode materials. A full
DIB based on the hybrid electrolyte was constructed, with graphite as
cathode and niobium pentoxide (Nb2O5) as anode, delivering a reversible
capacity of 47.6 mAh g�1 at a current density of 200 mA g�1, based on the
cathode material, a medium voltage of up to ~2.2 V, and a high CE of
93.9% [108].

3.2. Reverse dual-ion batteries (RDIBs)

RDIBs follow a similar operating mechanism as DIBs, but the
sequence of the anion- and cation-storage chemistries is flipped. In
addition, the incorporation of both types of ions into the electrodes oc-
curs during the discharging process, which is opposite to what occurs
upon charging in DIBs.

Up till now, only aqueous electrolytes have been reported to support
RDIB chemistries. The concept of the RDIB was defined by Ji et al. for the
first time, employing a 30 m ZnCl2 WiS electrolyte that supplied ZnCl42�

anions and Zn2þ cations for charge storage. Combined with a Zn-insertion
Prussian blue (Zn3[Fe(CN)6]2) cathode and a ferrocene/activated carbon
nanocomposite (Fc/C) anode, this electrolyte enabled the RDIB to proceed
by an initial discharge process via the insertion of ZnCl42� and Zn2þ into
the anode and cathode, respectively. During charging, both cations and
anions were released back to the electrolyte (Fig. 8a). Notably, the elec-
trolyte also served as the sole reservoir of ionic charge carriers (anions and
cations) for energy storage, thus being regarded as the active material in
RDIBs [13]. Benefiting from the unique nature of a WiS electrolyte with
few free water molecules, the dissolution issue of the ferrocene material
was mitigated. Furthermore, the voltage for cation insertion was raised
while the voltage related to anion insertion was reduced, thereby enlarging
the Zn3[Fe(CN)6]2||Fc/C battery voltage by 0.35 V compared with one
using a dilute electrolyte containing 5 m ZnCl2 (Fig. 8b). Consequently, a
reversible capacity of ~30 mAh g�1 was achieved, based on the active
masses of both electrodes [13].

In 2018, a rechargeable RDIB based on F� anion and Naþ cation
electrochemistry was proposed by Hou and co-workers, comprising 0.8 M

NaF aqueous electrolyte, Na0.44MnO2 cathode, and BiF3 anode. During
the initial charging process, F� and Naþ were released from the anode
and cathode materials, respectively, to the electrolyte, while the two
types of ions were captured by the corresponding electrodes in the
following discharge period. This battery exhibited a high discharge ca-
pacity of ~123 mAh g�1 at 100 mA g�1, based on the mass of the BiF3
material, but the capacity decayed rapidly to 47.28 mAh g�1 within 40
cycles [121]. Very recently, utilizing KF aqueous solution as the elec-
trolyte, Li et al. constructed a fluorine/potassium RDIB based on Prussian
blue (PB) as the cathode material and BiF3@Bi7F11O5@reduced gra-
phene oxide (BFO) as the anode material. It was revealed that although
the capacity decreased with lower electrolyte concentration (1–12 M),
the cycling stability was improved due to less dissolution of BiF3 and
fewer undesirable surface deposits. In addition, the rational design of the
anode with added Bi7F11O5 and a graphene coating contributed to
reduced volume change, enhanced electronic conductivity, and sup-
pressed pulverization. Therefore, with 1 M KF electrolyte, a high
discharge capacity of 218 mAh g�1 at 1 A g�1, based on the mass of the
anode material, and excellent rate performance with 47% retention
maintained at 5 A g�1 were achieved (Figs. 8c and d) [18].

4. Conclusions and perspective

As an emerging new type of battery chemistry, ASBs (i.e., ARBs,
DIBs, and RDIBs) utilizing anions as charge carriers for storage reactions
have received growing interest and exhibited great potential for grid-
scale energy storage. As an essential and indispensable component,
ASB electrolytes should comply with the same key requirements as LIBs,
including high ionic conductivity, good chemical stability/inertness,
wide ESW, low interfacial resistance, etc., thus enhancing the kinetics/
reversibility of electrochemical reactions in ASBs. In this review, we
have summarized the research progress and recent achievements in
electrolytes for ARBs, DIBs, and RDIBs, including solid electrolytes, non-
aqueous liquid electrolytes, and aqueous electrolytes. We have mainly
focused on discussing the unique properties and basic principles for
designing each type of electrolyte, as well as various performance pa-
rameters, such as working voltage, lifetime, energy/power density,
safety, cost, etc. The properties of different types of electrolytes in ARBs
and DIBs/RDIBs were compared in terms of the six aspects depicted in
Fig. 9. It is clear that except for high ionic conductivity, these aspects are
far from satisfactory in aqueous electrolytes for ARB applications. In
addition, although solid electrolytes display high resistance for ionic

Table 2
Electrochemical performance of typical aqueous electrolytes for DIBs and RDIBs.

Electrolyte Cathode||Anode Output voltage (V) Specific capacity (mAh
g�1)

Retained capacity (mAh g�1)/
cycles

Ref.

1 M NH4NO3 Mn3O4||AC 0.0–1.0 (vs. Ag|AgCl) ~150 at 1 A g�1 50/3500 [110]
1 M (NH4)2SO4 PTMA||PI 0.0–1.9 ~100 at 5 A g�1 ~86.4/10,000 [25]
20 m NaFSI þ 0.5 m Zn(TFSI)2 Graphite||Zn 0.2–2.7 110 at 80 mA g�1 ~88/200 [19]
21 m LiTFSI þ 7 m LiOTf LBC-G||Graphite 3.4–4.5 127 at 3 mA g�1 94/150 [111]
8 m Zn(ClO4)2 Graphite||Zn 0.5–2.5 45 at 100 mA g�1 ~23.5/500 [112]
21 M KFSI PTPAn||PTCDI 0.0–1.6 47 at 500 mA g�1 ~25/900 [113]
2 M NaClO4 NNH||NTP@C 0.2–1.5 ~76 at 1.33 A g�1(-20 �C) ~64.6/10,000 [114]
1 m Zn(OTf)2 þ 19 m LiTFSI BDB||Zn 0.4–2.1 112 at 390 mA g�1 ~91.8/500 [115]
30 m ZnCl2 NFG||Zn 0.8–1.95 134 at 100 mA g�1 82/800 [116]
33.3 m LiFSI þ 3.7 m LiTFSI Graphite||AC 0.0–3.2 72 at 100 mA g�1 ~70/100 [117]
120 m choline chloride þ 30 m ZnCl2 þ 5 m

KI
Graphite||Zn �0.2-1.4 (vs. Ag|

AgCl)
291 at 30 mA g�1 260/40 [118]

30 m ZnCl2 Polypyrene||Zn 0.6–1.8 180 at 50 mA g�1 175.3/800 [119]
5 m MgCl2 þ 5 m TBMACl Graphite||PTCDI 0.0–2.18 41 at 50 mA g�1 33/200 [120]
1 M KF Prussian blue|| BFO 0.0–2.0 153.7 at 1 A g�1 ~61.5/1000 [18]
0.8 M NaF Na0.44MnO2||BiF3 0.0–1.5 123 at 100 mA g�1 47.28/40 [121]
30 m ZnCl2 Zn3[Fe(CN)6]2|| ferrocene/

AC
0.0–1.6 25 at 150 mA g�1 14.5/1000 [13]

Note: (PTMA); (PI); activated carbon (AC); (LiBr)0.5(LiCl)0.5C~3.7 (LBC-G); polytriphenylamine (PTPAn); 3,4,9,10-perylenetetracarboxylic diimide (PTCDI); nano/
microstructured Ni(OH)2 (NNH); carbon-coated NaTi2(PO4)3 (NTP@C); 1,4 bis(diphenylamino)-benzene (BDB); nitrogen-doped few-layered graphene (NFG); tribu-
tylmethylammonium chloride (TBMACl); BiF3@Bi7F11O5@reduced graphene oxide (BFO).
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conduction, they surpass liquid electrolytes in mechanical properties
and thermal stability. With respect to electrolytes developed in DIBs/
RDIBs, the electrochemical stability of aqueous electrolytes requires
further improvement to broaden their applications.

Different types of ASBs have unique electrolyte requirements. With
respect to DIBs and/or RDIBs, where the electrolyte serves as the

reservoir supplying both cations and anions for charge transfer, the salt
concentration and the corresponding physical nature of the electrolyte
depend highly on the SOC in DIBs and/or RDIBs, compared with the
unchanged ion concentration during charging/discharging for ARBs,
where the electrolyte only acts as the charge carrier to transport anions.
Thus, besides physical properties, the electrolyte formulation (e.g., the

Fig. 7. Aqueous electrolytes in DIBs. (a) Illustration of the Liþ primary solvation sheath in dilute and WiS electrolytes. Reproduced with permission [122]. Copyright
2015, American Association for the Advancement of Science. (b) Simulated cation solvation structure in 20 m NaFSI þ 0.5 m Zn(TFSI)2 WiS electrolyte (based on
optimized first solvation shells of Naþ and Zn2þ). (c) ESWs of electrolytes measured at a scan rate of 1 mV s�1 in an AC||Ti cell with an Ag|AgCl reference electrode.
Reproduced with permission [19]. Copyright 2020, Wiley-VCH. Schematic of the two-stage reaction for the LBC-G composite cathode in WiS aqueous-gel electrolyte
during the charging process: (d) oxidation and intercalation of Br�, (e) oxidation and intercalation of Cl�, (f) energy density (red star) of the LBC-G||graphite full cells
in comparison with state-of-the-art commercial and reported Liþ chemistries using non-aqueous (blue color) and aqueous (green color) electrolytes. The energy
densities were calculated based on the total weight of the cathode and anode. Reproduced with permission [111]. Copyright 2019, Springer.
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solvent type, salt and salt content, and additive amount) will also affect
the reversible capacity, cell voltage, energy/power density, etc. of DIBs
and/or RDIBs. In addition, electrolyte–electrode compatibility plays a
significant role in reversible/stable storage reactions in ARBs. Generally,
most CIBs/FIBs suffer from severe electrode dissolution and/or irre-
versible side reactions between electrode materials and liquid electro-
lytes, leading to fast capacity decay and short lifetime, and poor
interfacial contact remains a tough challenge for CIBs/FIBs to improve
the cycling stability. With regard to DIBs, especially with graphite cath-
odes, reversible anion de-/intercalation at high voltage can be compro-
mised by incompatibility between the electrolyte and graphite, resulting
in inevitable electrolyte decomposition, solvent co-intercalation, and low
Coulombic efficiency. Although encouraging progress has been achieved
in recent years, limitations and challenges remain for electrolyte devel-
opment. Therefore, great efforts in electrolyte design should continue in
the following directions:

(1) ARBs

With regard to CIBs, solid, non-aqueous liquid, and aqueous electro-
lytes can be developed for Cl� conduction. The employment of solid
electrolytes is a promising strategy to resolve issues related to electrode
dissolution and/or side reactions between the electrolyte and the

electrode. Through structural engineering, exploring inorganic chloride
ion conductors (like halide perovskites) and multifunctional polymer-
based solids can achieve high ionic conductivity and high structural
stability at RT. In addition, synergistic effects can be obtained via
immobilizing Cl�-containing ILs within polymer matrices, where the ILs
act as both plasticizer and Cl� supplier, which can be a promising solu-
tion to achieve high ionic conductivity as well as thermal and electro-
chemical stability [47]. With regard to aqueous electrolytes, employing
other chloride salts beyond NaCl, and applying WiS or DES strategies are
expected to widen the electrolyte electrochemical window and improve
the compatibility/stability of electrode materials towards aqueous elec-
trolytes. It should be noted that the onset potential for Cl2 gas formation
is 1.36 V vs. SHE, which ought to be considered when designing aqueous
electrolyte systems.

Compared to the use of Cl� as the charge carrier in CIBs, the smaller
size and higher electronegativity of F� enables faster ionic transport and
higher anti-oxidation stability for FIBs. Although significant progress has
been made in recent years regarding fluorite-type and tysonite-type
structured solids, high operating temperature (> 140 �C), low ionic
conductivity, poor interfacial contact, etc. are still tough challenges,
requiring further exploration and optimization of F� solid conductors
(e.g., creating more defects, utilizing the effect of lone pairs, optimizing
synthesis strategies). Further, considering liquid electrolytes can achieve

Fig. 8. Aqueous electrolytes in RDIBs. (a) Schematic of the working mechanism of a Zn3[Fe(CN)6]2||Fc/C RDIB. (b) CV curves of the Fc/C anode and Zn3[Fe(CN)6]2

cathode in ZnCl2 electrolyte. Reproduced with permission [13], Copyright 2019, American Chemical Society. (c) CV curves at various scan rates and (d) charge/-
discharge profiles of 1 A g�1 of PB||BFO cell with 1 M KF electrolyte. Reproduced with permission [18]. Copyright 2021, Wiley-VCH.
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ambient battery operation, developing stable liquid electrolytes to enable
efficient FIB functioning is of vital significance, pointing toward the
exploration of suitable solvents and/or fluoride salts to suppress nucle-
ophilic F� attack (e.g., β-hydrogen elimination) or solvating F� by Lewis
acidic agents to reduce its basicity. The safety issue is probably the
greatest concern facing liquid F�-conducting electrolytes, which are
potentially corrosive and toxic towards cell components due to the
chemically reactive F� ions. These electrolytes are generally flammable,
requiring updating of the electrolyte chemistry to promote practical FIBs
with high safety.

(2) DIBs

The anion intercalation process in DIBs requires a high working
voltage, which relies heavily on the active ions, solvents, and electrolyte
concentration. Ideally, one would design high-voltage electrolyte systems
based on anti-oxidative solvents like sulfones, phosphates, fluorinated
carbonates, nitriles, etc. Developing concentrated non-aqueous electro-
lytes, and aqueous or hybrid aqueous/nonaqueous-based WiS electrolytes
are also effective strategies to facilitate the anion intercalation/de-
intercalation process and enhance the energy density of DIBs. In addi-
tion, functional additives that can promote the formation of multifunc-
tional surface layers (i.e., CEIs) on the graphite cathode should be
explored further, to potentially suppress solvent co-intercalation and side
reactions between the electrolyte and the cathode at high voltage.
Furthermore, multivalent anions with more charge numbers and/or single

halide ions (e.g., F�, Cl�) with smaller anionic charge carriers should be
explored to potentially provide high theoretical specific capacity and
energy density. To achieve high safety, high ionic conductivity, excellent
electrochemical stability, and good flexibility, developing a multifunc-
tional GPE via in situ polymerization (e.g., thermal-induced) is regarded
as a feasible path for promoting high-performance DIBs.

(3) RDIBs

Up till now, only aqueous electrolytes have been reported for
achieving RDIB chemistries, providing vast opportunities for electrolyte
exploration. In addition to single halide ions (e.g., F�, Cl�), metal-based
superhalides (e.g., based on Zn–Cl or Mg–Cl) formed in WiS- or DESs-
based electrolytes may also serve as promising charge carriers [9]. As
more new electrolyte systems are designed, the output voltage and the
corresponding energy density of RDIBs will be expected to improve.

(4) Microscopic mechanisms for anions as the charge carriers

Compared with the extensive investigations of cation solvation in
CRBs (e.g., LIBs), the solvation/de-solvation behavior of anions and their
impacts on CEI/SEI features (e.g., chemical composition, atomic-level
microstructure, mechanical property, structural evolution, interfacial
resistance, ionic transport, etc.) and anion storage performance remain
unclear. Therefore, theoretical calculations in combination with
advanced characterization technologies (e.g., cryo-electron microscopy,

Fig. 9. Radar plots of properties for non-aqueous, aqueous, and solid electrolytes in ARBs (top), and DIBs or RDIBs (bottom).
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in situ transmission electron microscopy (TEM), in situ X-ray photo-
electron spectroscopy (XPS), and time-of-flight secondary ion mass
spectrometry (TOF-SIMS)) should be conducted to investigate the
microscopic mechanisms of anions as charge carriers and further
manipulate the anion storage process.

Overall, the ASB technology employing anions as charge carriers for
storage reactions is currently at a rather early stage, offering vast op-
portunities for further improvements in both fundamental and technical
aspects. Significant efforts to address the above challenges and pursue
these new directions will greatly enhance progress in ASB electrolyte
systems, thus endowing ASBs with highly competitive features compared
with state-of-the-art LIBs or other rechargeable metal-ion batteries. It is
expected that with ongoing developments and enhancements in cycling
stability and energy density, ASB technology will be a highly promising
candidate for grid-scale energy storage at low cost.
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� A protective cathode electrolyte inter
face is constructed on the graphite 
cathode. 
� The graphite surface is effectively sta

bilized for PF6
� de-/intercalation 

process. 
� The cathode electrolyte interface signif

icantly suppresses electrolyte 
decomposition. 
� The graphite-based dual-ion batteries 

with FEC additive exhibits low self- 
discharge. 
� Highly reversible/stable cycling and ul

trahigh power capability are achieved.  

A R T I C L E  I N F O   
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Graphite cathode 
PF6
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Cathode electrolyte interface 

A B S T R A C T   

Dual-ion battery (DIB) can potentially provide higher power, lower cost and faster charging capability than 
traditional lithium-ion batteries. Even though graphite can effectively accommodate anions as a cathode for DIB, 
the high working voltage of around 5 V vs. Li/Liþ leads to continuous side reactions, yielding to low Coulombic 
efficiency (CE < 90%) and poor cycle life. Here, we demonstrate that fluoroethylene carbonate (FEC) additive 
can induce a protective cathode electrolyte interface (CEI) on the graphite cathode, effectively suppressing 
electrolyte decomposition and stabilizing the graphite surface. This CEI enables a high CE (~99.0%) and an 
excellent cycle stability of 5000 cycles with capacity retention of 85.1% at the cutoff voltage of 5.1 V. The CEI 
layer can also reduce the self-discharge of the battery. Furthermore, the DIB exhibits a high-rate capability with 
93.3% utilization at 30C (3000 mA g� 1), enabling an ultrafast charging time within two minutes. This work sheds 
light on the features of CEI on graphite cathodes and provides a facile and economically effective strategy to 
achieve highly reversible/stable cycling of DIBs with high power capability.   

1. Introduction 

While lithium-ion battery (LIB) has become the state-of-the-art en
ergy storage technology which dominates the electronics and electric 

vehicle markets, its limited cycle life, safety issues, high cost and envi
ronmental concerns make it less competitive for gigawatt-scale appli
cations [1–3]. In the search for alternative low-cost sustainable battery 
technologies with high energy density and fast charging capability, 
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dual-ion battery (DIB) (see Fig. 1) emerges as a potential candidate 
[4–12]. Significantly different from the typical “rocking chair” storage 
mechanism of LIBs where the cations (i.e. Liþ) are transported between 
the two electrodes for charging/discharging, in DIBs, both cations and 
anions supplied by the electrolyte are involved in the de-/intercalation 
process [6,13–15]. Specifically, graphite has been demonstrated as a 
promising cathode material for DIB which can accommodate anions 
such as AlCl4� , ClO4

� , PF6
� , TFSI� , FSI� , etc. [16–25], reaching an oper

ating potential of around 5 V versus Li/Liþ. Since the cations and anions 
for charge transfer are supplied by the electrolyte, developing electro
lytes that have good stability and compatibility with the electrode is 
urgently needed for DIB development [25–28]. However, the high 
working voltage of up to 5 V vs. Li/Liþ on the cathode leads to contin
uous side reactions such as electrolyte decomposition and electrode 
exfoliation, yielding to low Coulombic efficiency (CE, <90%) and poor 
cycle life of DIBs [29–34]. 

While it has rarely been reported in DIB systems, modifying the 
cathode-electrolyte interface (CEI) is a feasible strategy to promote cycle 
stability [31,35–38]. Li et al. pre-formed an anodic solid electrolyte 
interface (SEI) layer on the graphite electrode and then used it as a 
cathode in DIB, achieving a capacity retention of 96% after 500 cycles at 
200 mA g� 1 [35]. Han et al. introduced a Li4Ti5O12 (LTO) layer on the 
graphite surface by chemical coating and showed a capacity retention of 
85.1% after 2000 cycles at 5C rate [31]. Therefore, it is of great signif
icance to construct a robust and stable CEI layer on the cathode with 
more economical and effective ways, such as the use of electrolyte ad
ditives to further impede electrolyte decomposition and minimize ca
pacity loss. 

Read et al. employed a fluorinated additive in DIBs for the first time 
and reported that graphite cells can be sustained for 200 cycles using 
1.7 M LiPF6 in fluoroethylene carbonate/ethyl methyl carbonate (FEC/ 
EMC) ¼ 4:6 þ 5 mM tris(hexafluoro-isopropyl)phosphate (HFIP) [4]. 
Nevertheless, the role of fluorinated carbonates in improving cycle 
capability, in particular their effects on the anion de-/intercalation 
process and on the surface film of graphite cathodes, are still unclear. In 
this study, we introduce FEC additive in a graphite-based DIBs for PF6

�

intercalation and reveal that a stable CEI layer with superior protection 
capability is constructed on the graphite cathode, which enables DIBs to 
maintain 85.1% of the maximum capacity even after 5000 cycles. In 
addition, an ultrafast charge transport is achieved at the interface be
tween the electrolyte and electrode with significant reduction of cell 
resistance. Through physical characterizations such as X-ray diffraction 
(XRD), X-ray photoelectron spectroscopy (XPS) and transmission 

electron microscopy (TEM), the characteristics of CEI layer on the sur
face of graphite cathodes are elucidated and their correlations with 
electrochemical performances of DIBs are explored. 

2. Experimental section 

2.1. Cell assembly 

The cathode slurry was prepared by mixing a 85:5:10 mass ratio of 
graphite (MTI SAG-R) as the active material, carbon black (AB - acety
lene black, Alfa Aesar) as the conducting agent and polyacrylic acid 
(PAA (Sigma Aldrich MW 450,000) in NMP) as the binder. The obtained 
slurry was coated onto an Al current collector with a doctor blade. The 
electrodes were dried at 80 �C, cut into 16 mm diameter circular discs 
and then roll-pressed. The average active mass loading of the electrodes 
was 2.5 mg cm� 2 with an electrode density of 1.2 g cm� 3 after pressing. 
Electrodes were further dried at 150 �C for 12 h in vacuum and trans
ferred into an Ar-filled glove box with both O2 and H2O content being 
less than 1 ppm. The electrodes were assembled into 2032-type coin cells 
with lithium metal (purchased from China Energy Lithium Co., Ltd., 
diameter � thickness: ϕ16 � 0.6 mm) as both counter and reference 
electrodes. The electrolyte solution was 3 M LiPF6 (DoDoChem, purity �
999%) dissolved in FEC/EMC (EMC (purity 98%) was purchased from 
Sigma Aldrich and FEC (purity 99.9%) was from DoDoChem) with FEC 
fractions of 0%, 1%, 5%, 20% and 40% by volume. The electrolytes were 
prepared and stirred overnight in the glove box before use. A 19 mm 
diameter PVdF separator (Merck Millipore Ltd., pore size: 0.2 μm) 
wetted with approximately 200 μL electrolyte was used to prevent the 
cell from short circuit. After assembly, the cells were rested for 8 h to 
ensure sufficient wetting of the electrodes by the corresponding elec
trolyte before conducting electrochemical measurements. 

2.2. Electrochemical tests 

Galvanostatic charge-discharge cycling tests were performed using a 
Neware battery tester in a voltage window from 3.0 to 5.1 V vs. Li/Liþ. 
Cyclic voltammetry (CV) measurements were performed on a Bio-Logic 
potentiostat (VMP3) at various scan rate of 0.1 mV s� 1, 0.2 mV s� 1, 0.4 
mV s� 1, 0.6 mV s� 1, 0.8 mV s� 1 and 1 mV s� 1. Electrochemical 
impedance spectroscopy (EIS) of cells at a fully-discharged state after 
cycling were conducted using the Bio-Logic potentiostat (VMP3) with an 
AC potential amplitude of 10 mV in the frequency range of 100 kHz to 
0.1 Hz. The cells were rested for 8 h to attain a steady state before EIS 
tests. All electrochemical tests were conducted at room temperature (22 
�C). 

2.3. Sample characterizations 

In order to investigate the changes on the surface of graphite, the 
cells were disassembled in the glove box after charge-discharge and the 
graphite electrodes were washed with dimethyl carbonate (DMC) for 
several times to remove the salt residuals, followed by drying in the 
antechamber of the glove box under vacuum. XPS investigations of 
graphite electrodes at fully charged state were performed on an X-ray 
photoelectron spectrophotometer (ESCALAB 250X form Thermo Fisher). 
The transmission electron microscopy (TEM) images of fully charged 
electrodes after cycling were collected using the JEM-3200FS (from 
JEOL). The morphology evolutions of the cathode material were studied 
through field-emission scanning electron microscopy (FE-SEM) analysis 
on a Zeiss SUPRA-55 microscope. The crystal structure of fully dis
charged electrodes after cycling was investigated by Raman spectros
copy (Renishaw Invia Raman, 633 nm laser) and XRD (X’Pert3 Powder 
X-ray Diffractometer, PANalytical). For the XRD tests, the electrodes at 
fully-discharged state were covered with a Kapton film to protect them 
from ambient environment, and the data were collected between 15 and 
60� with an acquisition rate of 0.1� per second with Cu Kα1 radiation (λ 

Fig. 1. Illustration of the charge-discharge mechanisms of graphite (þ)//Li 
(-) DIBs. 
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¼ 1.540598 Å) as the X-ray source. 

3. Results and discussion 

In order to investigate the effectiveness of FEC on the de-/interca
lation behavior of PF6

� from/into the cathode, graphite (þ)//Li (-) cells 

in 3 M LiPF6/EMC electrolytes with various amount of FEC additive 
were fabricated. These cells were cycled at a constant current of 500 mA 
g� 1 (5C) and the corresponding charge-discharge curves are displayed in 
Fig. 2a–c and Fig. S1. The reversible capacity increases during the initial 
10 cycles with a decrease in electrode polarization, which is attributed 
to the gradual activation of graphite that facilitates PF6

� transportation 

Fig. 2. Charge-discharge curves of graphite//Li cells with electrolytes containing (a) 0%, (b) 1% and (c) 5% FEC. (d) Cycling performances and (e) Coulombic 
efficiency of graphite//Li cells. Cutoff voltage: 3.0–5.1 V, current density: 500 mA g� 1. SEM images of graphite electrodes after cycling in (f) 0%, (g) 1% and (h) 5% 
FEC electrolytes for 200 cycles at a charged state of 5.1 V. 
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[35]. Here, the of polarization is determined by taking the difference in 
the average voltages between the charge and discharge processes. After 
activation (10 cycles), the electrode polarization with 5% FEC electro
lyte is ~0.34 V compared with that of ~0.61 V in FEC-free (0%) elec
trolyte (Fig. S1), suggesting that FEC addition reduces the charge 
transfer resistance. 

Fig. 1d and e show the cycle performance and Coulombic efficiency 
(CE) of the graphite electrodes at a current rate of 5C. It is apparent that 
the capacity decreases rapidly from ~90 mAh g� 1 to 26.2 mAh g� 1 after 
200 cycles for cells with 0% FEC electrolyte. Charge and discharge 

curves (Fig. 2a) display a notable increase in polarization with the 
vanishing of voltage plateaus corresponding to anion de-/intercalation 
process within 200 cycles, which is attributed to side reactions such as 
electrolyte decomposition, as the CE is low particularly during the initial 
60 cycles [39]. Apparently, SEM image of the electrode cycled for 200 
times without FEC (Fig. 1f) shows a roughened surface compared to that 
of a pristine graphite electrode (Fig. S2), indicating the occurrence of 
side reactions on the graphite surface. 

Addition of FEC into the electrolyte improves cycle performance and 
reduces the increase in electrode polarization. With 1% FEC, the cells 

Fig. 3. (a) Rate capability of graphite//Li cells in electrolyte with 0% and 5% FEC (charge/discharge current rates: 1C–30C where 1C is taken as 100 mA g� 1). (b) 
Nyquist plots of the graphite cathodes at a discharged state after 20 cycles with 0% and 5% FEC-containing electrolytes. 

Fig. 4. CV curves of graphite cathodes in (a) 0% and (c) 5% FEC electrolytes at various scan rates; corresponding log i versus log v plots to determine b value of each 
peak for cathodes with (b) 0% FEC and (d) 5% FEC electrolytes. 
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can survive 1000 cycles with a capacity retention of 92.5% (83.7 mAh 
g� 1), but the capacity decays to only 25.5 mAh g� 1 after 2400 cycles. 
Ledges are observed on the surface of the graphite particles (highlighted 
area in Fig. 2g) which are not present in the pristine graphite. These 
results indicate that 1% dosage is insufficient to suppress irreversible 
side reactions which can be seen from the low CE during the initial 60 
cycles. In sharp contrast, cycle performance is significantly improved 
with 5% FEC, with a capacity retention as high as 85.1% even after 5000 
cycles with an average CE of ~99.0% throughout the entire period. To 
the best of our knowledge, this long-term cycling capability is one of the 
most outstanding results of graphite-based DIBs for PF6

� intercalation 
(summarized in Table S1). The CE is significantly enhanced particularly 
during the first 60 cycles and the morphology of the pristine graphite 
particle is still preserved for the graphite cathode in 5% FEC electrolyte 
after 200 cycles (Fig. 2h). In addition, well-overlapped voltage profiles 
are clearly seen with small changes in polarization even after charging/ 
discharging for 4000 cycles, implying a highly reversible PF6

� extrac
tion/insertion process (Fig. 2c) [35]. Similar cycle performance and CE 
are observed for graphite in electrolytes containing 20% and 40% FEC 
(see Fig. S3), so 5% FEC electrolyte was selected for further analysis 
since it has lower viscosity and lower freezing point than those with 
higher FEC content. It should be noted that FEC additive can also protect 
the Li metal anode upon cycling, which have been reported previously 
[40–42]. 

Besides the excellent long-term cycling performance, the graphite 
cathodes with 5% FEC also exhibits superb rate capability, as illustrated 
in Fig. 3a. Even when the current density is raised from 100 mA g� 1 (1C) 
to 3 A g� 1 (30C), 93.3% of the initial capacity is still obtainable from the 
graphite cathode in electrolyte with 5% FEC, corresponding to a charge/ 
discharge time within 2 min. In contrast, the electrode cycled in 0% FEC 

electrolyte exhibits only ~74.8% utilization at 3 A g� 1. Corresponding 
charge-discharge curves of the two cells at various current rates are 
shown in Fig. S4. It is clear that the graphite cathodes with FEC elec
trolyte exhibit smaller increase in polarization with higher current rate, 
even up to 30C. The extremely high rate capability suggests that FEC 
additive can improve interfacial dynamics significantly to allow anions 
de-/intercalate from/into graphite with small resistance. 

To gain further insight into the high-power origin of the graphite 
cathodes, EIS measurements of the graphite electrodes in 0% and 5% 
FEC electrolytes after 20 cycles were conducted to verify the effect of 
FEC addition (see Fig. 3b). The result shows that the charge transfer 
resistance of the graphite electrode cycled in 5% FEC is smaller than that 
with 0% FEC, indicating FEC addition can remarkably reduce the cell 
impedance. This is consistent with the smaller electrode polarization 
with FEC-containing electrolyte in Fig. 2c. 

To investigate the charge storage kinetics of graphite cathodes, the 
representative CV profiles of graphite electrodes in 0% and 5% FEC- 
containing electrolytes at various sweep rates from 0.1 to 1.0 mV s� 1 

were displayed in Fig. 4. The relationship between the peak currents (i) 
and the scan rates (v) follows the power law: 

i¼ avb (1)  

where b can be obtained from the slope of the fitted line. In general, the 
electrochemical reaction is dominated by semi-infinite diffusion when b 
¼ 0.5, while the reaction is pseudocapacitive when b ¼ 1 [43,44]. From 
our data, the b values of the CV peaks for graphite electrode with 
FEC-free electrolyte are calculated to be 0.87 (peak 1), 0.96 (peak 2), 
0.94 (peak 3), 0.82 (peak 4), 0.82 (peak 5), 0.95 (peak 6), 0.93 (peak 7) 
and 0.92 (peak 8). The b values are less than 1, indicating the kinetics of 
charge-discharge of PF6

� anions into the graphite cathodes is partially 

Fig. 5. (a) Potentiostatic profiles of graphite//Li cells at constant voltage of 5.1 V after 5 cycles between 3.0 and 5.1 V. TEM images of graphite electrodes at the fully 
charged state after 200 cycles in electrolyte with (b) 0% FEC and (c) 5% FEC. 
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diffusion-limited [45,46]. It is interesting to note that with FEC addition, 
b values of the peaks become 1.03 (peak 1), 1.03 (peak 2), 1.01 (peak 3), 
1.04 (peak 4), 0.93 (peak 5), 1.00 (peak 6), 0.97 (peak 7) and 0.96 (peak 
8). All b values are close to 1, suggesting that FEC-containing electrolyte 
changes the kinetics of the graphite surface to allow fast and reversible 
anion de-/intercalation. 

The addition of FEC also reduces the parasitic reactions on the 
graphite surface. This is illustrated by potentiostatic tests where the 
graphite cells in electrolytes with 0% and 5% FEC were first charged and 
discharged for 5 cycles, and then held at a constant voltage of 5.1 V (see 
Fig. 5a). During the 5.1 V-holding period, an extra capacity of about 
63.8 mAh g� 1 and 19.5 mAh g� 1 are observed for the graphite in 0% and 
5% FEC electrolyte, respectively, as calculated from the area underneath 
the curves of Fig. 5a. The capacity is attributed to irreversible side re
action at high voltage, which can be significantly suppressed by FEC 
additive. Both the impedance and potentiostatic test results suggest that 
there is a CEI layer on the surface of the graphite material which is 
induced with FEC addition. 

To visualize the CEI layer on the surface of the active materials, TEM 
images of the cycled graphite cathodes were conducted, as presented in 
Fig. 5b and c. It is clear that the graphite surface after cycling in FEC-free 
electrolyte is covered with a non-uniform and thick CEI layer with a 
thickness ranging from 23 nm to 59 nm. In comparison, 5% FEC elec
trolyte enables a more homogeneous and thinner CEI layer with a 
thickness of ~12 nm on the surface of the graphite cathode. The thinner 
CEI is consistent with the smaller impedance of the electrode cycled with 
FEC additive. 

The change in chemical compositions of the CEI layer on graphite 
cathodes with cycling (after 10th and 200th cycles) were investigated by 
XPS characterizations to understand the effects of FEC additive on the 
surface chemistries (Fig. 6 and Fig. S5). After 10th cycle, we can see a 
difference in the chemical composition of the CEI layer on the surface of 
the graphite electrodes from the F 1s spectra with or without FEC ad
ditive (Fig. 6a) - the relative fractions of LiF and LixPOyFz species are 
significantly reduced in the presence of FEC additive compared with 
those without FEC. This is attributed to less decomposition of LiPF6 salt 

Fig. 6. XPS spectra (F1s and C1s) of graphite cathodes at 5.1 V tested in 0% and 5% FEC-containing electrolytes: (a and c) after 10th cycle; (b and d) after 200th 
cycle, respectively. 
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(LiPF6 ⇌ LiF þ PF5 and PF5 þ 2xLiþ þ 2xe� 1 → LixPF5-x þ xLiF) on the 
graphite surface with FEC additive [47–49]. The reduced amount of 
electronically-insulating LiF probably leads to a less-resistive CEI layer, 
contributing to the observed reduction in electrode resistance and 
excellent rate capability of graphite cathodes in 5% FEC electrolyte. In 
addition, the CEI formed with 5% FEC is robust. Even after 200 cycles, 
no apparent increase in LiF and LixPOyFz contents is observed on 
graphite cathodes with FEC electrolyte, as opposed to that for the 
electrode tested in 0% FEC electrolyte (Fig. 6b). 

For the C 1s XPS spectra, similar chemical compositions corre
sponding to C–O (285.6 eV), C––O (287.0 eV) and O–C––O (288.9 eV) 
bonds are observed on the graphite cathodes with or without FEC after 
10th cycle (Fig. 6c and Fig. S5b). However, after 200 cycles, an obvious 
increase in the relative content of oxygenated organic groups is observed 
on the graphite tested in the FEC-free electrolyte (Fig. 6d), which is 
attributed to further electrolyte decomposition and oxidation of the 
graphite surface [50,51]. In contrast, the changes in XPS peak areas are 
much smaller with 5% FEC, indicating that side reactions are sup
pressed. The XPS results confirm that FEC additive is crucial in gener
ating a stable CEI, mitigating the undesirable reactions between the 
active material and electrolyte and enhancing the interfacial stability for 
cycling. 

Previous reports revealed that the crystallinity of the graphite affects 
the cycle stability of DIB [52]. As presented in Fig. 7a, Raman results 
show two sharp peaks at 1580 cm� 1 (G band) and 1350 cm� 1 (D band), 
representing the crystalline lattice and the disordered structure of 
graphite (such as defects), respectively [8,53–55]. The level of 

defectiveness in graphite can be estimated by the intensity ratio of the D 
band and G band (ID/IG). The ID/IG of the graphite electrodes increase 
from 0.13 of the pristine graphite to 0.23 and 0.46 after cycling in the 
FEC-free electrolyte for 10 and 200 cycles (see Table S2), respectively, 
suggesting a gradual change in structure after repeated PF6

� de-/in
tercalation. In comparison, slight increase in ID/IG of graphite cycled in 
5% FEC electrolyte reveals that FEC-derived CEI can suppress the 
detrimental structural collapse of graphite cathodes. 

The protection of graphite structure by this stable CEI can also be 
verified by studying the changes in the degree of graphitization (DG) of 
the graphite with cycling. The DG can be defined by the following 
equation [53,56]: 

DGð%Þ¼
0:3440 � dð002Þ
0:3440 � 0:3354

� 100% (2)  

where d(002) is the interlayer spacing of the graphite, and 0.3440 nm 
and 0.3354 nm are the d(002) of the fully non-graphitized carbon and 
the ideal graphite crystallite, respectively. XRD patterns of the pristine 
and cycled graphite electrode are shown in Fig. 7b. While the pristine 
graphite has a d(002) spacing of 0.3373 nm and DG of 77.9%, the 
graphite electrode in electrolyte without FEC shows d(002) spacing of 
0.3403 and 0.3412 nm after 10th and 200th cycle, respectively, corre
sponding to DG of 43.0% and 32.5%. It is notable that compared to the 
highly crystallization structure of graphite electrode which exhibits a 
sharp (002) peak, the broader peak of graphite after 200th cycle in FEC- 
free electrolyte indicates a randomly arranged crystal phase (002). In 
sharp contrast, graphite electrodes in 5% FEC-containing electrolyte 

Fig. 7. (a) Raman spectra and (b) XRD patterns of the pristine and cycled graphite cathodes (after 10th or 200th cycles) with 0% and 5% FEC electrolytes.  
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display DG of 72.1% and 65.1% after 10th and 200th cycle, respectively, 
suggesting the graphite cathode can maintain a more orderly and highly- 
integrated graphitic structure after cycling in FEC-containing electro
lyte, largely improving the cycle stability of PF6

� de-/intercalation. 
The self-discharge is a critical challenge in DIBs for large-scale ap

plications which has largely been neglected. Therefore, the self- 
discharge behavior was investigated by charging the cells to the upper 
cut-off voltage of 5.1 V and stored for 0, 72 or 168 h, followed by dis
charging to 3 V, as illustrated in Fig. 8. It is remarkable to find that the 
cell with 0% FEC electrolyte experiences a faster voltage drop and a 
larger capacity loss in contrast to the cell with FEC-containing electro
lyte - specifically, the electrode tested in FEC-free electrolyte shows a 
rapid voltage drop to 4.68 V after 168 h rest, and the available capacity 
is reduced to 61.5 mAh g� 1; in comparison, the electrode tested in 5% 
FEC electrolyte shows a smaller voltage drop to 4.78 V after 168 h with 
82.2 mAh g� 1 available upon discharge. Thus, FEC additive is able to 
reduce self-discharge. We attribute it to the reduced amount of elec
trolyte oxidation under high voltage. A possible mechanism is proposed 
to account for part of the self-discharge phenomenon (Fig. S6). However, 
the same electrochemical curves as that of the pristine cell can be 
observed for subsequent recharging of the cells (Fig. S7), indicating that 
self-discharge is mostly a reversible process. Future work should be 
conducted to further reduce the self-discharge of DIB and to reveal the 
involved fundamental mechanism. 

4. Conclusion 

In summary, DIB with excellent cyclability, low self-discharge and 
high power is enabled by forming an effective CEI layer on the graphite 
cathode with FEC additive. This protective CEI with less LiF can reduce 
undesirable electrolyte decomposition on the graphite surface and pre
vent the graphite from structure deterioration, stabilizing the highly 
reversible PF6

� anion de-/intercalation process. As a result, the graphite 
cathode displays high average CE of 99.0% and an extremely long cycle 
life of 5000 cycles with 85.1% capacity retention at 500 mA g� 1. 
Impressively, an ultrafast charging time within two minutes (93.3% 
capacity utilization at 30C) is achieved with the LiF-less CEI. In addition, 

self-discharge is significantly reduced with FEC, although the mecha
nism of self-discharge needs to be further studied. Overall, this work 
offers insights into the characteristics of the CEI on the graphite cathode 
and provides a feasible approach to develop DIBs with superior cycle 
stability and high power capability. 
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ABSTRACT
The intensifying challenges posed by climate change and the depletion of fossil fuels have spurred concerted
global  efforts  to  develop  alternative  energy  storage  solutions.  Aqueous  zinc-ion  batteries  (AZIBs)  have
emerged as  promising  candidates  for  large-scale  electrochemical  energy  storage systems because of  their
intrinsic  safety,  cost-effectiveness,  and  environmental  sustainability.  However,  Zn  dendrite  growth  consis-
tently poses a remarkable challenge to the performance improvement and commercial viability of AZIBs. The
use of three-dimensional porous Zn anodes instead of planar Zn plates has been demonstrated as an effec-
tive strategy to regulate the deposition/stripping behavior of Zn2+ ions, thereby inhibiting the dendrite growth.
Here,  the  merits  of  porous  Zn  anodes  were  summarized,  and  a  comprehensive  overview  of  the  recent
advancements in the engineering of porous Zn metal anodes was provided, with a particular emphasis on the
structural  orderliness  and  critical  role  of  porous  structure  modulation  in  enhancing  battery  performance.
Furthermore, strategic insights into the design of porous Zn anodes were presented to facilitate the practical
implementation of AZIBs for grid-scale energy storage applications.

KEYWORDS
aqueous zinc-ion battery, porous zinc metal anode, dendrite, structural orderliness, grid-scale energy storage.

  
1    Introduction
The depletion of  fossil  energy sources can no longer
satisfy  the  growing  energy  demands  of  humanity,
which  exacerbates  numerous  irremediable  environ-
mental  issues[1].  In  mitigating  these  challenges,
renewable energy sources (e.g., wind, solar, and tidal)
have received considerable attention because of their
abundance and environmental friendliness. However,
the integration of these energy sources into the elec-
trical  grid,  constrained  by  indirectness  and
geographic  limitations,  can  disrupt  the  stability  of
electrical  energy  storage  systems,  highlighting  the
demand for the development of efficient and sustain-
able  energy  storage  technologies[2–4].  Electrochemical

batteries, which are renowned for their inherent reli-
ability  and  high  energy  conversion  efficiency,  stand
out  as  an  optimal  solution  for  electrical  energy
conversion and storage[5].  Therefore,  the demand for
secondary battery systems that are cost-effective, safe,
and  eco-friendly  is  increasing.  Lithium-ion  batteries
(LIBs)  are  widely  used  in  electric  vehicles  and
consumer  electronics  because  of  their  high  energy
density  and  long  cycle  life.  However,  the  increasing
costs  associated  with  limited  lithium  mineral
resources,  in  addition  to  persistent  safety  concerns,
have  hindered  their  widespread  adoption in  station-
ary  grid  energy  storage  systems[6].  In  this  context,
aqueous  zinc-ion  batteries  (AZIBs)  with  Zn  metal
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anodes,  which  were  first  proposed  by  Kang  et  al.  in
2012[7],  have attracted increasingly interests in recent
years  because  of  their  relatively  high  theoretical
capacity  (820  mAh  g−1 and  5,855  mAh  cm−3),  rela-
tively  low  redox  potential  (−0.762  V  vs.  standard
hydrogen  electrode),  and  low  cost  of  Zn  metal[8].
Moreover, compared with their organic counterparts,
aqueous  electrolytes  provide  inherent  safety,  supe-
rior  ionic  conductivity,  and  cost-effectiveness,
thereby indicating their great potential for large-scale
energy storage applications.

Despite  their  potential,  AZIBs  remain  in  an  early
stage  of  development,  with  challenges  such  as
dendrite  growth  and  side  reactions  (e.g.,  corrosion,
passivation,  and  hydrogen  precipitation  reactions),
thereby  hindering  their  commercialization[9].
Notably, the formation of Zn dendrites poses a criti-
cal  risk  because  of  their  propensity  to  penetrate  the
separator, leading to direct contact between the cath-
ode and anode, which triggers internal short circuits
and  cell  failure[10,11].  Numerous  strategies  have  been
used  to  inhibit  the  dendrite  growth,  including  elec-
trolyte  and additive design[12−14],  anode surface modi-
fication[15],  and anode structural engineering. Among
these,  the  development  of  porous  structures  has
emerged  as  an  effective  approach  to  regulate  the
stripping/plating  behavior  of  Zn  metal  and  prevent
dendrite  growth,  leveraging  their  capability  of

homogenizing  the  electric  field  distribution  and  ion
flux,  mitigating volume expansion, and releasing the
internal  stresses  associated  with  Zn  deposition[10].
Various  porous  fabrication  techniques  have  been
applied,  including  etching[16],  self-assembly[17],  laser
lithography[18],  electrochemical  methods[19],  rolling[20],
freeze  drying[21],  and  three-dimensional  (3D)
printing[22].  Although  extensive  research  has  been
conducted  on  porous  Zn  electrodes  to  enhance
battery  performance,  spanning  from  Zn  sponges  to
gradient electrodes (Fig.  1),  systematic analysis  from
the  perspective  of  the  structural  orderliness  of  the
porous architecture remains lacking.

Herein, a comprehensive summary of the research
advances  in  porous  Zn  anode  design  for  AZIBs  was
provided, elucidating the role of porous structures in
the  overall  battery  performance,  particularly  the
precise  regulation of  the  pore  structure.  In  addition,
Zn  powder-based  anodes,  which  have  been  largely
overlooked  in  previous  reviews,  were  comprehen-
sively overviewed. This review aims to provide novel
insights  and  strategic  guidance  for  the  development
of  high-performance  AZIBs  through  the  optimiza-
tion of porous Zn anodes. 

2    Merits of porous Zn anodes
Although  commercial  planar  Zn  foils  can  serve  as
anodes for  AZIBs,  the uneven distribution of  charge

 

Figure 1    Timeline of the development of porous Zn anodes in AZIBs. Reproduced from Ref. [7] with permission ©2012, Wiley‐VCH
Verlag  GmbH & Co.  KGaA,  Weinheim.  Reproduced  from Ref.  [23]  with  permission  ©2017,  American  Association  for  the  Advance-
ment of Science. Reproduced from Ref. [24] with permission ©2018, Elsevier B.V. Reproduced from Ref. [25] with permission ©2019,
Wiley ‐VCH  Verlag  GmbH  &  Co.  KGaA,  Weinheim.  Reproduced  from  Ref.  [26]  under  the  CC  BY  4.0  license  ©2020,  The  Authors.
Reproduced from Ref.  [27]  with  permission ©2020,  Wiley‐VCH Verlag  GmbH & Co.  KGaA,  Weinheim.  Reproduced from Ref.  [28]
with permission ©2021, Wiley-VCH GmbH. Reproduced from Ref. [29] with permission ©2021, Wiley-VCH GmbH. Reproduced from
Ref. [30] with permission ©2022, Wiley-VCH GmbH. Reproduced from Ref. [21] with permission ©2022, Wiley-VCH GmbH. Repro-
duced from Ref. [31] with permission ©2023, Wiley-VCH GmbH. Reproduced from Ref. [32] under the CC BY 4.0 license ©2023, The
Authors.
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density and cation concentration disrupts Zn deposi-
tion  and  stripping,  leading  to  dendrite  growth  and
impeding  the  practical  application  of  AZIBs.  By
contrast, 3D porous anodes provide numerous nucle-
ation  sites  and  reduce  nuclear  energy  barriers
because  of  their  enlarged  electrochemically  active
area.  This  enhancement  greatly  mitigates  the  local-
ized  charge  accumulation,  facilitates  the  uniform
electric  field  distribution  and  mass  transport,
suppresses the dendrite growth, and ensures a longer
battery  lifespan.  Moreover,  the  substantial  internal
volume  in  3D  porous  anodes  can  accommodate
volume  changes  and  deposition  stress  caused  by
deposition/stripping. In particular, 3D porous anodes
exhibit four main merits (Fig. 2). 

2.1    Uniform electric field distribution
Electric  field  distribution  plays  a  pivotal  role  in
affecting the deposition behavior of Zn ions. Accord-
ing  to  the  space  charge  theory  proposed  by  Chaza-
lviel et al., anion depletion is induced when the mass
flux  surpasses  a  threshold,  compelling  anions  to
migrate  away  from  the  anode[33].  Sand’s  temporal
model  provides  an  approximation  of  the  time  (τs)
required  for  anion  depletion,  which  leads  to  the
formation  of  a  space  charge  region  caused  by  the
disruption  of  localized  electroneutrality.  This
phenomenon  results  in  a  large  electric  field-driven
electroconvection on the metal surface, thereby exac-
erbating dendrite growth[34].  In general,  this model is
grounded  on  a  high  mass-transport-limited  current
density[33,35]. However, experimental results reveal that
the duration of dendrite growth at low current densi-
ties  is  consistent  with  the  predictions  of  the  Sand’s
model,  indicating  a  strong  correlation  between
dendrite formation and the ion concentration gradi-
ent on the electrode surface[35]. On planar Zn foils, the
restricted  ion  transport  exacerbates  the  concentra-
tion  of  electric  field  distribution,  resulting  in  local-

ized  high  current  densities  that  aggravate  side  reac-
tions  and  accelerate  AZIB  degradation.  By  contrast,
3D  porous  electrodes  provide  an  increased  number
of  electrochemically  active  surfaces  and  abundant
nucleation  sites  that  contribute  to  a  more  uniform
electric field distribution, thereby extending τs associ-
ated with the formation of space charge layers[10]. 

2.2    Homogeneous ion flux
The  transport  of  Zn2+ ions  remarkably  affects  the
electrochemical  deposition  behavior  and  morphol-
ogy  of  the  electrode  surface[36].  However,  the  uneven
and  rough  surface  of  planar  Zn  foils  results  in  the
accumulation  of  negative  charges  at  the  bumps,
resulting in a “tip effect” that induces the preferential
deposition  of  Zn  ions  and  fosters  dendrite  growth.
The  ionic  electrochemical  kinetics  at  the  anode
surface  includes  the  migration  of  metal  ions  across
the concentration gradient  in the electrolyte  and the
charge  transfer  at  the  electrode–electrolyte
interface[37].  Herein,  ion  diffusion  resistance  plays  a
key  role,  which  follows  the  Nernst–Planck
equation[38]:

Ji =−Di
dCi

dx
−uiciziF

dv
dx

(1)

where J denotes the ion flux, D is the diffusion coeffi-
cient, C represents the ion concentration, u is the ion
mobility, z signifies the number of electrons, F is the
Faraday constant, and V is the voltage. The first term
of  the  Nernst–Planck  equation  describes  ion  diffu-
sion,  whereas  the  second  term  corresponds  to  ion
mobility  under  an  electric  field.  At  high  current
densities,  ion  diffusion  dominates  because  of
substantial  concentration gradients in Zn ion.  In 3D
porous  electrodes,  the  electrolyte  penetrates  deeply
into  the  electrode,  and  an  increased  electrochemi-
cally  active  area  effectively  reduces  the  local  current
density  and  mitigates  the  concentration  polarization

 

Figure 2    Advantages  of  porous  structured  Zn  metal  anodes,  including  uniform  electric  field  distribution,  homogeneous  ion  flux,
buffering volume change, and internal stress relaxation.

Energy Materials and Devices  2024, 2(3), 9370040

 

 

3



of  the electrolyte,  thereby reducing the ion diffusion
resistance  and  facilitating  a  homogeneous  ion  flux.
Moreover,  the  abundance  of  nucleation  sites  effec-
tively  lowers  the  nucleation  energy  barrier  and
increases  the  deposition  overpotential,  thereby
enabling rapid and uniform deposition[39]. 

2.3    Volume change buffering
The  hostless  feature  of  Zn  metal  leads  to  vigorous
volume swelling and shrinking during repeated plat-
ing/stripping[20].  The  nonuniform  distribution  of
charge  and  ion  flux  on  planar  Zn  metal  surfaces
induces  uneven  Zn  deposition.  Hence,  Zn  metal  is
prone to being deposited in dendritic, mossy, and rod-
like forms, which lead to substantial volume changes
that  exacerbate  dendritic  growth.  In  addition,  the
increased  specific  surface  area  and  decreased  lattice
match  caused  by  volume  expansion  can  lead  to  the
disordered  deposition  of  Zn,  thereby  reducing  the
lifetime of AZIBs[40].  The substantial  volume changes
in planar Zn foil anode systems lead to the formation
of “dead  Zn” and  the  puncture  of  separator  by
dendrites[41].  The  construction  of  porous  Zn  metal
anodes  can  provide  a  sufficient  internal  space  to
effectively  accommodate  the  volume  change  of  Zn
metal  and  inhibit  dendrite  growth.  A  well-designed
porous  anode  can  induce  Zn  to  achieve  bottom-up
deposition  behavior  and  maintain  a  flat  electrode
sheet morphology[26]. 

2.4    Internal stress relaxation
Internal  stresses  arise  during  Zn  deposition,  which
could  affect  the  deposition  behavior[42].  Under
nonequilibrium growth  conditions,  the  migration  of
Zn metal atoms across grain boundaries is a decisive
factor  influencing  the  accumulation  of  internal
stresses[10].  In planar electrodes, these stresses are not
effectively released, leading to the chaotic deposition
behavior  of  Zn  atoms  along  the  grain  boundaries,
which  drives  the  growth  of  a  disordered  dendritic
metal  structure.  By  contrast,  porous  structures  can
effectively  alleviate  the  internal  stress  induced  by
metal  deposition,  thereby  facilitating  an  orderly
deposition process for Zn. 

3    Porous Zn anodes with a  disordered
structure
Prior  to  the  burgeoning  interest  in  mild  AZIBs,
monolithic  porous  Zn  anodes  had  been  investigated
in alkaline Zn batteries, which focused on Zn sponge
and  Zn  foam  structures.  In  2017,  Parker  et  al.
designed porous Zn sponge electrodes to improve Zn
utilization and charging capacity[23]. This design effec-
tively  modulated  the  local  current  density  to  retard
dendrite  formation.  Zn  foam,  which  plays  a  similar
role  to  Zn  sponge,  has  been  used  as  an  anode  to

enhance battery performance by modulating the elec-
tric  field[43].  In  another  work,  a  hyper-dendritic
nanoporous Zn foam was developed via in situ elec-
trochemical  synthesis[44].  This  Zn  foam  achieved  an
impressive  anode  material  utilization  of  ~100%  at
100%  depth  of  discharge  (DOD)  in  an  alkaline
medium.  However,  the  structures  of  Zn  sponge  and
Zn  foam  are  susceptible  to  structural  collapse  after
long-term  high-rate  cycling,  and  their  fabrication
generally  requires  great  energy  expenditure,  which
hinders  their  practical  applications.  In  the  study  of
neutral AZIBs, random porous Zn anodes have been
developed  to  enhance  the  anode-to-cathode
reversible capacity ratio (N/P ratio), specific capacity,
cycle life, and rate performance. At present, the real-
ization  of  porous  Zn  anodes  is  achieved  through
three  main  methods,  that  is,  the in  situ creation  of
pores  on  commercial  Zn  foils,  the  deposition  of  Zn
on 3D zincophilic substrates, and the construction of
porous  structures  utilizing  the  plasticity  of  Zn
powders. 

3.1    Zn foil anodes with a disordered structure
The  surface  of  commercial  Zn  foils  is  rough,  and  it
lacks  planarity,  which  can  induce  the  accelerated
formation  of  Zn  dendrites.  The in  situ construction
of  a  porous  layer  on  the  surface  of  Zn  foils  reduces
the  local  current  density,  homogenizing  the  ion flux
and  inhibiting  the  dendrite  growth.  Compared  with
alternative methods for fabricating 3D anodes, direct
etching  of  commercial  Zn  foils  using  simple
processes  such  as  immersion  and  ultrasonic  waves
shows  great  application  potential.  This  etching
process  not  only  eliminates  the  original  passivation
layer on the surface of Zn foils, but also establishes a
3D  structure.  Meanwhile,  under  specific  conditions,
Zn  compounds  can  be  generated in  situ on  the
surface of Zn foils, self-assembling into an interfacial
layer to protect the Zn anode. Notably, the structural
morphology  and  etching  dynamics  of  Zn  foils  vary
with the etchant and etching parameters used. Given
the formation of a porous structure, further enhance-
ments  can  be  achieved  by  manipulating  the  crystal
orientation[40,45–47] and  by  forming  protective  layers
composed  of  Zn  compounds  or  inert  metals  on  the
surface.

Acid solutions serve as effective etching agents for
Zn  foils,  facilitating  the  redox  reaction  where  Zn
atoms react with hydrogen ions (ionized by the acid),
to form the corresponding Zn salts and hydrogen. In
addition,  if  the  acid’s  anion  can  coordinate,  then  it
can bind with Zn2+ to regulate the flux, and the result-
ing  coordination  compounds  generated in  situ can
serve  as  a  protective  layer  to  reduce  corrosion.  As
demonstrated  by  Sun  et  al.,  hydrochloric  acid  was
utilized  to  selectively  etch  the  crystal  surface  of  Zn
foils,  forming a  3D ridge-like structure[48].  This  engi-
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neered  surface  of  the  Zn  electrode  facilitated  the
uniform  plating  and  stripping  of  metal  Zn,  which
increased  the  infiltration  surface  area  of  the  elec-
trolyte and reduced the local current density, thereby
improving  the  cycling  stability  of  the  Zn  anode.
Organic  acids,  which  are  less  aggressive  than  their
inorganic  counterparts,  provide  a  gradual  and
controllable  etching  process  for  Zn  foils.  Different
organic acids,  including phytic acid[49],  humic acid[50],
amino  acid[51],  and  cysteine[16,52],  have  been  used  to
fabricate porous Zn anodes. A 3D Zn foil with a hier-
archical  porous  structure  was  developed  by  Alsha-
reef et al. using an organic mixed solution of trifluo-
romethanesulfonic  acid  (TFA)  and  acetonitrile[53].
TFA with a relatively slow and controllable chemical
corrosion of Zn effectively removed the surface passi-

vation  layer  (Fig.  3a),  resulting  in  a  multitude  of
porous  structures  with  diameters  ranging  from
nanoscale to microscale on the Zn surface. This solu-
tion improved the electrolyte accessibility and nucle-
ation  site  density.  Organic  acids,  with  their  reactive
groups,  provide  abundant  adsorption  sites  for  metal
ions, forming exceptionally stable complexes with Zn
ions[58].  Consequently,  the  etched Zn foil  surface  can
generate  organic  Zn  compounds in  situ as  a  protec-
tive  interface  layer,  reducing  the  electrolyte–Zn
anode  contact  and  effectively  preventing  the  corro-
sion of the Zn foil surface by O2 or water.

Zn  foil  etching  using  metal  salt  solutions  as
etchants  is  also  a  feasible  strategy,  where  the  metal
salt  solution  facilitates  the  formation  of  a  porous
inert  protective  film  on  the  surface  of  Zn  foils
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b c

d
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Figure 3    Zn  foil  anodes  with  a  disordered  structure.  (a)  Schematic  diagram  showing  the  fabrication  of  a  3D  porous  Zn  foil  in  an
organic  mixture  of  trifluoromethanesulfonic  acid  (TFA)  and  acetonitrile  (AN).  Reproduced  from  Ref.  [53]  with  permission  ©2022,
Wiley-VCH GmbH. (b) Schematic depiction of the fabrication and formation of Zn anodes with a metallic interface. Reproduced from
Ref.  [54]  with  permission  ©2023,  Wiley-VCH  GmbH.  (c)  Line  sweep  voltammetry  curves  of  pristine  Zn  and  Sn@Zn  electrodes  at
1 mV s−1 (using 1 mol/L NaSO4). Reproduced from Ref. [55] with permission ©2023, Wiley-VCH GmbH. (d) Schematic illustration of
the stress induced by Zn plating and its effect on the plating/stripping behavior of Zn on P–Zn. Reproduced from Ref. [56] with permis-
sion ©2022, Elsevier Ltd. (e) Schematic illustration of the preparation of the 3D-Zn@ZnSe anode under constant potentials. Reproduced
from Ref. [57] with permission ©2022, Wiley-VCH GmbH. (f) Schematic diagram of Zn deposits on a ZnCo alloy surface. Reproduced
from Ref. [19] with permission ©2023, Wiley-VCH GmbH.
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through a  simple  redox reaction between metal  ions
and Zn. By introducing zincophilic metals with high
hydrogen evolution potentials, the Zn anode demon-
strated  improved  deposition  behavior  of  Zn2+ for
drastically increased cycling stability[59].

Notably,  studies  have  shown  that  the  inert  metal
deposited on the Zn foil surface during cycling can be
electrochemically  converted  into  Zn  alloys,  which
exhibit  superior  oxidation  resistance  and  load-bear-
ing  capacity  compared  with  pure  metal  Zn.  Chao  et
al.  optimized  zincophilic  sites  from  thermodynamic
inertia  and  kinetic  zincophilicity  indices  by  using
BiCl3 and  ethylene  glycol  solvent  to  form in  situ
nanoporous  Bi@Zn  nanosheets  on  Zn  foils  (Fig.
3b)[54].  The  Bi@Zn  interface  greatly  suppressed  the
side  reactions.  The in  situ formed  Zn–Bi  alloy  solid
solution  interfaces  spatially  promoted  the  homoge-
neous growth of Zn and effectively accelerated the Zn
deposition  kinetics.  Given  the  high  thermodynamic
inertia and rapid electrochemical kinetic zincophilic-
ity, the Bi@Zn heterometallic interface enabled a long
cycle  lifespan  of  more  than  4,700  cycles  with  a  low
overpotential  of  around  55  mV,  even  at  a  high
current density of 10 mA cm−2. In addition, Wu et al.
reported  a  versatile  and  economical  strategy  for
constructing artificial  metal  interfaces  on Zn anodes
within  only  10  s[55].  The  kinetic  process  of  replace-
ment  reaction  was  regulated  by  the  complexation  of
thiourea  molecules  with  metal  ions,  and  the  metal
deposition  was  gradually  adjusted,  achieving  super-
filling  on  the  surface  of  common  commercial  Zn
flakes.  As  shown  in Fig.  3c,  the  hydrogen  evolution
reaction  (HER)  onset  potential  of  Sn@Zn  (−0.98  V
vs. reversible  hydrogen  electrode)  was  lower  than
that  of  Zn  (−0.68  V),  indicating  the  sluggish  HER
response  of  Sn@Zn  with  regard  to  current  density.
Considering the evaluated parameters such as surface
morphology, interfacial resistance, corrosion current,
and  nucleation  overpotential,  Sun  et  al.  selected
MoCl5/ethanol  etchant  from high-valent  metal  chlo-
rides  for  the in  situ construction  of  porous  Zn
surfaces[60].  Electrochemical  analyses  and  theoretical
calculations showed that an increased exposure of the
Zn(002)  crystal  plane  enhanced  the  corrosion  resis-
tance of the anode.

The  corrosion  mechanism  of  Zn  foils  exposed  to
metallic  salt  solutions  can  be  summarized  in  three
key aspects:  (1)  The selective  adsorption of  different
anions  to  the  Zn  metal  crystal  surface  induces  the
oriented deposition of Zn2+ ions[61].  (2) Once an inert
metal  or  compound  is in  situ substituted  on  the
surface  of  the  Zn  foil,  it  functions  as  a  protective
barrier  to  isolate  the  Zn  anode  from  the  electrolyte
and  improves  the  corrosion  resistance  of  the  Zn
anode  because  of  its  chemical  inertness[62,63].
(3)  Under  certain  conditions,  the  deposited  inert
metal  on  the  surface  can  spontaneously  alloy  with

Zn,  thereby  improving  the  corrosion  resistance  and
ensuring the structural stability of the battery during
cycling[54]. Notably, the concentration and duration of
the  metal  salt  solution  remarkably  influence  the
particle  size  and  thickness  of  the  deposited  metal
layer[64].

The growth of Zn dendrites is closely related to the
accumulation  of  internal  stresses  during  the  electro-
plating  process.  Thus,  Zn  metal  anodes  with  a
patterned micro-groove structure have been demon-
strated  to  effectively  release  the  stress  induced  by
galvanization,  thereby  inhibiting  dendrite  growth.
Zhao  et  al.  adopted  micro-zone  stress  relaxation  to
introduce  ordered  grooves  (~30  μm  wide  and
~25 μm deep) to the surface of Zn metal foils (P–Zn)
by  metal  mesh-assisted  rolling,  which  inhibited  Zn
dendrite  growth  (Fig.  3d)[56].  The  post-patterned
recesses  provided  a  sufficient  buffer  space  to  effec-
tively  reduce  stress  accumulation  from  plating,
enabling  dendrite-free  Zn  metal  plating  even  at  a
high  capacity  of  10  mAh  cm−2.  Apart  from  physical
imprinting and chemical etching, some electrochemi-
cal methods are available to fabricate intricate porous
structures  on  the  surface  of  Zn  foils.  The  uneven
deposition  of  Zn  can  be  attributed  to  various
factors[65],  including  surface  roughness,  passivation,
the “tip effect”,  as  well  as  inhomogeneous ion fluxes
in the electrolyte. Zhi et al. successfully obtained a 3D
porous  Zn  skeleton  with  a  ZnSe  overlayer  (3D-
Zn@ZnSe)  through  one-step  electrochemical  scan-
ning,  accurately  repairing  intrinsic  defects  on  the
surface  of  Zn  foils  and  remodeling  the
electrolyte–anode  interface[57].  Under  a  certain  elec-
tric  field,  the  preferential  reaction  at  protrusions
caused by a higher surface current density facilitated
the simultaneous electrooxidation of Zn and the elec-
trodeposition  of  ZnSe  in  a  SeO2 powder-rich  elec-
trolyte (Fig.  3e).  The anode–electrolyte interface was
reconfigured,  effectively  homogenizing  the  charge
distribution  and  Zn  ion  flux;  thus,  the  3D-
Zn@ZnSe||V2O5 cells  exhibited  90.63%  capacity
retention  after  8,500  cycles  at  5  A  g−1,  which  main-
tained a high specific capacity of 107.3 mAh g−1. Zhou
et  al.  designed  a  novel  approach  to  fabricate  spiral-
grown 3D ZnCo overlayers  on one side  of  commer-
cial Zn foils using constant current electrodeposition.
The  ZnCo crystalline  plane,  which  is  predominantly
exposed  to  the  side  of  the  3D  spiral  structure,  had
enhanced zincophilicity  compared with the Zn crys-
talline  plane[19].  During  electroplating,  the  Zn  metal
surface  with  a  ZnCo  cladding  layer  was  gradually
smoothed  because  of  the  restricted  diffusion  behav-
ior  of  Zn2+.  Meanwhile,  the  superior  corrosion resis-
tance  of  ZnCo  alloy  effectively  inhibited  the  corro-
sion reaction on the anode surface (Fig. 3f).

Overall,  the  fabrication  of  random  porous  struc-
tures  on  the  surface  of  commercial  Zn foils  through
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physical,  chemical,  or  electrochemical  methods
represents a feasible yet effective strategy to improve
the  performance  of  AZIBs.  These  porous  structures
can  effectively  optimize  ion  flux,  inhibit  side  reac-
tions,  and  regulate  Zn  nucleation  growth.  However,
the  efficacy  of  the  modification  approach  is  highly
contingent on the reaction conditions because of the
inherent  variability  in  the  size  and  arrangement  of
pore structures.  Thus,  a  more in-depth investigation
into  the  impact  of  the  characteristics  of  a  porous
structure  on  the  Zn  deposition/stripping  kinetics  is
warranted to optimize the performance of AZIBs. 

3.2    Current collectors with a disordered struc-
ture
 

3.2.1    Metallic  current  collectors  with  a  disordered
structure
Metal materials, which are known for their high elec-
trical  conductivity,  thermal  conductivity,  and  good
ductility,  are  considered  optimal  candidates  for
battery  current  collectors.  In  addition,  metal

substrates  typically  exhibit  zincophilic  properties,
which  facilitates  the  deposition  of  Zn2+ ions  onto
them.

Among  numerous  metals,  copper  stands  out
because of its relatively low cost, excellent conductiv-
ity, and low Zn nucleation overpotential. Huang et al.
scrutinized  the  nucleation  behavior  of  Zn  on  differ-
ent  metal  substrates  (e.g.,  Cu,  Ag,  Ti,  or  Sn),  reveal-
ing that  Zn tends to  deposit  on the surface  of  Cu in
the  absence  of  nucleation  barriers[66].  Therefore,
copper  is  a  favorable  material  for  Zn  anode  current
collectors.  3D  Cu  used  for  Zn  anode  current  collec-
tors  has  two  types,  namely,  modified  commercial
copper foil and direct porous copper, such as copper
mesh  and  copper  foam[67].  Kang  et  al.  prepared  3D
porous  Cu  from  a  flat  Cu  foil  via  chemical  etching
(Fig.  4a),  providing a substrate for the uniform elec-
trodeposition of  Zn [68].  In  addition,  foam Cu can be
used directly to obtain porous structures,  as demon-
strated by Shi et al.[69]. The 3D porous foam Cu exhib-
ited  a  low  Zn  nucleation  overpotential  of  65.2  mV
and  superior  plating/stripping  reversibility,  leading
to  enhanced  cycling  performance  in  the  assembled
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Figure 4    Metallic current collectors with a disordered structure. (a) Schematic illustration of the fabrication of a 3D Zn anode. Repro-
duced  from  Ref.  [68]  with  permission  ©2019,  American  Chemical  Society.  (b)  Schematic  illustration  of  Zn@Cu  collector  symmetric
cells. Reproduced from Ref. [69] with permission ©2019, American Chemical Society. (c) Zn deposition diagram representing planar Ti
and  3D  Ti  current  collectors.  Reproduced  from  Ref.  [70]  with  permission  ©2021,  American  Chemical  Society.  (d)  Long-term
stripping/plating behavior of Zn@CuNWs||Zn@CuNWs symmetric cells at a current density of 100.0 mA cm−2 with an areal capacity of
1.0 mAh cm−2. Reproduced from Ref. [71] with permission ©2022, Wiley-VCH GmbH. (e) Scheme of the synthesis of a 3D porous sand-
wich-structured  In@Zn@In  (3D  In@Zn@In)  electrode.  Reproduced  from  Ref.  [72]  with  permission  ©2022,  Elsevier  B.V.  (f)  Linear
polarization curves of symmetric SSM and AZ-SSM electrodes in a 2 mol/L aqueous Na2SO4 electrolyte. Reproduced from Ref. [73] with
permission ©2022, Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
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full  cell  (Fig.  4b).  Apart  from  Cu,  other  metals  are
also  viable  as  anode  current  collector  hosts.  For
example,  An  et  al.  developed  3D  porous  Ti  derived
from  commercial  Ti  foil  as  a  host  for  the  anode[70].
The  3D  Ti/Zn  metal  anode  suppressed  dendrite
growth  because  of  its  uniform  current  distribution
(Fig.  4c),  homogeneous  nucleation,  and  volume
change  accommodation,  enabling  stable  Zn
plating/stripping for up to 2,000 h with low polariza-
tion. The full cell with Zn@3D Ti–TiO2 as the anode
and S@MXene@MnO2 as the cathode was assembled
to  evaluate  the  practical  electrochemical  perfor-
mance. The cyclic voltammetry (CV) curves after the
initial cycle displayed consistent redox peaks, indicat-
ing the reversibility of the electrochemical process.

Certain  metals  with  unique  structures  have  been
utilized as  anode current  collectors.  For  example,  Yi
et al. have successfully used a fivefold twin-crystal Cu
nanowire as a substrate for Zn anodes[71]. The regular
Cu(111)  crystal  facets  exposed  at  the  ridges  of  these
nanowires could regulate the growth of Zn dendrites
because  of  their  low  lattice  mismatch  between
Cu(111)  and  Zn(002).  This  heteroepitaxial  growth
method  allowed  Zn  to  be  deposited  along  the
Zn(002)  orientation,  in  alignment  with  Cu(111),
guiding  uniform  Zn  nucleation  and  growth,  and
remarkably  reducing  the  overpotential.  Conse-
quently,  the  Zn@CuNW  anode  exhibited  unprece-
dented  stability  under  ultra-high  current  density,  as
evidenced  by  symmetric  cell  operations  exceeding
30,000 cycles at the rate of 100.0 mA cm−2 (Fig. 4d). A
sandwich-like architecture has also been adopted for
metallic anode current collectors.  Fan et  al.  reported
a  distinctive  In@Zn@In tri-layer  structure  deposited
on  the  3D  porous  Cu  framework  (referred  to  as  3D
In@Zn@In),  which  effectively  suppressed  dendrite
growth  and side  reactions  (Fig.  4e)[72].  The  sandwich
configuration  not  only  facilitated  an  even  electric
field distribution but  also served as  protective  shield
for the active material, thereby preventing the forma-
tion  of “dead  Zn”.  Besides,  Yu  et  al.  introduced  a
stainless-steel  mesh  (SSM)  coated  with  a  rapid  ion-
diffusing Ag–Zn alloy layer as an anode collector (AZ-
SSM@Zn)[73].  This  alloy  layer  accelerated  Zn2+ ion
diffusion,  regulated  flux  uniformity,  and  suppressed
HER  (Fig.  4f).  The  AZ-SSM@Zn  anode,  when
matched  with  commercial  activated  carbon,  exhib-
ited superior rapid charge and discharge capabilities.
Even under a high current density of 5A g−1 for 4,000
cycles,  the  capacity  retention  rate  remained  close  to
100%.

Overall, metal current collectors are endowed with
excellent  conductivity  and  mechanical  properties,
which  are  pivotal  for  enhancing  the  battery  cycling
performance.  The  intrinsic  zincophilic  nature  of
these metal substrates promotes the uniform deposi-
tion  of  Zn,  a  critical  factor  in  mitigating  dendrite

growth  and  ensuring  stable  operation.  The  strategic
deployment of single or composite metals, along with
the  incorporation  of  alloys,  to  fabricate  3D  anode
current  collectors  is  a  burgeoning  research  avenue
aimed  at  stabilizing  Zn  anodes  and  augmenting  the
performance of AZIBs. 

3.2.2    Carbon-based current collectors with a disor-
dered structure
In  general,  carbon  materials  have  high  conductivity,
large  specific  surface  areas,  and  porous  structures,
which  provide  abundant  nucleation  sites  for  Zn
deposition  and  optimize  surface  electric  field  distri-
bution.  These  attributes  are  consistent  with  the
design  criteria  for  3D  Zn  anode  current
collectors[74–76].  Notably,  certain  unique  structures  in
carbon  materials  can  affect  Zn  precipitation.  For
example,  graphene,  with  its  atomic  arrangements
similar to the Zn(002) crystal planes, can be strategi-
cally utilized to induce Zn deposition along the (002)
plane,  thereby  promoting  uniform  deposition  and
inhibiting dendrite growth[77]. Here, the application of
carbon materials  in  the  disordered  Zn  anode  collec-
tor  as  the  host  was  discussed.  Carbon  nanotubes
(CNTs)  are  lightweight  and  stable  one-dimensional
materials, which can be used as a conductive scaffold
for  Zn  anode  current  collectors,  achieving  dendrite-
free  Zn  plating/stripping.  Zeng  et  al.  demonstrated
the  importance  of  a  flexible  CNT  framework  as  the
conductive  host  for  Zn  anode  current  collectors[25].
They  adopted  chemical  vapor  deposition  to  grow
CNTs  on  a  carbon  cloth  (CC),  thereby  effectively
reducing Zn nucleation overpotential and improving
the homogeneous electric field distribution (Fig. 5a).
The  as-fabricated  Zn/CNT  anode  exhibited  highly
reversible  Zn  deposition/stripping  behavior  with  a
high  coulombic  efficiency  (CE).  In  a  parallel
approach,  Cao et  al.  have grown 3D nitrogen-doped
vertical  graphene  nanosheets  directly  on  a  CC  (N-
VG@CC)  as  a  current  collector  to  achieve  dendrite-
free Zn anodes[81].  This nitrogen-containing group in
N-VG remarkably enhanced the Zn affinity of carbon-
based current collectors, thereby promoting uniform
Zn deposition. In elucidating the underlying mecha-
nism of this Zn affinity, Xie et al. used carbon hollow
spheres (referred to as CnC HS), derived from resor-
cinol formaldehyde, as model current collector[78].  As
shown  in Fig.  5b,  the  pyridinic  nitrogen  sites  were
attached by Zn2+ ions after  Zn deposition,  leading to
the formation of the Zn–N bonds. The establishment
of  these  Zn–N  bonds  not  only  altered  the  chemical
state  of  the  initial  pyridinic,  aligning  it  with  that  of
graphitic  nitrogen,  but  also promoted Zn nucleation
and inhibited Zn dendrite formation.

Constructing 3D carbon nanomaterials doped with
heteroatoms is  a promising strategy for the develop-
ment  of  Zn  anode  current  collectors,  as  these
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heteroatoms  enhance  the  affinity  for  Zn  deposition.
Metal–organic  frameworks  (MOFs),  which  are
known for  their  periodic  nanoporous structures  and
exceptional  specific  surface  areas[82,83],  yield  carbon-
derived materials that can function as anode current
collectors, effectively suppressing dendrite formation
and  HER[84].  Xue  et  al.  designed  a  3D  framework  by
combining  CNTs  and  graphene  into  a  hierarchical
porous  structure  (3D-ZGC),  onto  which  they  intro-
duced MOF-derived ZnO/C nanoparticles[21]. The 3D
porous  frameworks,  in  conjunction  with  ZnO parti-
cles that exhibit Zn affinity, induce uniform Zn depo-
sition  (Fig.  5c).  The  symmetric  battery  using  3D-
ZGC  as  the  electrode  current  collector  cycled  1,500
times at a high current density of 20 mA cm−2 with a
low  overpotential  of  less  than  65  mV.  Carbon
nanofibers  (CNF)  are  also  considered  viable  candi-

dates  for  Zn  anode  current  collectors.  Wang  et  al.
used  an  eco-friendly  strategy  to  fabricate  a  flexible
3D  CNF  architecture  with  uniformly  distributed  Zn
seeds  (CNF-Zn)  derived  from  bacterial  cellulose[79].
The  CNF-Zn@Zn||NaV3O8·1.5H2O  (NVO)  AZIBs
exhibited a remarkably improved rate capability and
cycling  stability  (Fig.  5d).  Yu  et  al.  designed  a  3D
macroporous fiber network current collector, featur-
ing  carbon  cages  decorated  with  hierarchical  lotus
root-like  Zn/N-doped  carbon  hollow  nanofibers
(LRZCF@CC)[85].  The  layered  3D  hollow  network  of
LRZCF@CC  fibers  provided  additional  space  to
accommodate  metallic  Zn,  effectively  addressing
volume expansion during cycling.

Apart from the modulation of zincophilic proper-
ties,  the  design  of  current  collectors  plays  a  pivotal
role  in  the  formation  of  the  solid  electrolyte  inter-
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Figure 5    Carbon-based  current  collectors  with  a  disordered  structure.  (a)  Schematic  illustrations  of  Zn deposition  on CC and CNT
electrodes. Reproduced from Ref. [25] with permission ©2019, Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Nitrogen 1s near-
edge  X-ray  absorption  fine  structure  spectra  of  pristine  CnC  HS  and  CnC  HS  after  Zn  deposition.  Reproduced  from  Ref.  [78]  with
permission  ©2021,  Wiley-VCH  GmbH.  (c)  Schematic  illustration  of  Zn  plating  on  the  3D-ZGC  host  under  various  electrochemical
conditions. Reproduced from Ref. [21] with permission ©2022, Wiley-VCH GmbH. (d) Rate capabilities of full batteries using the NVO
cathode and different anode hosts. Reproduced from Ref. [79] with permission ©2023, American Chemical Society. (e) Schematic illus-
tration of the fabrication process for the MGA material. Reproduced from Ref. [80] with permission ©2021, Wiley-VCH GmbH.
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phase  (SEI)  layer.  Zhou  et  al.  have  constructed  an
anode  collector  by  integrating  MXene  sheets  onto  a
flexible reduced graphene oxide framework, utilizing
an  oriented  freezing  technique  to  fabricate  an
MXene/graphene  aerogel  structure  (Fig.  5e)[80].  The
inherent  fluorine-terminated  surface  of  MXene
contributed  to  the in  situ formation  of  an  SEI
enriched  with  Zn  fluoride  during  cycling,  which
effectively suppressed dendritic growth.

The  majority  of  3D  Zn  anode  current  collectors,
which are characterized by their disordered structure
and constructed on carbon substrates, have achieved
CE  exceeding  95%[86].  Heteroatom  doping  remark-
ably  affects  the  overall  performance.  Composite
bases,  in  contrast  to  single-carbon  materials,  often

exhibit superior performance. 

3.2.3    Other disordered current collectors
Apart  from  the  abovementioned  materials,
researchers  have  also  explored  alternative  materials
for  the  construction  of  disordered  anode  collectors.
For example, metal/carbon composite materials have
been used as composite-based current collectors. Tao
et  al.  reported  a  leaf-like  Zn-coordinated  zeolitic
imidazolate framework (ZIF-L) nanoflake with atom-
ically  dispersed  Cu,  which  is  grown  onto  a  Ti  mesh
(CuZIF-L@TM),  serving  as  the  collector  (Fig.  6a)[87].
The  3D  conductive  framework  connected  by  ZIF-L
effectively  reduced  the  local  current  density  and
homogenized  electric  field  distribution,  thereby
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Figure 6    Other disordered current collectors. (a) Schematic illustrations of Zn depositions on CuZIF-L@TM host and TM host. Repro-
duced  from  Ref.  [87]  with  permission  ©2022,  Wiley-VCH  GmbH.  (b)  Long-term  cycling  performance  of  symmetric  cells  under  a
current density of 20 mA cm−2 with a capacity of 1.0 mAh cm−2. Reproduced from Ref. [88] with permission ©2022, American Chemical
Society. (c) Schematic illustration of the synthetic procedure for Cu NBs@NCFs. (d) CV curves of the asymmetric cells employing Cu
NBs@NCFs and NCF electrodes at  a scan rate of 0.5 mV s−1.  Reproduced from Ref.  [89] with permission ©2022, Wiley-VCH GmbH.
(e) Interfacial charge density models for pyrrolic N, Sn(101), and graphene. Reproduced from Ref. [90] under the CC BY-NC 4.0 license
©2022, The Authors. (f) CV curves of wood-based flexible antifreezing AZIBs at various temperatures. Reproduced from Ref. [91] with
permission ©2022, Elsevier B.V. (g) Illustrations depicting the Zn plating behavior on the ZnTe@Zn electrode. Reproduced from Ref.
[92] with permission ©2022, Wiley-VCH GmbH.
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lowering  concentration  polarization.  Meanwhile,  Li
et  al.  designed  a  carbon  fiber-based  collector  host
scaffold  with  zincophilic  porous  Co-embedded
carbon  cages  (denoted  as  CoCC)[88].  They  imple-
mented  a “hierarchical  confinement  strategy” that
maximized  the  benefits  of  zinc-binding  affinity  sites
while  improving  kinetics  and  stability.  This  strategy
enabled  dendrite-free  Zn  plating/stripping  behavior,
exhibiting  exceptional  stability  over  800  cycles  at  a
high current  density  of  20 mA cm−2 and a  low over-
potential of 65 mV (Fig. 6b). In addition, Zeng et al.
developed  a  3D  carbon  nanostructure  with  metal-
based  zincophilic  sites[89].  This  3D  multifunctional
collector, which is composed of zincophilic Cu nano
boxes  and  N-doped  carbon  fibers  (Cu  NBs@NCFs),
is  illustrated schematically in Fig.  6c.  This hierarchi-
cal Cu NBs@NCFs host was conductive to Zn deposi-
tion along the Zn(002) plane,  facilitating smooth Zn
plating. Compared with pristine NCFs current collec-
tor,  Cu  NBs@NCFs  exhibited  superior  Zn
plating/stripping  performance,  with  reduced  polar-
ization  and  improved  reaction  kinetics  (Fig.  6d).  In
another  study,  Yu  et  al.  reported  a  3D  hybrid  fiber
directly  embedded  with  N-doped  Sn  nanoparticles
(Sn@NHCF)[90].  The  strong  Sn–Zn  affinity,  which  is
supported  by  density  functional  theory  simulation
results  (Fig.  6e),  reduced  Zn  aggregation  on  the
surface  and  prevented  dendrite  formation.  This
robust Zn affinity on the Sn@NHCF substrate during
deposition  could  alleviate  Zn  aggregation,  thereby
preventing the formation of Zn dendrites.

Furthermore, various materials have been explored
as Zn anode current collectors,  such as semiconduc-
tor[92] and  wood[91].  Wood-based  collector  was  fabri-
cated by ultraviolet  light  irradiation-assisted deligni-
fication  of  wood  veneer,  with  conductivity  derived
from  nickel  and  Zn-plated  layers.  This  wooden
current  collector  effectively  limited  the  two-dimen-
sional (2D) diffusion of Zn2+ ions, thereby facilitating
desolvation,  which  in  turn  enhanced  Zn  deposition
kinetics and led to a more homogeneous deposition.
As  shown  in Fig.  6f,  the  wood-based  AZIB  with
wood@Ni@Zn  as  the  anode  and  wood@Ni  coated
with  ɑ-MnO2 as  the  cathode  achieved  stable  perfor-
mance  even  at  low  temperatures.  The  resilience  of
wooden  current  collectors  to  deformation  and  their
adaptability  to  low-temperature  conditions  indicate
their  great  potential  for  diverse  flexible  energy  stor-
age applications. For example, the ZnTe semiconduc-
tor  collector  exhibited  zincophilic  properties  that
induced  Zn  deposition  along  the  (002)  plane,
whereas  its  excellent  mechanical  properties  with-
stand the anode volume changes during cycling (Fig.
6g).  The  architecture  of  this  current  collector
prevented the formation of Zn dendrites, whereas its
high chemical stability mitigated metal corrosion and
HER. Thus, semiconductor materials can be incorpo-

rated into the design of an anode current collector in
AZIB,  thereby  suppressing  the  dendritic  structure
growth. 

3.3    Zn  powder  anodes  with  a  disordered
structure
Despite  the  low  cost,  controllable  particle  size,  and
N/P ratio of Zn powder anodes compared with a Zn
foil  anode,  their  practical  application  has  been
hindered  by  inherent  limitations.  The  Zn  powder
anode  is  susceptible  to  corrosion,  leading  to  the
formation of surface voids and cracking during static
and  cycling  processes  in  aqueous  electrolytes.  This
degradation  affects  the  structural  integrity  of  the
anode[93].  In addition,  Zn electrodes undergo volume
changes  during  charge/discharge  cycles.  The  struc-
tural  instability  of  the Zn powder anode exceeds the
elasticity limit  of  the binder,  initiating binder failure
that  propagates  from  the  interior  of  the  material[17].
Although  Zn  powder  anode  electrodes  exhibit  high
electrochemical  activity,  they  lack  macroscopic  elec-
trical conductivity. The stripping of Zn powder leads
to  volume  reduction,  thereby  causing  the  loss  of
physical  contact  among  adjacent  Zn  powder  parti-
cles.  This  loss  of  electrical  contact  sharply  increases
polarization voltage, thereby leading to the rapid fail-
ure of the Zn powder anode over a short operational
lifespan.

Semi-liquid  electrodes  provide  a  solution  to  the
stress  concentration  issues  associated  with  the  rigid
structure of conventional solid Zn powder electrodes.
Semi-liquid  materials  are  non-Newtonian  fluids,
which  consist  of  a  direct  mixture  of  two-phase
substances with specific contents, such as metal parti-
cles  and  liquids[94].  This  homogeneous  colloidal
dispersion  exhibits  fluidity  and  liquid-like  rheologi-
cal  (shear  thinning)  properties  when  subjected  to
vibration.  Under  external  forces,  the  semi-liquid
material loses its strength to release deposition stress.
Therefore,  semi-liquid  anodes  provide  dendrite-free
plating  behavior  similar  to  the  function  of  liquid
metals.  Zhang  et  al.  designed  a  semi-liquid  anode
(SLA)  by  mixing  Zn powder  with  a  dual  conductive
(ionically  and  electronically)  poly(ethylene  glycol)
(PEG)-Zn2+/carbon  composite  matrix  (Fig.  7a)[95].
This  unique anode utilized its  rheological  properties
to  effectively  release  stresses  caused  by  Zn  plating,
especially at high current densities. The dual conduc-
tive network within the SLA ensured a homogeneous
Zn2+ flux and facilitated stripping/plating throughout
the  bulk  of  the  electrode.  As  shown  in Fig.  7b,  the
SLA  endowed  the  full  battery  with  impressive  long-
term  cycle  performance,  achieving  over  600  cycles
with  a  capacity  of  250  mAh  g−1.  In  addition,  Sn
powder  was  incorporated  as  a  zincophilic  additive
within  polyacrylamide  elastic  rheological  networks,
where  Zn  was  uniformly  deposited  on  dispersed  Sn
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particles, thereby preventing the agglomeration of Zn
deposition  and  mitigating  volume  changes  during
repeated  Zn  stripping/plating  cycles[98].  In  another
report,  Li  et  al. proposed  a  high-performance  soft-
solid-phase viscoelastic Zn powder composite anode,
utilizing  an  oligomer  gluing  strategy.  Given  its
viscoelasticity,  the  soft-solid  Zn  powder  composite
(ss-ZnP)  anode  remarkably  enhanced  the  charge
transfer,  weakened  the  volume  effect,  and  homoge-
nized the interfacial  electric  field.  This  phenomenon
resulted  in  fast  plating/stripping  kinetics  and  a
dendrite-free  deposition  morphology[99].  Given  the
low viscosity of the substrate in rheological soft-solid
electrodes, conductive fillers were allowed to respond
to  stresses  induced  by  volume  changes,  reconstruct-
ing  conductive  paths  by  diffusion  or  induced  dipole
interactions.  This  reaction  effectively  mitigated  the
electrical  contact  failure  in  rigid  porous  structures,
effectively  extending  the  cycling  life  of  Zn  powder
anodes.

The  conventional  doctor-blade  coated  Zn  powder
anode  cannot  alleviate  Zn  powder  corrosion  and
electrode  delamination  during  long  cycling  process.
Thus,  researchers  have  endeavored  to  address  these
challenges  by  refining  the  porous  structure  of  Zn
powder  electrodes[100−102].  Liu  et  al.  developed  porous
Zn@C  solid  hollow  yolk–shell  microsphere
membranes  as  Zn  anode  antifluctuation  agents.  The
yolk–shell  microsphere  (ZCYSM)  films  exhibited
good  buffering  properties,  effectively  confining  Zn
deposition  within  their  structure  and  inhibiting
volume  expansion  during  plating/stripping  cycles.
Consequently,  the  ZCYSM@Zn  electrode  demon-
strated a stable and reversible voltage profile for over
4,000 h. The ZCYSM@Zn||Ti cell  delivered an ultra-
long  cycle  life  of  500  cycles  with  an  average  CE  of
99.52% (Fig. 7c).

Recently,  Niu et  al.  anchored zincophilic  Bi  metal
nanosheets  onto  the  surface  of  Zn  powder  anodes,
where  zincophilic  metals  served  as  preferential  Zn
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Figure 7    Zn powder anodes with a disordered structure. (a) Schematic illustrations of the morphological evolution of SLA/Zn powder
anodes. (b) Cyclic performance of the Zn||CuxV2O5·nH2O full cell at 1 A g−1. Reproduced from Ref. [95] with permission ©2023, Wiley-
VCH GmbH. (c)  CE of  Zn plating/stripping for the ZCYSM@Zn electrode at  2 mA cm−2 with a capacity of  1 mAh cm−2.  Reproduced
from Ref. [96] with permission ©2023, Wiley-VCH GmbH. (d) Atomic-level illustration of the heterointerface and uniform Zn deposi-
tions. (e) Cross-sectional SEM image of the MXene@Zn anode on a Cu substrate, with energy dispersive spectroscopy (EDS) elemental
mapping of Cu, Zn, Ti, Cl, and F. Reproduced from Ref. [17] with permission ©2021, American Chemical Society. (f) Schematic illustra-
tion  of  the  synthesis  procedure  for  the  fabrication  of  Zn-P-MIEC.  Reproduced  from  Ref.  [30]  with  permission  ©2022,  Wiley-VCH
GmbH. (g) SEM image of the carbon network after Zn etching for the bulk Zn@C composite anode. Reproduced from Ref.  [97] with
permission ©2024, Wiley-VCH GmbH.
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nucleation  sites  and  as  charge-aggregated  protru-
sions.  The  resulting  gradient-free  Zn2+ ion  distribu-
tion  across  the  powder  electrode  contributed  to  an
unprecedented  life  exceeding  5,600  h  at  a  current
density  of  1  mA  cm−2.  Furthermore,  this  innovative
approach  achieved  an  exceptionally  high  Zn  utiliza-
tion of 60% (with 40 mA cm−2 and 10 mAh cm−2)[103].

The inherent volume expansion associated with Zn
powder electrodes poses challenges when paired with
planar  collectors  such  as  Cu  foils,  necessitating  the
development  of  self-supporting  porous  structures  to
enhance  3D  ionic  and  electronic  conductivity,
thereby homogenizing ion flux. Wu et al.  designed a
binder-free anode using the spontaneous reaction of
commercial  Zn  powder  and  graphene  oxide[104].  The
remaining functional  groups  on the  graphene sheets
endowed the electrodes with intact and robust mech-
anistic  properties.  A  stable,  highly  reversible,  and
dendrite-free  Zn  powder  anode  was  constructed
using  2D  flexible  conducting  Ti3C2Tx MXene  flakes
with  a  hexagonally  and  closely  spaced  lattice  as  a
redistributor of  electrons and ions[17].  The low lattice
mismatch (~10%) led to the formation of a coherent,
non-uniform  interface  between  the  (0002)  side  of
deposited  Zn and the  (0002)  side  of  Ti3C2Tx MXene
(Fig. 7d). This interface induced rapid homogeneous
nucleation  of  Zn2+ and  sustained  reversible
stripping/plating  with  minimal  energy  barriers
through  internally  bridged  shuttle  channels.  The
MXene@Zn  anodes  were  coated  on  a  Cu  substrate
(Fig.  7e),  revealing  densely  stacked  MXene@Zn
composite  spheres  that  formed  a  flat  yet  rough
surface.

Apart from optimizing conductive additives, poly-
mers  could  also  serve  as  versatile  scaffolds  for  Zn
powder  electrodes.  Liang  et  al.  used  ethylene-vinyl
acetate (EVA) copolymers as scaffolds, introducing a
mixed  ionic–electronic  conducting  scaffold  into  Zn-
P  (donated  as  Zn-P-MIEC)  to  fabricate  flexible  and
dendrite-free  Zn  anodes  via  a  scalable  tape-casting
strategy (Fig.  7f).  The high ductility  of  EVA allowed
for easy curling without cracking, and the electrodes
maintained  their  integrity  even  after  repeated  fold-
ing,  demonstrating  their  excellent  flexibility.
Recently,  Han  et  al.  developed  a  3D  continuous
carbon  network-reinforced  Zn-powder-based
composite  anode  (Zn@C)  by  utilizing  glucose  as  a
carbon precursor to in situ form a carbonaceous layer
on the surface of  the Zn powder.  Subsequently,  they
used spark plasma sintering to remelt and reconnect
the  carbon  layer  into  a  continuous  conductive
network  (Fig.  7g)[97].  The  Zn@C  electrode  achieved
favorable  results  in  suppressing  side  reactions  and
improving electrical conductivity, providing valuable
insights  into  industrial-scale  fabrication.  Similarly,  a
Zn  composite  anode  was  developed  by  compacting
Zn  powder  with  zincophilic  site-enriched

nanosheets.  This  anode  design  effectively  fastened
ion  diffusion  and  charge  transfer  kinetics,  thereby
boosting the fast-cycling performance of AZIBs. The
symmetric  cell  exhibited  excellent  durability,
sustaining for over 13,000 cycles at 50 mA cm−2 with
1 mAh cm−2[105].

In  general,  research  on  Zn  powder  electrodes
remains  in  its  early  stages  because  of  the  complex
electrochemistry  of  Zn  powder.  Further  studies
should  focus  on  understanding  the  mass  transport
and charge transport mechanisms of Zn powder elec-
trodes.  Ensuring the structural  integrity  and electro-
chemical performance of the porous structure during
extensive  cycling  remains  a  critical  area  for  future
investigation. 

4    Porous  Zn  anodes  with  an  ordered
structure
In general, porous Zn electrodes exhibit macroscopic
isotropy,  incorporating  active  materials,  conductive
additives, binders, and an interconnected network of
pores.  However,  the  tortuous  nature  of  ion  migra-
tion within these pores, coupled with the anisotropic
electric  field  during  battery  operation,  leads  to  non-
uniform  mass  transport  along  the  direction  of  the
electrode  depth[106].  This  phenomenon  results  in  a
concentration gradient that causes disparate reaction
kinetics at varying depths, with not all active materi-
als being accessed and activated simultaneously[107,108].
The difference in charge transport kinetics and reac-
tion  kinetics  results  in  the  polarization  and  insuffi-
cient utilization of active materials, especially at high
current  rates.  Under  certain  magnification  condi-
tions,  the  reaction  polarization  increases  with  the
electrode  thickness  because  of  the  prolongation  of
the  diffusion  path[109].  The  preferential  deposition  of
Zn2+ ions  at  regions  of  higher  ion  flux,  such  as  the
separator–anode  interface,  can  induce “top  growth”
and  Zn  dendrite  formation.  Therefore,  designing
electrodes  with  tailored  structures  is  important  to
regulate  charge  transfer.  In  particular,  the  develop-
ment  of  electrodes  with  gradient  microstructures  or
compositions  along  the  depth  direction  can  reduce
the  resistance  of  the  process  during  charge  transfer,
thereby  compensating  for  the  reactive  polarization.
By  controlling  the  surface  zincophilicity  or  conduc-
tivity  of  the  electrode  framework,  the  diffusion  and
deposition  dynamics  of  Zn2+ ions  can  be  regulated,
thereby  improving  the  rate  performance  and  power
density of AZIBs. 

4.1    Zn foil anodes with an ordered structure
In general, most of the porous structures constructed
on  the  surface  of  Zn  foils  are  created  using  etching
agents.  However,  the  deployment  of  these  agents
necessitates meticulous control over their concentra-
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tion and the duration of etching to ensure a uniform
array  of  pores  or  stripes.  Precision  is  critical  to
prevent  over-etching,  which  can  lead  to  side  reac-
tions  at  the  enlarged  active  sites.  Furthermore,  the
impact  of  the resultant  disordered pore structure on
the  transport  path  of  Zn2+ ions  and  the  associated
charge  transfer  resistance  has  not  been  extensively
investigated.  Therefore,  designing  an  ordered  struc-
ture along the electrode thickness direction is neces-
sary to optimize pore morphology, electrical conduc-
tivity, and zincophilicity.

The  imprint-induced  microchannels,  which

exhibit enhanced Zn2+ affinity, effectively regulate the
concentration  distribution  of  Zn2+ ion  and  prevent
the  risk  of  short  circuits  caused  by  vertical  dendrite
growth[110]. Utilizing zincophilic Zn foils as the anode
(obtained by an in situ substitution reaction with Sn
salts) improved the deposition behavior at the top of
conventionally  imprinted  electrodes  (Fig.  8a).
Notably,  the  microchannel  portion  of  the  imprinted
electrode  displayed  a  higher  concentration  of  Zn2+

ions, directing the preferential migration of Zn2+ ions
to  the  inner  wall  of  the  microchannel.  This  redistri-
bution  of  Zn2+ concentration  promoted  the  nucle-
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Figure 8    Zn foil anodes with an ordered structure. (a) Schematic illustration of the scalable imprinting technique used for the fabrica-
tion  of  porous  Zn  anodes.  Reproduced  from  Ref.  [110]  with  permission  ©2022,  Wiley-VCH  GmbH.  (b)  Microscopic  photo  of  a  Zn
micromesh,  with  an  inset  showing  a  SEM  image  of  the  Zn  micromesh.  (c)  Rate  performance  of  the  symmetric  cells  based  on  Zn
micromesh and Zn film anodes at current densities ranging from 0.5 to 5 mA cm−2. Reproduced from Ref. [28] with permission ©2021,
Wiley-VCH GmbH. (d) Schematic illustration of the fabrication of a PVDF-Sn@Zn gradient electrode and the subsequently induced Zn
deposition. (e) Voltage–time curves for Zn deposition at a constant current density of 5 mA cm−2 on different electrodes. Reproduced
from Ref. [20] under the CC BY 4.0 license ©2023, The Authors. (f) Schematic depiction of the top-down fabrication of the geometri-
cally periodic concave-convex laser lithography-patterned Zn foils (LLP@ZF) by nanosecond laser lithography. Low-magnification SEM
image (g) and confocal light microscope map (h) for the surface morphology of LLP@ZF. Reproduced from Ref. [111] with permission
©2022, Elsevier B.V. (i) Schematic illustration of the deposition behavior of Zn ions on the Zn@ZnO HPA anode in an aqueous elec-
trolyte. Reproduced from Ref. [27] with permission ©2020, Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim. (j) Voltage profiles of
the modified Zn anode at a current density of 1 mA cm−2 and a capacity of 1 mAh cm−2.  Reproduced from Ref. [112] with permission
©2022, The Royal Society of Chemistry.
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ation and deposition of Zn2+ ions at the inner wall of
the microchannel, thereby preventing uneven deposi-
tion  and  dendrite  growth[113].  The  majority  of
reported structurally engineered Zn anodes have not
achieved  precise  control  over  the  actual  dimensions
of  the  3D  network  and  efficient  regulation  of  the
micro/nanostructure, thereby failing to utilize the full
potential of the porous design[114]. In particular, cross-
scale  variations  and  the  disordered  nature  of
micro/nanopores  decreased  the  charge  transport
rate[115].  By  contrast,  electrodes  with  regularly
arranged structures show superior performance over
their  disordered  counterparts  by  achieving  highly
organized  charge  transfer  pathways  and  adjustable
internal voids. Zhang et al. synthesized flexible, ultra-
thin,  and  ultralight  Zn  micromesh  (with  a  thickness
of 8 μm and an areal density of 4.9 mg cm−2) through
a  synergistic  approach  combining  photolithography
and electrochemical processing, resulting in the regu-
lar  arrangement  of  micropores[28].  The  engineered
microporous Zn micromesh exhibited excellent flexi-
bility,  enhanced  mechanical  strength,  and  improved
wettability  (Fig.  8b).  The  voltage  hysteresis  of  Zn
micromesh  symmetric  cells  was  consistently  lower
than  that  of  cells  assembled  with  Zn  films  across  all
tested current densities. This difference became more
pronounced with the increase of current density (Fig.
8c).  Guan  et  al.  reported  an  imprinted  gradient  Zn
anode  (PVDF-Sn@Zn)  that  integrated  conductive
and  hydrophilic  gradients[20].  The  top  layer,  which  is
composed of hydrophobic and insulating PVDF, and
the bottom layer, which consisted of hydrophilic and
conductive Sn, worked synergistically to enhance the
corrosion  resistance  of  the  Zn  anode  and  inhibited
the HER (Fig. 8d). This bottom-up deposition behav-
ior of Zn metal could effectively avoid the issue of top
dendrite  growth.  As  shown  in Fig.  8e,  the  PVDF-
Sn@Cu  gradient  electrode  demonstrated  the  lowest
nucleation  overpotential  (18.9  mV),  indicating  that
the optimized gradient structure facilitated Zn nucle-
ation and deposition. The well-designed regular pore
structure  fully  exploited  the  ability  of  micropores  to
induce  a  favorable  ion  concentration  and  current
distribution,  a  phenomenon that  can be  rationalized
through computational simulations.

Laser-based  techniques  can  precisely  control  the
arrangement  and  size  of  micropores  on  the  surface
layer  of  Zn  foils,  thereby  modulating  Zn  deposition
and enhancing electrochemical performance. Yang et
al.  applied  laser  processing  to  create  a  periodic
concave–convex pattern on commercial Zn foils (Fig.
8f)[111],  resulting  in  hydrophilic  properties  caused  by
enhanced wettability. This uniform secondary rough-
ness,  combining  microscale  and  nanoscale  features,
was  attributed  to  localized  Zn  melting  and  evapora-
tion during lasering. The periodic patterned egg crate-
shaped  concave–convex  surface  is  shown  in Fig.  8g.

The  confocal  light  microscope  map  confirmed  well-
defined  crests  (red),  ridges  (green),  and  valleys
(blue),  with  consistent  intervals  and  height  differ-
ences (Fig. 8h). Laser processing also enabled vertical
gradient  conductivity  in  Zn  electrodes,  as  demon-
strated by Huang et al. who developed a gradient Zn
anode  with  an  insulating  hydrophobic  passivation
layer  at  the  top  and  a  conductive  hydrophilic  fresh
Zn  layer  at  the  bottom[18].  This  design  effectively
reduced  corrosion  and  guided  Zn  deposition  to
prevent dendrite growth.

The construction of gradient porous structures on
the  surface  of  Zn  foils  often  requires  novel  fabrica-
tion  processes  and  sophisticated  designs.  As  illus-
trated  in Fig.  8i,  Lee  et  al.  engineered  a  novel  Zn
metal electrode with a compositionally and morpho-
logically controllable surface through periodic anodic
oxidation,  resulting  in  a  ZnO  layer  with  a  gradient
thickness coated on a Zn hexagonal  pyramidal  array
(Zn@ZnO  HPA)[27].  The  ZnO  islands,  formed
through  homogeneous  dissolution  and  selective
deposition, exhibited a thickness gradient that dimin-
ished from the top to the bottom (Fig.  8i).  The ZnO
coated  on  hexagonal  pyramidal  structures  induced
Zn2+ ion  plating  at  the  sides  and  bottom  because  of
their relatively low interfacial resistance and served as
passivation layers against aqueous electrolytes. Zhi et
al.  have  introduced  a  simple in  situ constructed
porous  framework  coating  that  not  only  eliminated
Zn dendrites but also suppressed HER[112].  This coat-
ing  consisted  of  spatially  gradient  fluorinated  alloy
(GFA)  nanoparticles,  with  ZnF2 in  the  outermost
layer  and  CuZn  alloy  in  the  inner  layer.  The  lateral
growth  within  the  GFA  coating  was  induced  by  the
formation of CuZn alloys within the particles, which
stored the plated Zn and filled the interparticle voids,
thereby  adapting  to  a  dendrite-free  morphology.
Consequently,  the  symmetric  cell  demonstrated
excellent  long-term  cycling  stability  over  2,000  h
(1,000  cycles)  with  stable  voltage  profiles  at
1  mA  cm−2 and  1  mAh  cm−2 (Fig.  8j).  Despite  these
advancements,  a  cohesive  theoretical  framework
elucidating the impact of pore structures on the elec-
trochemical  kinetics of  Zn anodes in AZIBs remains
unknown,  which  requires  further  investigation  and
development. 

4.2    Current  collectors  with  an  ordered  struc-
ture
Designing  3D  porous  current  collectors  is  a  preva-
lent  approach  to  address  the  challenges  associated
with  Zn  electrodes.  The  enhanced  specific  surface
area  of  these  current  collectors  reduces  the  localized
current  density  at  the  3D  Zn  electrode,  thereby
decreasing  the  overpotential  and  moderating  Zn
deposition.  Carbon-based  materials,  which  are
known  for  their  high  electrical  conductivity,  light
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weight, and facile fabrication, are commonly used as
conductive substrates for Zn anodes.

However,  the uneven ion flux distribution at  high
current densities leads to Zn deposition on the upper
surfaces  of  the  porous  structures,  resulting  in  the
inefficient  utilization  of  3D  space  and  potentially
causing  short-circuit  issues  due  to  dendrite  growth.
Therefore, strategically manipulating the electric field
distribution  and  ion  concentration  by  rationally
designing  a  spatial  structure  of  the  carbon-based
current  collectors  is  of  great  importance.  Zhao et  al.
developed  two  3D  hierarchical  graphene  matrices
consisting  of  nitrogen-doped  graphene  nanofiber
clusters  (GFs)  anchored  on  vertical  graphene  arrays
(VGs)  of  modified  multichannel  carbon  (Fig.  9a)[32].
The  Zn  metal  was  deposited  along  the  longitudinal
direction  (3D-LFGC)  and  radial  direction  (3D-
RFGC) of the 3D multichannel carbon matrices. The
modified carbon matrix exhibited channels with sizes
ranging  from  10  to  30  μm  (with  a  typical  size  of
20 μm). In particular, GFs with a diameter of 250 nm
and VGs were firmly embedded within the channels,
creating  a  3D  interconnected  and  versatile  frame-
work (Fig. 9b). Compared with 3D-LFGC, 3D-RFGC
showed  reduced  plateau  overpotentials  at  different
current  densities,  indicating  lower  local  current
densities  and  more  homogeneous  Zn2+ ion  distribu-
tions.  This  finding  was  attributed  to  the  effective
electrolyte  infiltration  into  the  substrate  and  the
robust  interaction  between  Zn  and  VGs  and  GFs,
which promoted homogeneous Zn ion flux distribu-
tion and dense Zn deposition. Apart from modifying
ordered  graphene  arrays,  constructing  highly  orga-
nized carbon frameworks to homogenize the ion flux
is  also  a  viable  approach.  Lou  et  al.  developed  a
highly  ordered  TiOx/Zn/N-doped  carbon  inverse
opal  (denoted  as  TZNC  IO)  to  spatially  stabilize  Zn
anodes[116].  The  fabrication  of  TZNC  IO  involved
evaporation-induced  self-assembly,  impregnation,
and  calcination  (Figs.  9c and 9d).  The  3D  macrop-
orous  framework  with  a  periodic  structure  allowed
precise  electric  field  control,  minimizing  the  local
current  and  inducing  uniform  Zn  deposition.  In
addition,  the  interconnected  pores  provide  ample
void  space  to  regulate  Zn2+ ion  flux  and  alleviate
volume expansion.

Given the inherent lack of a host for Zn, Zn2+ ions
nucleate preferentially at defect sites such as disloca-
tions,  leading  to  the  formation  of  dendrite  protru-
sions.  To  modulate  the  deposition/stripping  behav-
ior  of  Zn,  the  design  of  metal-based  current  collec-
tors  is  meticulously  optimized  to  enhance  crystal
surface  orientation,  local  conductivity,  and  atomic
binding  energy,  while  also  engineering  orderly  pore
architectures.  The  Zn88Al12 alloy  formed  by  casting,
featured  symbiotic  Zn  and  Al  lamellas[26],  exhibited
improved  oxidation  resistance  in  air  and  aqueous

electrolytes compared with monometallic Zn because
of the formation of a stable and passive Al2O3 surface
layer  that  prevented  further  oxidation  (Fig.  9e).  The
insulating  Al2O3 shell,  which  substantially  blocked
the  electron  transfer  from  Al  to  Zn2+,  facilitated
uniform Zn deposition at the interlayer spacing along
the  Zn  precursor  sites.  Compared  with  the
Zn||KxMnO2 cell,  the Zn88Al12||KxMnO2 cell  demon-
strated  a  marked  increase  in  current  density,  with
Zn88Al12 showing  more  reversible  deposition/strip-
ping  behavior  than  pure  Zn  (Fig.  9f).  In  addition,
commercial  Cu  foams  generally  suffer  from  irra-
tional pore distribution and poor utilization of inter-
nal space. Jiang et al. developed Cu current collectors
with  periodically  arranged  3D  hemispherical  pits
through  a  synergistic  approach  involving  photo-
lithography and wet  chemistry[117].  The  battery  based
on  faceted  Cu  hemispherical  electrodes  exhibited  a
lower  charge  transfer  resistance  (18  Ω)  than  that  of
pristine  Cu  electrodes  (30  Ω)  because  of  the
improved  electrolyte  wettability  (Fig.  9g).  The  inte-
gration  of  a  controllable  spatial  arrangement  with  a
zincophilic design in porous metal current collectors
is  emerging  as  a  research  trend  for  dendrite-free
AZIBs.  However,  the  complexity  and  high  cost  of
such batteries hinder their widespread applications.

The  application  of  3D  printing  technology  as  a
high-precision  additive  manufacturing  method  for
energy  storage  devices  has  received  considerable
attention[118,119].  This  advanced  technique  diverges
from  conventional  porous  collectors  (e.g.,  Cu  foam
and CC) by enabling the precise engineering of pore
architectures  that  facilitate  controlled  ion  flux  and
electric  field  distribution.  Duan  et  al.  innovated  a
strategy  that  combined  3D  printing  with  chemical
deposition  to  fabricate  conductive  3D  nickel  lattice
current  collectors[115].  The  process  involved  the
sequential application of chemical and electrochemi-
cal  deposition  to  coat  a  pre-printed  3D  polymer
framework with  a  metallic  Ni  layer,  which exhibited
strong  binding  affinity  to  Zn  atoms.  Subsequently,
the formed conductive metal network was electrode-
posited with Zn to yield the final electrodes (Fig. 9h).
The  multichannel  lattice  structure  of  the  3D  porous
Ni–Zn anode optimized the electric field distribution
across  the  electrode,  thereby  promoting  uniform Zn
deposition  and  enhancing  the  electrochemical
performance  of  AZIBs.  The  3D  printing  paradigm
provides  a  versatile  and customizable  platform,  with
demonstrated  efficacy  in  incorporating  advanced
materials  such  as  graphene[120] and  N-doped  inter-
faces[121] into the fabrication of Zn anodes.

Ion  diffusion  within  the  porous  electrode  plays  a
key  role  in  the  charge  transport  kinetics;  thus,  the
modulation  of  the  pore  structure  of  electrodes  is  a
strategic  approach  to  regulate  ion  flux  and  alleviate
polarization.  Researchers  have  used  porous  carbon
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skeletons  or  metal  structures  as  the  host  framework
to  build  3D  structures  that  facilitate  extensive  ion
diffusion.  Despite  these  efforts,  the  concentration
gradient  within  the  porous  Zn  anode  still  induces
nonhomogeneous  transport  of  Zn2+ ions,  which  is
particularly pronounced in thick electrodes subjected

to fast charging and discharging cycles. Zn2+ ions are
preferentially  deposited  at  the  electrolyte–electrode
interface,  where  the  ion  flux  is  elevated,  rather  than
within the electrode. This behavior leads to the ineffi-
cient  utilization  of  the  internal  electrode  space  and
the  formation  of  dendrites,  which  compromises
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Figure 9    Current  collectors  with  an  ordered  structure.  (a)  Schematic  depiction  of  the  engineered  3D  hierarchical  graphene  matrix
architecture that is designed to stabilize Zn anodes. (b) SEM images of the 3D hierarchical graphene matrix. Reproduced from Ref. [32]
under the CC BY 4.0 license ©2023, The Authors. (c) Schematic illustration of the synthesis process for the TiOx/Zn/N-doped carbon
inverse opal (TZNC IO) anode. (d) Field-emission scanning electron microscopic images of TZNC IO. Reproduced from Ref. [116] with
permission ©2021, Wiley-VCH GmbH. (e) Schematic illustration of the eutectic strategy utilizing Zn/Al lamellar eutectic structures for
suppressing dendrite growth and crack formation. (f) Typical CV curves of Zn88Al12||KxMnO2 and Zn||KxMnO2 full cells using eutectic
Zn88Al12 alloy (λ ≈ 450 nm) or the monometallic Zn as the anode. Reproduced from Ref. [26] under the CC BY 4.0 license ©2020, The
Authors. (g) Nyquist plots before and after galvanostatic discharge and charge processes. Reproduced from Ref. [117] with permission
©2023,  Wiley-VCH GmbH. (h) Schematic  illustration of  the fabrication procedure for 3D Ni–Zn lattice structures.  Reproduced from
Ref. [115] with permission ©2021, Wiley-VCH GmbH.
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battery  safety  and  longevity[122,123].  Therefore,  design-
ing  electrode  structures  with  a  pore  structure  gradi-
ent that promotes ion flow toward the interior of the
electrode  is  instrumental  in  promoting  favorable
reaction  kinetics.  Studies  have  demonstrated  that
optimizing  the  electrode  porosity  through  model-
based  simulations  effectively  reduces  ohmic  resis-
tance  and  increases  LIB  capacity[124,125].  Given  these
findings,  researchers  have  implemented  gradient
porosity  in  porous  Zn  anodes  for  AZIBs,  thereby
enhancing the overall battery performance[31,126].

Considering  that  Zn  deposition  occurs  where  Zn
ions  encounter  electrons,  the  electric  field  distribu-
tion plays an important role in regulating Zn deposi-
tion.  Therefore,  constructing  a  gradient  framework
that  enhances  the  electronic  conductivity  from  the
separator  side  to  the  cell  shell  side  is  recommended.
This  design  facilitates  the  directional  deposition  of
Zn from the bottom and grows upward. Several stud-
ies  have  demonstrated  the  successful  implementa-
tion  of  gradient  conductivity  in  porous  Zn  anodes.
By  constructing  an  electronically  insulating  layer
such as Al2O3

[26], NiO[31,127], or PVDF[110], on top of the
electrode  structure,  a  vertical  variation  in  localized
conductivity  has  been  achieved.  This  strategy  has
been instrumental in achieving dendrite-free AZIBs.

A zincophilic gradient could be constructed in the
opposite direction of the Zn ion concentration gradi-
ent  to  regulate  Zn  ion  fluxes  within  the  pore  struc-
ture.  This  strategy  can  be  accomplished  by  incorpo-
rating zincophilic metal layers or nanoparticles at the
bottom  of  the  electrode,  which  reduces  the  nucle-
ation  overpotential  of  Zn  ions  and  increases  the  ion
flux.  By  meticulously  adjusting  the  thickness,  parti-
cle  concentration,  or  composition  of  these
zincophilic  modifications,  a  gradient  in  zincophilic-
ity  can  be  engineered,  thereby  facilitating  a  more
controlled and efficient Zn deposition[128].

In  enhancing  the  electrochemical  performance  of
AZIBs,  studies  have  explored  the  integration  of
zincophilic  and  conductive  gradients  into  a  dual-
gradient framework to improve the reaction kinetics
by  synergistically  modulating  the  ion  and  electron
transport kinetics. In addressing “top growth” associ-
ated  with  commercial  Cu  foam,  Hong  et  al.  fabri-
cated  porous  foam  electrodes  with  a  gradient  in
conductivity  and  zincophilicity[127].  As  shown  in Fig.
10a,  a  hydrophilic  yet  electrically  insulating  NiO
layer  was  formed  on  the  separator  side  of  the  elec-
trode  by  using  a  novel  bilateral  template  method,
complemented  by  a  conductive  Cu  foam  on  the  cell
shell  side  (Fig.  10b),  which exhibited  a  high binding
energy  to  Zn.  This  layered  deposition  strategy
achieved a “bottom-to-up” deposition mode, thereby
enhancing  the  capacity  and  rate  performance  of  the
battery.  Similarly,  a  GFA  electrode,  featuring  a
conductive bottom layer and an insulating top layer,
demonstrated  highly  reversible  Zn  plating/stripping

behavior  for  700  h  at  3  mA  cm−2[112].  Guan  et  al.
designed  a  tri-gradient  dendrite-free  electrode  that
integrated  gradients  in  conductivity,  zincophilicity,
and  porosity[31].  This  tri-gradient  design  introduced
an enhanced Zn2+ ion flux and optimized local charge
transport  kinetics  at  the  bottom  of  the  electrode,
facilitating the downward migration of Zn2+ ions and
promoting  the  bottom-up  deposition  of  Zn  metal
(Fig.  10c).  Recently,  a  novel  electron/ion  flux  dual-
gradient 3D porous Zn anode has been engineered by
using  a  layer-by-layer  bottom-up  approach  with
attenuating  Ag  nanoparticles  (3DP-BU@Zn).  This
established  hierarchical  porous  architecture  facili-
tated a preferential bottom-up Zn deposition, thereby
enhancing  the  overall  anode  performance  (Fig.
10d)[41]. At a high current density of 5 mA cm−2 and a
capacity of 2.5 mAh cm−2, 3DP-BU@Zn exhibited low-
voltage  hysteresis  of  41.9  mV within 450 h,  surpass-
ing  the  performance  of  electrodes  without  dual-
gradient and inverse-gradient designs (Fig. 10e). 

4.3    Zn powder anodes with an ordered struc-
ture
Given  its  malleability,  Zn  powder  can  be  used  to
fabricate regular porous electrodes through 3D print-
ing[22].  However,  the  inherent  drawbacks  of  Zn
powder  anodes,  such  as  susceptibility  to  corrosion
and uncontrolled dendrite growth, have limited their
broader applications. Studies have shown that encap-
sulating the Zn–P surface with 2D conductive mate-
rials, such as MXenes, could mitigate volume expan-
sion and dendrite growth. Xu et al.  utilized an inno-
vative  3D  cold-trap  environment  printing  (3DCEP)
technique,  which  combined  laminar  flow  and  ice
crystal sensing, to achieve an orderly arrangement of
MXene  nanosheets  during  3D  printing[129].  The  high
lattice matching between MXene and Zn, along with
spatial  constraints  at  the  MXene  interface,  inhibited
the  dendrite  growth (Fig.  11a).  To solve  the  issue  of
uneven  MXene  encapsulation  on  Zn  powder,  which
is  common in  traditional  ink  direct  writing,  Pang  et
al. introduced a novel microfluidic-assisted 3D print-
ing  strategy[130].  This  strategy  used  a  magneto-ther-
mal  flow  microfluidic  technique  that  modified  the
raw  materials  within  the  microfluidic  channel  by
external  conditions  during  the  ink  flow  process,
inducing the aggregation of MOF and MXene on the
surface of Zn powder. The MXene in this context was
endowed with a functional layer of Cu-tetrahydroxy-
1,4-benzoquinone  (Cu-THBQ)-conductive  MOF,
which provided stable adsorption and diffusion coef-
ficients for Zn2+, facilitating uniform Zn deposition.

Achieving  a  balance  between  the  design  of  3D
structures and corrosion mitigation is challenging, as
the increased contact area between the electrode and
electrolyte  exacerbates  electrode  corrosion[64,132,133].
Consequently,  designing  appropriate  coatings  on
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porous  Zn  anode  surfaces  is  a  promising
strategy[134,135].  Guan  et  al.  coated  a  3D-printed  Zn
scaffold  with  a  layer  of  ion-conducting  conformal
hydrogel composed of sodium alginate and polyacry-
lamide, demonstrating impressive cycling stability of
4,700  h  at  5  mA  cm−2 and 5  mAh  cm−2 for  the
symmetric cell[131]. As illustrated in Fig. 11c, the diffu-
sion behavior of Zn2+ during Zn stripping/deposition
was  modulated  by  aryl  and  carboxylate  salts  within
the  hydrogel  chains,  providing  specific  ion  diffusion
channels  and  accelerating  Zn2+ desolvation,  thereby
preventing  unwanted  dendrite  growth.  Dynamic
adaptive  hydrogel  coatings  alleviated  stress  accumu-
lation  from  dendrite  growth  during  cycling,  main-
taining long-term cycling stability  of  the anode (Fig.
11d).

Furthermore,  the  same  group  has  pioneered  the
gradient  design  strategy  for  Zn  powder  anodes,
which effectively regulated the Zn deposition behav-
ior[126].  The  particle  size  of  the  Zn  powder  and  the
porosity  of  the  electrodes  decreased  in  the  depth
direction,  generating  a  bottom-up  gradient  of  ion
fluxes  along  the  pore  depth  (Fig.  11e),  which
prevented  the  notorious “top  growth” and  relieved
the  stress  concentration.  Despite  these  advantages,
Zn powder electrodes remain in the nascent stages of
exploration, with cycling performance and thick elec-
trode  performance  yet  to  meet  expectations.  The
challenge  lies  in  reconciling  severe  corrosion  and
structural collapse with the uniform ion fluxes caused
by  the  expanded  specific  surface  area  of  the  porous
structure of Zn powder.
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Figure 10    Gradient design of porous current collectors. (a) The prepared procedures of the innovative tri-layers frame collector (SDF)
structure. (b) Cross-sectional SEM images of vacant SDF structure with EDS images of Cu, Ni, and O. Reproduced from Ref. [127] with
permission ©2021, Wiley-VCH GmbH. (c) Schematic diagram of the triple-gradient electrode fabrication utilizing a mechanical rolling
technique.  Reproduced from Ref.  [31] with permission ©2023,  Wiley-VCH GmbH. (d) Schematic diagrams of electron/ion flux dual-
gradient scaffolds illustrating the Zn deposition behavior under various electron/ion flux conditions. (e) Cycling performances of differ-
ent symmetrical cells under a current density of 5 mA cm−2 and an areal capacity of 2.5 mAh cm−2. Reproduced from Ref. [41] under the
CC BY-NC 4.0 license ©2023, The Authors.
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Overall, the meticulously engineered porous archi-
tecture (characterized by optimized pore size, orderly
pore  arrangement,  and  gradient  design),  confers
remarkable  advancements  to  Zn  anodes  with  regard
to  electric  field  distribution,  ion  flux  dynamics,  and
nucleation  overpotential.  However,  the  introduction
of a large number of inert materials could reduce the
overall  energy  density  of  the  battery,  and  the  struc-
tural  stability  of  these  configurations  under  external
stresses must be further investigated.
 

5    Summary and outlook
AZIBs  are  emerging  as  potential  energy  storage
devices because of their inherent safety, low cost, and
environmental  benignity.  However,  their  commer-
cialization  is  hindered  by  challenges,  such  as  persis-
tent side reactions, low CE, and limited DOD for Zn
anodes. The adoption of porous structures is a strate-
gic  solution  to  these  issues.  In  this  review,  the
research  advancements  in  the  design  strategies  of
porous structures for Zn metal anodes were summa-
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Figure 11    (a)  Schematic illustration of  3D cold-trap environment printing for fabricating and aligning MXene/Zn-P aerogel.  Repro-
duced from Ref. [129] with permission ©2023, Wiley-VCH GmbH. (b) Illustration of the microfluidic synthesis of MXene/Cu-tetrahy-
droxy-1,4-benzoquinone  (THBQ)/Zn-P  printable  mixed  ink  and  the  synthetic  mechanism  underlying  the  formation  of  hetero-struc-
tured  MXene/Cu-THBQ.  Reproduced  from  Ref.  [130]  with  permission  ©2023,  Wiley-VCH  GmbH.  (c)  Schematic  illustration  of  the
ionic diffusion of Zn2+ in the hydrogel coating layer. (d) Schematic depiction of the interface coating and protective mechanism provided
by a hydrogel layer on porous Zn anodes. Reproduced from Ref. [131] with permission ©2023, Wiley-VCH GmbH. (e) Schematic illus-
tration of the fabrication of the gradient electrode. Reproduced from Ref. [126] with permission ©2023, Wiley-VCH GmbH.

Review https://doi.org/10.26599/EMD.2024.9370040

 

 

  20



rized.  Categorizing  into  disordered  and  ordered
porous  anode  structures,  the  relationship  between
the fabrication method and the pore morphology has
been  elucidated.  We  focus  on  zincophilic  modifica-
tions  and  gradient  design  in  porous  structure  engi-
neering and provide a comprehensive overview of the
research  on  Zn  powder  anodes.  Although  remark-
able  progress  has  been  achieved  in  recent  years,
scientific  and  engineering  challenges  remain  to  be
addressed  for  the  advancement  of  porous  Zn  metal
anodes.  Therefore,  carrying  out  the  following
research  directions  is  necessary  to  design  and  opti-
mize porous Zn anodes:

1.  Material  synthesis  and  structural  optimiza-
tion. The  use  of  porous  structures  has  been  instru-
mental  in  facilitating  uniform  Zn  nucleation  and
growth,  but  it  does  not  inherently  prevent  the  side
reactions  that  arise  from  the  increased  surface  area.
In  addition,  the  fabrication  of  thick  electrodes  with
low  tortuosity  provides  unique  advantages  with
regard  to  transport  kinetics,  a  feature  that  has  not
been  extensively  reported  in  AZIBs.  The  precise
control of low tortuosity electrode structures and the
interplay between microstructural characteristics and
performances  warrant  meticulous  investigation  to
promote  practical  applications  of  AZIBs.  Further-
more,  the  optimization  of  preparation  methods,  the
exploration  of  new  template  materials,  and  the
improvement  of  electrochemical  corrosion  methods
are urgently necessary to achieve higher porosity and
better structural control in the preparation of porous
Zn metal  anodes.  For  example,  the  use  of  nanoscale
porous  structures  can enhance  reactivity  and reduce
stress  caused  by  electrode  volume  changes.  The
development  of  porous  electrodes  with  gradient
conductivity  and  zincophilicity  is  conducive  to
improving charge transfer kinetics.

Moreover,  novel  Zn  alloy  materials  should  be
developed  to  improve  the  durability  of  porous  Zn
anodes  by  adjusting  the  alloy  composition  and  the
proportion  of  different  metal  elements.  Optimizing
the grain size and orientation of the alloy anode can
further  improve  ion  diffusion  and  electron  conduc-
tion.  By introducing interface  modification layers  or
coatings,  the  compatibility  and  stability  between  the
electrodes  and  the  electrolyte  can  be  enhanced,
thereby  suppressing  electrolyte  evaporation  and
solvent decomposition.

2.  Theoretical  computation  and  advanced  char-
acterization. Although  the  development  of  AZIBs
has  been  of  interest  in  recent  years,  the  theoretical
study  of  the  electrochemical  kinetics  of  AZIBs,
particularly  porous  Zn anodes,  has  remained  largely
overlooked.  Moreover,  the  applicability  of  formulas
derived  from LIBs  to  AZIBs  is  yet  to  be  established.
Theoretical  computations  complement  experimental
findings by exploring physical processes such as reac-

tion  kinetics,  charge  transport  kinetics,  and  struc-
tural evolution that extend beyond the limitations of
experimental results. The integration of cutting-edge
theoretical  advancements  with  precise  experimental
data  modeling  is  crucial  for  elucidating  the  intrica-
cies  of  reaction  kinetics  and  reversibility  of  porous
Zn anodes.

Meanwhile,  a  profound  understanding  of
microstructural  evolution  and  its  impact  on  battery
performance  is  pivotal  for  optimizing  porous  Zn
anodes.  By  using in  situ atomic-scale  characteriza-
tion techniques, such as in situ electrochemical fluo-
rescence  microscopy, in  situ electrochemical  Raman
spectroscopy,  atomic  force  microscopy,  and  trans-
mission  electron  microscopy,  the  electrochemical
reaction process related to porous Zn anodes can be
observed real time. In addition, the transport mecha-
nism  of  Zn2+ ions  between  the  electrodes  and  the
electrolyte can be elucidated, providing key informa-
tion  for  optimizing  the  material  design  and  battery
performance. Through surface and interface analysis
(e.g., X-ray photoelectron spectroscopy, electrochem-
ical  impedance  spectroscopy,  and  neutron  diffrac-
tion),  the  surface  composition,  chemical  state,  and
morphology  of  porous  Zn  anodes  can  be  obtained,
enabling  a  comprehensive  understanding  of  the
surface  electrochemical  properties  and  interfacial
reaction characteristics of AZIBs. Moreover, differen-
tial  scanning  calorimetry  and  thermal  gravimetric
analysis  can  be  used  to  study  the  thermal  stability,
phase  behavior,  and  thermal  decomposition  charac-
teristics  of  porous  Zn  anodes,  which  provides  valu-
able insights into battery safety assessment and mate-
rial design.

3.  System  integration  and  practical  evaluation.
The system integration design of AZIBs is an impor-
tant  direction  for  their  future  development,  requir-
ing  the  optimization  of  electrolyte  formulation,
battery  components,  and  module  design  to  achieve
higher energy density, longer cycle life, and improved
safety  features.  The  majority  of  previous  research
work  in  the  field  of  Zn  anodes  has  emphasized
cycling life as a key performance indicator. Although
this indicator can be remarkably improved by incor-
porating  excess  Zn,  standardized test  parameters  for
battery cycling evaluation are lacking, such as current
density, N/P ratio, and DOD. In particular, the areal
capacity  of  cathodes  is  generally  constrained  to  less
than  0.5  mAh  cm−2 to  achieve  high-multiplicity
performance,  resulting  in  low  Zn  utilization  and  a
reduced mass energy density of the AZIBs.

Furthermore, the current production of porous Zn
anodes  typically  involves  complex  manufacturing
steps, thereby increasing production cost. Most of the
meticulously  considered  designs,  especially  those
involving  gradient  porous  anodes,  are  not  yet
amenable  to  large-scale  production.  Consequently,
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developing  cost-effective  and  scalable  methods  for
fabricating  porous  Zn anodes  is  crucial.  In  addition,
assessing  the  battery  performance  under  practical
conditions  is  necessary  to  promote  the  practical
applications of AZIBs.

Despite  the  need  for  further  improvement  with
regard to battery cycle life, porous Zn anodes present
distinct advantages,  including the alleviation of local
current density, uniformization of ion flux, and miti-
gation  of  volume  expansion.  The  integration  of
advanced  scientific  investigations  with  engineering
optimization  strategies  can  facilitate  the  practical
implementation  of  porous  Zn  anodes  for  high-
performance AZIBs (Fig. 12). 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A new kind of Prussian blue, vanadium 
hexacyanoferrate, is synthesized. 

• The vanadium hexacyanoferrate was 
tested as cathode in aqueous Zn-ion 
battery. 

• Two redox active sites, V and Fe, 
together contribute to the capacity. 

• The material exhibits excellent rate 
capability and long-term cyclability. 

• Structural evolution during the charge- 
discharge process is investigated.  
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A B S T R A C T   

Aqueous rechargeable Zn-ion batteries (ARZIBs) are attractive due to their low cost, high safety and environ
mental friendliness. However, the development of ARZIBs still faces many challenges. One of the biggest chal
lenges is to find suitable cathode materials for reversible Zn2+ ions insertion/extraction. In this work, we 
synthesize a Prussian blue analogue (PBA) with a new chemical composition, vanadium hexacyanoferrate 
(VHCF), via a simple co-precipitation method and study its performance as a cathode material for an aqueous 
rechargeable Zn-ion battery. The VHCF with two electrochemical redox active sites, V and Fe, delivers a three- 
electron redox reaction with a capacity of 187 mA h g− 1 at current density of 0.5 A g− 1. Even at a current rate of 
5 A g− 1, VHCF can still deliver a large capacity of 122 mA h g− 1. The Zn//VHCF battery also exhibits a long cycle 
life of 1000 cycles with excellent capacity retention of 87.8% and a high Coulombic efficiency close to 100%. 
During the first charging process, the cubic structure of VHCF changes to a rhombohedral phase, a structure 
where the Zn2+ ions can be reversibly inserted into and extracted from in subsequent cycles. The promising 
performances make VHCF an attractive candidate as cathode material for ARZIBs system.   
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1. Introduction 

The search for new battery technologies and systems to meet the 
ever-increasing demands of high safety, low costs, good reliability and 
environmental benign power sources, has been a global undertaking 
over the past few decades [1–3]. Non-aqueous batteries, particularly 
rechargeable lithium ion batteries (LIBs), have been extensively 
explored due to their high energy density, cycle stability, and energy 
efficiency [4]. However, the organic electrolytes used in these batteries 
carry the intrinsic disadvantages of being flammable, toxic, and highly 
sensitive to ambient atmosphere, causing safety, cost, and environ
mental concerns that likely limit their large-scale applications [5]. 
Aqueous rechargeable batteries using low cost, nonflammable, and 
environmentally friendly water-based electrolytes are regarded as 
promising alternatives for grid-scale energy storage systems [6–9]. 

So far, various types of aqueous rechargeable batteries using mono/ 
multi-valent metal ions (e.g. Li+, Na+, K+, Zn2+, Mg2+, and Al3+) and/or 
mixed metal ions as charge carriers have been proposed [10–12]. 
Among them, aqueous rechargeable Zn-ion batteries (ARZIBs) are 
particularly promising because Zn features several attractive attributes 
including high theoretical gravimetric capacity (820 mA h g− 1) and 
volumetric capacity (5854 mA h cm3), abundance, low cost, non-toxic, 
easy processability, and a more suitable redox potential (− 0.76 V vs. 
standard hydrogen electrode) in aqueous electrolyte [13]. Generally, a 
ARZIB is composed of zinc metal anode, mild acidic or neutral electro
lyte, and a zinc-ion storage material as cathode [14]. To date, many 
significant works regarding ARZIBs have been reported. However, the 
development of ARZIBs systems is still in the incipient stage. One of the 
greatest challenges is to find suitable cathode materials for reversible 
Zn2+ ions insertion/extraction [15]. 

Till now, various materials have been explored as cathodes for 
ARZIBs, such as manganese-based oxides [16–19], vanadium-based 
oxides [20–25], Prussian blue analogues (PBAs) [26–30], 
olivine-based phosphates [31], quinone [32], p-chloranil [33], Mo6S8 
[34], Co(III) rich-Co3O4 [35], etc. Among them, PBAs have been high
lighted as a promising candidate of cathode materials for ARZIBs due to 
their unique crystallographic structure and desirable electrochemical 
characteristics. The generic chemical formula of a PBA can be roughly 
represented as AxM1y [M2(CN)6]z⋅nH2O, where M1 and M2 are usually 
transition-metal (Mn, Fe, Co, Ni, Cu, or Zn, etc.) ions and A is usually an 
alkali (Li, Na, or K, etc.) ion [36]. PBAs typically have 3D open frame
work structures with sufficiently large three-dimensional diffusion 
channels and large lattice parameters greater than 10 Å, as well as weak 
interaction with the guest ions, which is beneficial for facile diffusion of 
electroactive mobile ions and possesses high structural stability against 
repeated ion insertion/extraction [37]. In addition, the activation en
ergy required to transfer the guest ions is effectively relieved by the 
weakened bond strength between the frameworks and the ions [38]. 
However, the specific capacity of most PBAs obtained with aqueous 
electrolytes is limited to less than 70 mA h g− 1 because only a single type 
of transition metal ions was believed to be electrochemical activate 
under aqueous electrolyte systems, resulting in the one-electron redox 
process [26–30]. The electrochemical performance of PBAs is mostly 
governed by the electrochemical process of the metal ions upon inser
tion/extraction of guest ions. Theoretically, PBAs with two different 
metals (M1 and M2) ions should be capable of undergoing a 
multi-electron redox reaction [36]. Therefore, it is practicable to 
improve the electrochemical performance, including specific capacity, 
rate capability and operating potential, by optimizing the combination 
of metal ions in the PBAs [39]. 

Vanadium, a transition metal, exhibits various valence states ranging 
from +2 to +5. The electrochemical redox of vanadium ions is available 
within the potential window of aqueous electrolyte [40]. Therefore, 
vanadium ions can be employed as a redox active site in the PBAs. In this 
work, vanadium and iron ions are combined together to form a PBA, 
vanadium hexacyanoferrate (VHCF), with a new chemical composition. 

The VHCF nanoparticles were synthesized using a simple 
co-precipitation method, and their electrochemical performance as well 
as related mechanisms of Zn2+ ions insertion/extraction were investi
gated using aqueous electrolyte. To the best of our knowledge, this is the 
first report to investigate VHCF nanoparticles as cathode material for 
ARZIBs. Both V and Fe ions are found to effectively contribute to the 
multiple-electron electrochemical process, resulting in higher specific 
capacity than other reported PBAs cathodes for ARZIBs. In addition, 
VHCF nanoparticles exhibit long cycle life and good rate capability, 
making it an attractive candidate as cathode material for ARZIBs. 

2. Experimental 

2.1. Material synthesis 

VOPO4⋅2H2O precursor was first synthesized using a simple hydro
thermal method. In a typical synthesis process, 2.5 g V2O5 was added to 
a mixture solvent containing 60 mL DI water and 15 mL H3PO4 under 
constant stirring. The mixture was vigorously stirred for 2 h and then 
transferred to a 100 mL Teflon autoclave, and then, the autoclave was 
sealed and heated to 110 ◦C in an electric oven for 20 h. Afterward, the 
precipitate was collected by centrifugation and washed with acetone for 
several times. After washing, the precipitate was dried in air at 60 ◦C 
overnight. The morphology and structure of the synthesized 
VOPO4⋅2H2O are shown in Fig. S1. To prepare the VHCF nanoparticles, 
6 mmol of the obtained VOPO4⋅2H2O precursor was dissolved in 150 mL 
DI water and 4 mmol of sodium ferrocyanide decahydrate (Na4Fe 
(CN)6⋅10H2O) was dissolved in 50 mL DI water. Then the former solu
tion was added to the latter solution under gentle stirring. The resulting 
solution was heated to 80 ◦C under constant gentle stirring for 4 h. 
Finally, the precipitate was collected by centrifugation, washed with 
ethanol for several times, and then dried at 60 ◦C overnight. 

2.2. Material characterization 

The X-ray diffraction (XRD) patterns of the samples were recorded on 
a Rigaku D/max-2500 diffractometer with Cu Kα radiation (λ = 0.1542 
nm) at 40 kV and 30 mA at a step of 0.02◦. Data were recorded ranging 
from 10⁰ to 60⁰. Scanning electron microscopy (SEM) was performed on 
a JEOL 6701 F scanning electron microscope with an accelerating 
voltage of 10 kV. Transmission electron microscopy (TEM) observations 
and energy dispersive spectrometer (EDS) analysis were carried out on 
FEI Tecnai F20 microscope at 200 kV. Dynamic Light Scattering (DLS) 
was conducted using Zetasizer Nano (Malvern). Thermogravimetric 
analysis (TGA) was carried out on a TA-Q50 instrument. Fourier trans
form infrared (FT-IR) spectrum investigation was performed on an IR 
Rrestige-21 FTIR spectrometer. X-ray photoelectron spectroscopy (XPS) 
were recorded by a Thermo Electron Corporation ESCALAB 250 XPS 
spectrometer. 

2.3. Electrochemical measurements 

Electrochemical measurements were performed using 2032 coin- 
type cells assembled in air. To prepare working electrodes, a mixture 
of the VHCF nanoparticles, acetylene black (AB) and polyvinylidene 
fluoride (PVDF) with a weight ratio of 60:30:10 in N-methylpyrrolidone 
(NMP) solvent was coated on stainless steel foils. Zinc foil was used as 
the anode, and glass fiber (GF/D) was used as a separator. The elec
trolyte was 4 M Zn(CF3SO3)2 aqueous solution. Galvanostatic cycling of 
the assembled cells was carried out using a Neware battery test system. 
The cyclic voltammetry (CV) measurements were conducted by Bio- 
Logic potentiostat (VMP3). 

3. Results and discussion 

VHCF sample was synthesized via a simple co-precipitation method 
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using homemade VOPO4⋅2H2O (Fig. S1) and purchased Na4Fe 
(CN)6⋅10H2O as reactants (see Experimental Methods). Scanning elec
tron microscopy (SEM) and transmission electron microscopy (TEM) 
were employed to characterize the morphology of as-synthesized VHCF 
sample, as shown in Fig. 1a and b. It can be clearly seen that the as- 
synthesized VHCF sample is composed of well-dispersed nanoparticles. 
The particle size distribution was analyzed by dynamic light scattering 
(DLS), as shown in Fig. S2. The average size of the VHCF nanoparticles is 
23.6 nm. Such nanosized morphology is structurally favorable for 
electron and ions transportation during the electrochemical redox re
actions. The atomic composition and the distribution of the constituent 
elements in the as-synthesized VHCF nanoparticles were investigated by 
energy-dispersive X-ray spectrometry (EDS). Fig. 1c presents the EDS 
elemental mapping images with selected elements of Na, V, Fe, C, N, and 
O present in the as-synthesized VHCF nanoparticles. These images 
confirm that the atomic composition is highly uniform in the as- 
synthesized VHCF nanoparticles. 

Fig. 1d shows the X-ray diffraction (XRD) pattern of the as- 
synthesized VHCF nanoparticles. All the diffraction peaks were 
indexed with the cubic phase of the V3 [Fe(CN)6]2 (JCPDS file No. 
42–1440), thus the as-synthesized VHCF nanoparticles are expected to 
have the same cubic crystal structure. Although there is a lack of accu
rate crystal structure information on VHCF in the existing crystallo
graphic database, it can be seen that the two patterns are almost 
identical to each other. By the analogy between the obtained compound 
and the similar Prussian blue (PB) and MFe-PB compounds, we can 
speculate that our sample contains the structure of PB, in which both the 
3D cyanide-bridged framework and the 3D porous channel exist with 
Na+ in the center of the subunits. 

The chemical characteristics of the as-synthesized VHCF sample 
were investigated by Fourier transform infrared (FT-IR) spectroscopy, as 
shown in Fig. 1e. The strongest peak located at 2095 cm− 1 is the char
acteristic of the –C–––N‒ stretching [41]. The peaks appear at 525 and 
597 cm− 1 are ascribed to the Fe–CN‒M bending and Fe–CN vibration, 
respectively [42]. The peak located at 978 cm− 1 corresponds to the 
stretching mode of V––O [43]. In addition, the peaks observed at 1610 
and 3416 cm− 1 are attributed to the O–H stretching and H–O–H 
bending, respectively, indicating the existence of the zeolitic and coor
dinating water molecules in the structure of the VHCF nanoparticles 

[44]. The characteristics of the FT-IR spectrum confirm the Prussian 
blue structure of the VHCF nanoparticles. 

X-ray photoelectron spectroscopy (XPS) was employed to analyze the 
chemical composition and surface electronic state of the as-synthesized 
VHCF nanoparticles. As shown in Fig. S3, the peaks arising from Na 1s, V 
2p, Fe 2p, C 1s, N 1s and O 1s can be assigned in the survey XPS spectrum 
of the as-synthesized VHCF nanoparticles. The high-resolution XPS 
spectra of the Fe 2p orbital exhibit two peaks at 708.6 and 721.5 eV with 
a spin energy separation of 12.9 eV, which can be assigned to FeII 2p3/2 
and FeII 2p1/2, respectively, confirming that FeII is the main component 
in the as-synthesized VHCF nanoparticles [45]. For the V 2p spectrum, 
the binding energies for V 2p1/2 and V 2p3/2 are located at 516.8 and 
524.5 eV, respectively. The V 2p3/2 peak can be divided into two 
different peaks located at 516.6 and 517.5 eV, which correspond to V4+

2p3/2 and V5+ 2p3/2, respectively, indicating a mixed-valence of V [46]. 
Based on the peak area ratio of V4+ to V5+ (1:1.34), the average valence 
of V can be determined to be +4.6. From the EDS result (Fig. S4), the 
atomic ratios of V/Fe and Na/Fe are 1.3 and 0.63, respectively. 

Thermal stability and the interstitial water content of the as- 
synthesized VHCF sample was estimated by thermogravimetric and 
differential thermal analysis (TG-DTA). As shown in Fig. 1f, weight loss 
was observed in two steps. From room temperature to 200 ◦C, the first 
25.0% weight loss is attributed to the evaporation of the interstitial 
water accommodated in the open framework of the as-synthesized VHCF 
nanoparticles [47]. The second 22.9% weight loss from 200 to 370 ◦C 
originates from the thermal decomposition of the as-synthesized VHCF 
nanoparticles. Based on the XRD, FT-IR, XPS and TG-DTA results, the 
chemical formula of the as-synthesized VHCF sample can be determined 
to be Na0⋅63(VO)1⋅3 [Fe(CN)6]⋅5.8H2O. Because of the presence of 
vanadyl (VO) ion and non-stoichiometry of Na+ ion in the as-synthesized 
VHCF sample, structural vacancies filled with coordinating water mol
ecules exist in the crystal framework. Nevertheless, the as-synthesized 
VHCF sample still maintains a cubic crystal structure as confirmed by 
the XRD result. 

The electrochemical performance of the as-synthesized VHCF 
nanoparticles was characterized by typical coin-type cells assembled in 
ambient air, employing the VHCF nanoparticles cathode, Zn foil anode, 
4 M Zn(CF3SO3)2 aqueous electrolyte, and glass fiber separator. Fig. 2a 
displays the cyclic voltammetry (CV) curve of VHCF nanoparticles 

Fig. 1. (a) SEM image, (b) TEM image, (c) EDS elemental mapping images, (d) XRD pattern, (e) FT-IR spectrum, and (f) TG-DTA curves of the as-synthesized 
VHCF sample. 
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electrode at a scan rate of 0.2 mV s− 1. Three pairs of redox peaks located 
at 0.71/0.51 V (I/I’), 1.12/0.92 V (II/II’) and 1.85/1.71 V (III/III’) can 
be observed in the CV curve, suggesting the multistep insertion/ 
extraction processes of Zn2+ ions through the VHCF lattice framework. 
Fig. 2b shows the typical charge/discharge profiles at current density of 
0.5 A g− 1. It is obvious that there are three charge plateaus (I, II, and III) 
with the corresponding discharge plateaus (I’, II’, and III’), which are in 
consistent with the three pairs of redox peaks in CV. 

To clarify the electrochemical redox mechanism of V and Fe ions 
during the Zn2+ ions insertion/extraction into/from the VHCF lattice 
framework, ex-situ XPS measurements were conducted. Fig. S5 displays 
the comparison of high-resolution V 2p3/2 and Fe 2p3/2 at different 
states. At the 5th charged state, the intensity of V4+ peak weakens and 
the V5+ peak strengthens in comparison with that of the original state, 
reflecting the oxidation of V4+ to V5+ along with extraction of Zn2+ ion. 
After the 5th discharged to 0.3 V, the V3+ (2p3/2: 515.6 eV) signals 
appear, indicating the partial reduction of V5+ to V4+, further to V3+, 
during the insertion of Zn2+ ions. It is necessary to point out that the V 
signals shift to higher binding energies, which may be caused by the 
insertion of Zn2+ ions and concomitant bonding rearrangements [48]. In 
addition, the Fe3+ (2p3/2: 710.5 eV) signal appears during charging and 
disappears when discharging, indicating the reversible oxidation/re
duction of [Fe(CN)6]4-/[Fe(CN)6]3- during the charge/discharge 

processes [49]. The XPS results demonstrate that both V and Fe take part 
in the electrochemical reaction and together contribute to the capacity. 
According to the ex-situ XPS results, the three pairs of redox peaks and 
the corresponding three couples of charge/discharge plateaus can be 
attributed to V3+/V4+ (I/I’), V4+/V5+ (II/II’), and [Fe(CN)6]4-/[Fe 
(CN)6]3- (III/III’) reversible redox processes, respectively. Therefore, the 
insertion/extraction of Zn2+ ions into/from VHCF lattice framework 
corresponds to a three-electron transfer process. 

To clarify the electrochemical mechanism of the Zn2+ ions insertion/ 
extraction into/from the VHCF lattice framework, ex-situ XPS mea
surements were conducted. As shown in Fig. S6a, no signal of Zn can be 
detected in the XPS spectrum of VHCF nanoparticles. When discharged 
to 0.3 V, the Zn2+ ions can be successfully inserted into VHCF lattice 
framework as demonstrated by the obvious Zn 2p 3/2–1/2 spin-orbit 
doublet. After recharging, smaller peaks corresponding to Zn 2p are 
also observed that may be due to the irreversible insertion of Zn2+ ions 
in the electrode and residue electrolyte on the surface. The intensity of 
Na 1s core level spectrum after 5 cycles obviously weakens compared 
with the original state, suggesting that Na is extracted from the lattice 
(Fig. S6b). No Na 1s signal can be detected after 10 cycles, suggesting 
that Na+ ions are not involved in the insertion process after the initial 
extraction. 

As shown in Fig. 2c, the capacity gradually increased during the 

Fig. 2. (a) CV curve of VHCF electrode at 0.2 mV s− 1. (b) Typical galvanostatic charge-discharge curve at 2 A g− 1 between 0.3 and 1.9 V. (c) Rate performance of the 
battery tested with the charge-discharge current densities varying from 0.5 to 5.0 A g− 1. (d) Cycling performance and the corresponding Coulombic efficiency at the 
current density of 2 A g− 1. 
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initial 60 cycles, which is ascribed to the activation process of the VHCF 
electrode. The charge-discharge curves during the activation process are 
shown in Fig. S7. It can be seen that there is no significant increase in the 
capacity of III/III’ redox processes, while the capacity of I/I’ and II/II’ 
redox processes increased obviously. Therefore, the activation process 
might be attributed to the incremental utilization of V redox active sites, 
possibly due to the gradual removal of Na and/or interstitial water from 

the lattice during charge-discharge. After the activation cycles, the 
battery demonstrates a reversible discharge capacity of 187 mA h g− 1 at 
the current density of 0.5 A g− 1. The rate capability is an important 
indicator for evaluating the available power from a battery system. The 
rate performance of Zn//VHCF battery system was then tested at 
different current densities from 0.5 to 5.0 A g− 1. When the current 
densities is increased to 1.0, 2.0, 3.0, 4.0 and 5.0 A g− 1, the battery can 
deliver reversible capacities of 179, 162, 146, 132 and 122 mA h g− 1, 
respectively, corresponding to 95.7%, 86.6%, 78.1%, 70.6% and 65.2% 
capacity retentions of that achieved at 0.5 A g− 1. When the battery is 
cycled again at 0.5 A g− 1, the reversible capacity returns to 186 mA h 
g− 1, which is 99.5% of the initial value. These results demonstrate the 
high reversibility of the redox reactions and the good stability of the 
crystal structure. The corresponding charge and discharge curves at 
various current densities are shown in Fig. S8. A comparison of the rate 
performance of VHCF with other PBAs-based materials (Fig. S9) reveals 
that VHCF can deliver higher specific capacity, which is attributed to the 
two redox reaction sites of V and Fe in VHCF. 

The long-term cyclability of this aqueous rechargeable Zn-ion bat
tery was evaluated at a current density of 2.0 A g− 1. As shown in Fig. 2d, 
the VHCF nanoparticles cathode delivers the highest achievable capacity 
of 172 mA h g− 1 after the initial activation cycles. An impressive 96.5% 
of the highest achievable capacity is available after 500 cycles and 
87.8% retention is obtained after 1000 cycles. Besides, the high 
Coulombic efficiency (close to 100%) indicates the reversibility of the 
charge-discharge reactions. 

To further evaluate the electrochemical kinetics of the intercalation 
behaviors of Zn2+ in the as-synthesized VHCF nanoparticles, cyclic 
voltammetry (CV) tests at different scan rates (0.1–1.0 mV s− 1) were 
carried out, as shown in Fig. 3a. It can be observed that as the scan rate 
increases, the curves basically maintain similar shapes and the reduction 
peaks and oxidation peaks shift to lower and higher voltages, respec
tively. In principle, the peak current (i) from the CV profiles obeys a 
power-law formula with the scan rate (ν) according to Equation (1) [50]: 

Fig. 3. (a) CV curves of the as-synthesized VHCF nanoparticles at different scan rates. (b) log (i) versus log (ν) curves of cathodic and anodic peaks. (c) surface- 
controlled and diffusion-controlled contributions to capacity. 

Fig. 4. Ex-situ XRD patterns of VHCF nanoparticles electrodes at various 
charged and discharged states (the diffraction peaks of steel foil current col
lector are marked with * symbol). 
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i = ɑνb                                                                                          (1) 

Where ɑ and b are adjustable parameters. For analytical purposes, we 
rearrange Equation (1) slightly to  

log (i) = b × log (ν) + log ɑ                                                             (2) 

The b-values for both cathode and anode peaks can be calculated 
from the curves of log (i) versus log (ν). Generally, b = 0.5 indicates a 
totally diffusion-controlled process, while b = 1 reveals a surface- 
controlled process. As shown in Fig. 3b, the b values of the six peaks 
were calculated to be 0.84, 0.81, 0.70, 0.78, 0.86, 0.77, indicating that 
the charge storage process is synergistically controlled by the capacitive 
and diffusion behaviors. This leads to a fast Zn2+ diffusion kinetics, 
enabling the high-rate capability. Furthermore, the capacity can be 
divided into surface-controlled (k1ν) and diffusion-controlled (k2ν1/2) 
parts by the following Equation [51]:  

i(ν) = k1ν + k2ν1/2                                                                           (3) 

Fig. 3c displays the surface-controlled and diffusion-controlled con
tributions to capacity ranging from 0.1 to 1.0 mV s− 1. With the incre
mental scan rate, the contribution ratio of surface-controlled capacity 
gradually increases from 59.8% to 75.9%, demonstrating that the 
surface-controlled contribution dominates the electrochemical reaction. 

To investigate the structural evolution of VHCF during the charge- 
discharge process, ex-situ XRD measurements were conducted at 
different charge and discharge states during the first charge, the first 
discharge and the second charge processes at a current density of 100 
mA g− 1. As shown in Fig. 4, the structure transformation can be detected 
from the change of XRD pattern with the peak at 24.8◦. During the first 
charge process (from state 1 to 3), with the Na+ ions extracted from the 
lattice framework of the VHCF, a single peak at 24.8◦ splits into dou
blets, indicating the crystal structure of VHCF changes from cubic phase 
to rhombohedral phase [52,53]. During the first discharging process 
(from state 3 to 6), with the insertion of Zn2+ ions into the lattice 
framework, the structure maintains the rhombohedral phase rather than 
recover to cubic phase. While for the second charge process (from state 6 
to 10), the characteristics of the rhombohedral phase are more obvious 
than that after first charge process. Fig. S10 shows the XRD patterns of 
the electrodes after the third charged and the third discharged, 
comparing with the original state. It can be concluded that the crystal 
structure of the VHCF changes from cubic phase to rhombohedral phase 
after the first charge process, and then the ions insertion/extraction 
processes are carried out reversibly in the rhombohedral phase. The 
structure evolution and the ions insertion/extraction processes are 
schematically shown in Fig. 5. 

4. Conclusions 

In summary, a new PBAs, Na0⋅63(VO)1⋅3 [Fe(CN)6]⋅5.8H2O (vana
dium hexacyanoferrate, VHCF), was synthesized via a simple co- 
precipitation method. The obtained VHCF sample was investigated as 

the cathode material for an aqueous rechargeable Zn-ion battery. With 
the typical nanoparticle morphology and 3D lattice framework struc
ture, the VHCF exhibits an excellent rate capability and a promising 
long-term cyclability. It is demonstrated that both V and Fe act as 
electrochemical redox active sites, together contributing to the capacity. 
The insertion/extraction of Zn2+ ions into/from VHCF lattice framework 
undergoes three steps through a three-electron transfer process. The 
crystal structure of the VHCF changes from cubic phase to rhombohedral 
phase after the first charge process, and then the Zn2+ ions are inserted 
and extracted reversibly in the stable rhombohedral phase. Low cost, 
simple synthesis, and the good electrochemical performances make 
VHCF an attractive candidate as cathode material for aqueous 
rechargeable Zn-ion battery system. 
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ABSTRACT: Graphite-based dual-ion batteries (DIBs),
which involve the intercalation of anions into the carbon
layers, are promising for high-power applications. Many
researchers inevitably choose ethyl methyl carbonate (EMC)
as the electrolyte, as they observe superior electrochemical
performances compared to other solvents. Here, we clarify the
underlying reason why EMC is better. Specifically, EMC
forms a thinner layer of cathode electrolyte interface on the
graphite surface with fewer Li−F and ROCO2Li species than
that with dimethyl carbonate and diethyl carbonate. EMC
electrolyte reduces charge-transfer resistance, polarization, and
self-discharge of graphite electrodes. It also enhances
Coulombic efficiency, cycle, and rate performances. 90% of the available capacity can be obtained even at 12 C (1200 mA
g−1). Our work also emphasizes the importance of electrolyte and electrolyte interface on future developments of DIBs.

KEYWORDS: dual-ion battery, electrolyte, ethyl methyl carbonate, PF6
− intercalation, cathode electrolyte interface

■ INTRODUCTION

Because of growing energy demand, electrical energy storage
devices are attracting increasing attention. Lithium ion
batteries (LIBs) have been widely used in portable electronics
and electric vehicles.1,2 However, the low power densities of
LIBs and high cost of the currently used Co- and Ni-based
cathode materials hinder its use for large-scale energy
storage.3−5 Therefore, there is an urgent need to search for
next-generation energy storage systems with electrode
materials from abundant resources with faster kinetics.

Dual-ion battery (DIB) is a possible choice because of its
advantages of low cost, high working voltage, and high
power.6−15 Significantly different from traditional LIBs, where
only the cation (i.e., Li+) is used as the charge carrier, DIBs use
both cations and anions in the electrolyte for charge
transfer,12,16 as illustrated in Scheme 1. This allows DIBs to
be charged and discharged much faster. On the one hand, since
the negative electrode (anode) of DIBs involves redox reaction
of cations, common LIB materials such as graphite and lithium
titanate can be used. On the other hand, a material that can
accommodate anions is needed at the positive electrode
(cathode). Currently, graphite is a promising cathode for DIBs,
as anions such as AlCl4

−, ClO4
−, PF6

−, TFSI−, FSI−, etc. can be
inserted into the graphene layers.8,17−25

In DIBs, electrolyte plays an utmost role, as it supplies the
anions and cations for electrochemical reactions. The specific
energy density of a DIB cell will be significantly affected by the
mass and volume of the electrolyte.9,26 Moreover, the
electrochemical performances of graphite were found to be

highly dependent on the type of electrolyte. As early as 2000,
Seel and Dahn found that ethylene carbonate (EC)-based
electrolytes decompose significantly at ∼5.2 V versus Li/Li+,
while ethyl methyl sulfone (EMS) is stable up to 5.5 V.26 Wang
et al. revealed using X-ray diffraction (XRD), Raman
spectroscopy, and electrochemical tests that anions can be
intercalated easily into graphite with ethyl methyl carbonate
(EMC) and methyl propionate (MP), but not in sulfolane
(SL), γ-butyrolactone (GBL), and EC.20,27−30
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Scheme 1. Illustration of the Charge−Discharge
Mechanisms of DIB with Graphite Cathode and Li Anode
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Recently, many researchers have chosen to use EMC-based
electrolyte for their works on DIBs. It is not a coincidence, but
mainly because they can get superior electrochemical perform-
ances with EMC as compared to other electrolytes.16,31−36 Yet,
the fundamental reason making EMC better than others is not
explained. In this study, we systematically compared graphite
electrodes tested with dimethyl carbonate (DMC), EMC, and
diethyl carbonate (DEC). We found that EMC enables the
largest reversible capacity, best cycle stability, highest cycle
Coulombic efficiency, lowest onset potential, smallest polar-
ization, lowest self-discharge rate, and best rate performance
from graphite compared to DMC and DEC. We observed that
the electrochemical performances are correlated with the
cathode electrolyte interface on the graphite surface.

■ RESULTS AND DISCUSSION

We chose to study these three linear carbonates as electrolytes,
because they have similar dielectric constants, so more insights
into what parameters govern the electrochemical performances
of PF6

− intercalation into graphite can be obtained. Electro-
lytes with single solvent instead of mixed solvents were used to
avoid the complication of solvent interactions. To start out,
Table 1 shows the physical parameters of the solvents. While
the solvent molecular weight (MW) increases with the number
of carbon atoms in the molecule, its density has the opposite
trend. Among the three solvents, DMC has the lowest
viscosity, followed by EMC and DEC. Ionic conductivity of
the electrolytes with 3 M LiPF6 salt dissolved in them is in the
order of 3 M LiPF6/DMC > 3 M LiPF6/EMC > 3 M LiPF6/
DEC. The oxidative stability of the electrolytes was tested with
a linear sweep voltammetry (LSV) on C-coated aluminum foil
without graphite active material (Figure S1a). Within the
voltage range (from 3 to 5.1 V) of our tests, no significant
electrolyte decomposition was observed.37,38

Graphite (KS6, Timcal) was used as the active material in
our tests. They were made into electrodes with carbon black
and binder on Al foils. Coin cells with KS6 cathodes and Li
metal anode in different electrolytes (3 M LiPF6 in DMC,
EMC, or DEC) were made, and their reaction potentials,
capacities, cycle stabilities, self-discharge rates, and rate
performances were tested with cyclic voltammetry (CV) and
galvanostatic charge and discharge.

CV profiles (fourth cycle) of the cells are displayed in Figure
1. Multiple oxidation peaks (intercalation of PF6

− into
graphite) followed by corresponding reduction peaks (dein-
tercalation), indicating a staging mechanism, are observed.26,39

However, the number of reaction peaks and their correspond-
ing voltages are different for cells with different solvents. For
example, one more pair of redox peaks is observed with DMC
at ∼5.0 V, while no such peaks are observed for DEC and
EMC (Figure S1b−1d). This indicates that the electrolyte
solvent influences the energy corresponding to PF6

− insertion
and extraction. Specifically, we notice that the onset potential
during charging is smallest for EMC, followed by DEC and
DMC (inset of Figure 1). We suspect that the asymmetric
nature of EMC solvent leads to lower interaction between

solvent and PF6
−. This is a surprising result and suggests that

the kinetics of the reaction is not governed by solvent
properties such as dielectric constant, ionic conductivity, and
viscosity (Table 1).

Differences in electrochemical behaviors with different
electrolytes are also confirmed by charge−discharge tests.
The first and fourth cycle charge−discharge curves of the cells
are shown in Figure 2a,b, respectively. During initial cycle, all
electrodes give a charge capacity of more than 120 mAh g−1

with a discharge capacity between 80 and 95 mAh g−1. First
cycle efficiency of the three electrodes are ∼60−70%,
indicating some irreversible reactions on the surface of the
graphite. The fourth cycle charge−discharge curves are
consistent with the CV profiles in Figure 1. We see that
EMC electrolyte is superior over DMC and DEC, as the
capacity is highest among the three electrolytes. It also shows
the smallest polarization (the difference between the average
voltage of the charge and discharge curves) of ∼0.26 V
compare to that of 0.34−0.38 V for DMC and DEC based on
the fourth cycle curves. Therefore, the corresponding voltage
efficiency (VE) is highest with EMC electrolyte at ∼94%,
which is comparable to previously reported EMC-based
electrolytes.37 With respect to the energy efficiency (EE),
which is decided by VE and Coulombic efficiency, EMC- and
DEC-based electrolytes show higher EE of ∼76% compared to
∼70% with DMC electrolytes.

Moreover, electrode tested in EMC electrolyte gives the best
cycle performance (Figure 2c). Discharge capacity retention is
as high as 97.4 ± 0.4% after 40 cycles compared to third cycle
discharge capacity with EMC, and the charge−discharge curves
do not change upon cycling (Figure S2b). In contrast, large
capacity fading is observed for cell with DMC, which is
manifested in a gradual increase in polarization upon cycling
(Figure S2a).

Coulombic efficiency (CE) during cycling can also give
important information about side reactions that are taking
place with different electrolytesCE is highest for electrode
tested in EMC, followed by DEC and DMC (Figure 2c). Part

Table 1. Parameters of Different Electrolytes

3 M LiPF6 solvent density (g mL−3) MW(g mol−1) solvent viscosity 18[η (cP)] dielectric constant molar ratio conductivity (mS cm−1)

DMC 1.069 90.08 0.585 3.1 1:4.0 8.8
EMC 1.006 104.10 0.66 2.9 1:3.2 4.7
DEC 0.975 118.13 0.75 2.8 1:2.8 2.7

Figure 1. CV profiles of KS6 half cells with Li metal as counter
electrode in 3 M LiPF6/DMC, LiPF6/EMC, and LiPF6/DEC
electrolytes (scan rate: 0.06 mV s−1, the fourth cycle, dashed lines
in the inset are linear fits before and after the onset of oxidation peak).
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of the low CE observed at 10 mA g−1 is due to a self-discharge
process, which is constantly occurring during the 10 h charging
period. This is the critical factor causing the low EE obtained
with the three electrolytes at low current rate. In particular, the
lowest EE with DMC is consistent with the largest polarization
and lowest CE. By increasing the current rate to 100 mA g−1,
CE is significantly increased (Figure S3) with the shortening of
charging time to ∼1 h. To quantify the self-discharge rate, the
electrodes were fully charged to 5.1 V, rested for different
amounts of time, and then discharged to record the remaining
capacity. The charge−discharge curves with different rest times
are shown in Figure S4. The available discharge capacities are
summarized in Figure 2d. We note that the discharge capacity
decreases linearly with rest time, suggesting that self-discharge
is a continuous process. In LIBs, self-discharge is proposed to
be due to the shuttling of lithium ions between the two
electrodes.40−43 In DIBs, a similar shuttling mechanism
involving oxidized/reduced species in the electrolyte probably
plays a role. Among the three electrolytes, EMC again is
superior with the lowest self-discharge rate of 0.939 mA g−1,
followed by DEC (0.968 mA g−1) and DMC (1.666 mA g−1).

We notice that, even after accounting for self-discharge,
Coulombic efficiency and cycle stability during charge−
discharge is highest for EMC, followed by DEC and DMC
(Figure S2d). Previous reports revealed that the electrolyte
decomposition and the structural collapse of the graphite
cathode can be inhibited by constructing a robust and
favorable surface layer, which optimizes the channels for
PF6

− intercalation and enhances cyclability.44−46 This leads us
to think that the source of the difference in electrochemical
performances may be due to the difference in cathode

electrolyte interface (CEI) layer on the graphite from reactions
with the electrolytes. To verify this, X-ray photoelectron
spectroscopy (XPS) measurements were conducted on cycled
KS6 cathodes to study the chemical composition of the CEI
(Figure 3). Specifically, three cells with different electrolytes
were charged and discharged at 10 mA g−1 for one cycle; then,
the graphite electrodes were taken out at the fully charged
states and washed with DMC for XPS tests. The C 1s profile
can be deconvoluted into characteristic peaks corresponding to
graphitic carbon C−C, C−OH, carbonate species including
ROCO2Li, CO, and C−O bonds,44 whereas the F 1s profile
can be used to determine F-containing species formed upon
charge and discharge. While the pristine KS6 electrode shows
only XPS peaks corresponding to C−C, C−O, and C−OH
bonds with no peaks in F 1s (Figure S5a,b), one can see a
definite change in surface chemistry upon cycling due to
reactions with the electrolyte (Figure 3). In particular, graphite
electrodes tested with DMC and DEC show higher amounts of
Li−F and ROCO2Li than that tested with EMC, suggesting
less reaction between EMC and graphite. This is consistent
with the higher CE of electrode tested with EMC.

The existence of the CEI on graphite is further
demonstrated by transmission electron microscopy (TEM)
(see Figure 3), where we see a thin layer of material on the
graphite surface, and the thickness differs with different
electrolytes. In particular, CEI is the thinnest for electrode
tested in EMC, while it is thickest for DMC. This is consistent
with the lower Coulombic efficiency of electrode tested in
DMC. With cycling, gradual accumulation of reaction products
between DMC and graphite probably accounts for the
observed capacity fading.16 In contrast, EMC forms a thinner

Figure 2. (a) The initial and (b) the fourth charge−discharge curves and (c) cycling stability of KS6/Li half cells using different electrolytes. Cutoff
voltage: 3−5.1 V, current density: 10 mA g−1. (d) Self-discharge test results with different electrolytes.
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and more stable CEI on the graphite surface, leading to better

cycling stability and more reversible PF6
− de/intercalation.

These results are similar to those demonstrated by Han et al. A

thinner CEI was found on the lithium titanate (LTO)-

modified graphite surface, which reduces electrolyte decom-

position.44

To further investigate the effect of CEI, impedance and rate
performance of the electrode were measured. Figure 4a shows
the electrochemical impedance spectroscopy (EIS) profiles of
electrodes tested after 20 cycles. Charge transfer resistance
(Rct) is much smaller with 3 M LiPF6/EMC (11 Ω), in
comparison with the larger Rct observed in DEC and DMC (18
and 36 Ω, respectively). The result is consistent with the

Figure 3. XPS curve fittings for the C 1s, F 1s peaks of cycled KS6 electrodes with (a, b) DMC, (d, e) EMC, and (g, h) DEC electrolytes. TEM
images of the electrodes after cycling at the upper cutoff voltage of 5.1 V with (c) DMC, (f) EMC, and (i) DEC electrolytes.

Figure 4. (a) Nyquist plots of the KS6/Li metal half-cells after 20 cycles using different electrolytes. (b) Rate capability of the cells using 3 M
LiPF6-based electrolytes (current density: 50, 100, 200, 500, 800, 1000, and 1200 mA g−1).
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thickness of the CEI and the lower polarization of the graphite
with EMC in Figure 2b.

Rate performances of the electrodes subjected to different
current rates are shown in Figure 4b. EMC gives superior rate
performance compared with DMC and DEC, with an
impressive 90% capacity retention even at a current rate of
1200 mA g−1 (charge−discharge rate of ∼12 C). A much
smaller polarization is observed at higher current for EMC
from the charge−discharge profiles in Figure S6, indicating
that the kinetics of PF6

− uptake/release process in 3 M LiPF6/
EMC is extremely fast.35 Even though the CEI layer with DEC
is thinner than that with DMC, rate performance is worse for
DEC. We ascribe it to the higher viscosity and lower ionic
conductivity of the DEC electrolyte, which leads to smaller
amount of PF6

− intake (smaller capacity) up to 5.1 V during
high-rate charging. Rate performance is most likely a
compromise between CEI thickness, viscosity, and ionic
conductivity in the electrolyte.

■ CONCLUSION

In this work, we have demonstrated that the kinetics of PF6
−

intercalation/deintercalation into graphite electrode is highly
affected by the type of electrolyte. In particular, the true
capability of graphite is only revealed with the use of EMC-
based electrolyte. This is due to the thinner and more stable
CEI on the surface of graphite, as observed by XPS and TEM.
Our work highlights the importance of EMC as an electrolyte
for graphite-based DIBs. In addition, it emphasizes the
necessity to conduct more research work to understand the
interaction between the solvents and active material surface.

■ EXPERIMENTAL METHODS
Electrolyte and Electrode Preparation. LiPF6 was purchased

from DoDoChem (purity ≥99.9%), while DMC (≥99%), EMC
(98%), and DEC (≥99%) were purchased from Sigma-Aldrich. Three
molar LiPF6-based electrolytes were made in an Ar-filled glovebox
with both O2 and H2O content less than 0.1 ppm. All electrolytes
were dried with molecular sieves before use. Ionic conductivity of
electrolytes was measured by a conductivity meter (S230 from
Mettler-Toledo) in the glovebox.

Electrodes were prepared by mixing 85:5:10 weight ratio of KS6
graphite (Timcal) as the active material, carbon black (ABacetylene
black, Alfa Aesar) as the conducting agent and sodium carboxymethyl
cellulose (Na-CMC in deionized water, Sigma-Aldrich) as the binder.
The obtained slurry was coated onto an Al current collector with a
doctor blade. The electrodes were dried at 80 °C, cut into 16 mm
diameter circular discs, and then roll-pressed. The average active mass
loading of the electrodes was 4.0 mg cm−2 with a density of 1.2 g cm−3

after pressing. Before transferring into an Ar-filled glovebox,
electrodes were further dried at 110 °C for 4 h in vacuum.

Cell Assembly. The dried electrodes were assembled into 2032-
type coin cells with lithium metal as the counter electrode. A 19 mm
diameter glass fiber separator (Advantec Toyo GD-120; thickness
∼0.5 mm) wetted with ∼200 μL electrolyte was used to prevent the
cell from short circuit. After assembly, the cells were rested for 5 h to
ensure sufficient wetting of the electrodes by the electrolyte before
conducting the electrochemical measurements.

Electrochemical Tests. Galvanostatic charge−discharge tests of
the cells were typically performed at a current density of 10 mA g−1

within the voltage range of 3.0−5.1 V. For the self-discharge tests,
each cell was initially cycled at 10 mA g−1 for one cycle and then
charged to 5.1 V at 100 mA g−1, followed by a rest for 6, 12, and 24 h,
respectively, at the fully charged state and then discharged to 3.0 V at
100 mA g−1. All the galvanostatic charge/discharge tests were
performed using a Neware battery tester.

CV measurements were performed in the voltage window of 3.0−
5.1 V, respectively. The scan rate was 0.06 mV s−1, and five cycles
were recorded. Electrochemical impedance spectroscopy (EIS) tests
of fully discharged cells after 20 cycles were conducted with an
alternating current (AC) amplitude of 10 mV from 100 kHz to 0.1
Hz. The two measurements were tested using the Bio-Logic
potentiostat (VMP3). All electrochemical tests were conducted at
room temperature (22 °C).

Post-Mortem Analyses. The cells were disassembled in the
glovebox after charge−discharge, and the graphite electrodes were
washed with DMC several times to remove the salt residuals, followed
by drying in the antechamber of the glovebox under vacuum. XPS
investigations were performed on X-ray photoelectron spectropho-
tometer (ESCALAB 2201-XL). The surface evolutions of the KS6
cathode were investigated through TEM.
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Anion Intercalation into a Graphite Cathode from Various Sodium-
Based Electrolyte Mixtures for Dual-Ion Battery Applications.
Electrochim. Acta 2017, 231, 468−478.
(22) Miyoshi, S.; Akbay, T.; Kurihara, T.; Fukuda, T.; Staykov, A. T.;

Ida, S.; Ishihara, T. Fast Diffusivity of PF6
− Anions in Graphitic

Carbon for a Dual-Carbon Rechargeable Battery with Superior Rate
Property. J. Phys. Chem. C 2016, 120, 22887−22894.
(23) Beltrop, K.; Beuker, S.; Heckmann, A.; Winter, M.; Placke, T.

Alternative Electrochemical Energy Storage: Potassium-Based Dual-
Graphite Batteries. Energy Environ. Sci. 2017, 10, 2090−2094.
(24) Placke, T.; Rothermel, S.; Fromm, O.; Meister, P.; Lux, S. F.;

Huesker, J.; Meyer, H.-W.; Winter, M. Influence of Graphite
Characteristics on the Electrochemical Intercalation of Bis-
(trifluoromethanesulfonyl) imide Anions into a Graphite-Based
Cathode. J. Electrochem. Soc. 2013, 160, A1979−A1991.
(25) Beltrop, K.; Meister, P.; Klein, S.; Heckmann, A.; Grünebaum,
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a  b  s  t  r  a  c  t

The  corrosion  kinetics  of  PPy/SO4 in aerated  and de-aerated  NaOH  solutions  (0.02–0.5  M)  were  investi-
gated  and  the interaction  between  chemical  and  electrochemical  corrosion  processes  was  verified.  The
corrosion  of  PPy  is mainly  caused  by  the chemical  attack  of  OH− in  de-aerated  NaOH,  but  is accelerated
largely  in  aerated  NaOH  for the  occurrence  of the  electrochemical  processes.  These  two  processes  are
mutually  promoted  in  aerated  NaOH.  At  a constant  NaOH  concentration  (CNaOH),  two  corrosion  stages  are
proved  to  follow  first-order  kinetics.  In  each  corrosion  stage,  the chemical  and  electrochemical  processes
have  different  kinetic  behavior  and  CNaOH has important  influence  on them.

© 2017  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

Polypyrrole (PPy) has become one of the most promising and
attractive conducting polymers owing to its favorable physical
and chemical properties [1–4] and widely application in electrode
materials [5–7], sensors [8,9], artificial muscles [10,11], catalysts
[12,13] and anticorrosion coatings for metals [14–19], etc. With
regard to these applications, the corrosion of PPy which results in
the irreversible degradation and the loss of electrochemical activ-
ity of PPy [20–23], is still a big problem, particularly in aggressive
aqueous media. However, the corrosion mechanism of PPy is not
clearly understood.

Various processes can lead to the corrosion of PPy, including
over-oxidation [24–27], deprotonation [28], and deactivation by
reducing solvents [29–31]. The changes in structure and chemical
composition of PPy during corrosion processes have been studied
using various analysis methods [32–36]. It’s generally believed that
nucleophilic attack from H2O, OH−, CH3OH and NH3 etc. produce
carbonyl and hydroxyl groups in PPy chains so as to destroy its
conjugated structure and therefore, causing the loss of the elec-

∗ Corresponding author at: School of Chemistry and Chemical Engineering,
Huazhong University of Science and Technology, Wuhan 430074, PR China.

E-mail address: qiuyubin@mail.hust.edu.cn (Y. Qiu).

trochemical activity of PPy [37–40]. This kind of corrosion of PPy
results from the chemical attack of aggressive media, so it can be
considered as pure chemical process and be denoted as a chemical
corrosion.

Because PPy is electronic conductive and electrochemical pro-
cesses can proceed on its surface especially in electrolyte solutions,
it also suffers the corrosion due to the electrochemical processeses
on its surface. According to our previous work [41,42], the corro-
sion of PPy in NaCl solutions is inhibited to some extent at negative
potentials (vs. open circuit potential, EOCP), and promoted with
increase in anodic polarisation potentials (vs. EOCP) and polarisation
time [41]. Different corrosion cells can be formed and sustained on
PPy surface and the oxygen concentration difference cell has great
influence on the corrosion of PPy, in which dissolved oxygen (DO)
in media is reduced on PPy surface (as cathode) to generate OH−

ions, while the PPy surface with lower DO is oxidized as anode [42].
This kind of corrosion of PPy is closely related to the electrochemical
processeses on its surface and can be denoted as an electrochemical
corrosion.

In the previous research, we usually focus on the chemical corro-
sion process of PPy and neglect its electrochemical corrosion, or vice
versa. When there are electrochemical processes on PPy surface
(e.g. anodic polarisation or formation of corrosion cells) in elec-
trolyte solutions with strong nucleophilic ions (e.g. alkali media),
PPy should suffer strong chemical and electrochemical corrosion

http://dx.doi.org/10.1016/j.corsci.2017.01.023
0010-938X/© 2017 Elsevier Ltd. All rights reserved.
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at the same time. Under these conditions, there may  be interaction
between the two corrosion processes and it is necessary to inves-
tigate their kinetic behavior to identify the role of each process in
the corrosion of PPy. However, few studies have focused on this.

In fact, little attention has been paid to the study on the corrosion
kinetics of conductive polymers in aqueous electrolyte presently.
Beck et al. [26] reported that the corrosion reactions of PPy and
polythiophene in aqueous buffers (pH 1–13) proceeded in two
steps, i.e. an initial rapid electrochemical process and a rather slow
second chemical process caused by nucleophilic attack, both fol-
lowing a pseudo-first-order mechanism. Park et al. monitored the
absorbance of the degradation products of PPy in aqueous sulfu-
ric acid solutions and found that the increase in the absorbance
recorded as a function of time followed the first-order kinetics
[43,44]. Mazeikiene et al. [45] investigated kinetics of the elec-
trochemical degradation of PPy in aqueous solutions containing
HNO3 or NaNO3. They found that the first-order degradation rate
constant (k) is strongly dependent on the electrode potential and
solution pH value. In addition, some kinetic studies on the elec-
trochemical degradation of polyaniline (PANI) [46,47] and poly
(N-benzylaniline) [48] were conducted using in situ UV–vis spec-
troscopic [46,48] and electrochemical tests [47], and their results
also showed the first-order degradation rate constants. The above
research implies that there is still no generally accepted method
for the study on the corrosion kinetics of conductive polymers.
Moreover, their corrosion kinetics is still not well understood.

In this paper, the PPy/SO4 films were corroded in aerated or de-
aerated NaOH solutions with different concentrations for different
time, and then their corrosion states were evaluated using cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS),
X-ray photoelectron spectroscopy (XPS) and scanning electron
microscope (SEM) analysis. Based on these results, the chemical and
electrochemical corrosion kinetics of PPy in NaOH solutions and
the interaction between the two corrosion processes were inves-
tigated. Furthermore, the role of each process in the corrosion of
PPy was identified and the mechanism involved was discussed.
The results of this work will be helpful to understand the inte-
grated corrosion mechanism of PPy in aqueous electrolyte from
the perspective of chemistry and electrochemistry.

2. Experimental

Pyrrole (Py, CP, 98 +%) for the electrochemical synthesis of PPy
was distilled and kept refrigerated in the dark before use. Other
used reagents and chemicals were analytical grade and all solutions
were prepared with deionized water. The electro-polymerization
of PPy films and electrochemical tests in this paper were performed
with a Gamry (Interface 1000) electrochemical workstation. All
experiments were carried out at 25 ± 0.5 ◦C controlled with a water
bath.

2.1. Electro-polymerization of PPy

The PPy films were prepared using a three-electrode system in a
glass cell, in which a large Pt foil (1.50 cm2), a Pt plate (0.36 cm2) and
a saturated calomel electrode (SCE) were used as the counter elec-
trode, working electrode and reference electrode, respectively. The
working electrode was sealed by epoxy resins, ground with a dia-
mond polishing paste (the grain diameter is 0.5 �m)  and rinsed in
ethanol and distilled water. The electro-polymerization of PPy films
was performed with a constant current density of 1 mA cm−2 for
1600 s in 0.1 M pyrrole aqueous solutions containing 0.1 M Na2SO4
supporting electrolyte and which had been de-aerated by bubbling
pure N2 gas for 25 min  before synthesis. The polymerization charge
density was 1.6C cm−2. This freshly prepared PPy/SO4 film with the

Table 1
Details of the corrosion conditions for the PPy/SO4 films.

T (◦C) Corrosion media Aeration status Corrosion time (h)

25 0.02 M NaOH Aerated 3 6 8 12 16 20 24
25 0.02 M NaOH Deaerated 8 12 16 20 24 30 36
25 0.05 M NaOH Aerated 1 3 6 8 10 12 14
25 0.05 M NaOH Deaerated 2.5 6 8 10 12 16
25 0.1 M NaOH Aerated 1 2 3 4 6 8 12 14
25 0.1 M NaOH Deaerated 1 3 4 6 8 12 15
25 0.3 M NaOH Aerated 1 2 3 5 6 8 12
25 0.3 M NaOH Deaerated 1 2 4 5 8 12
25 0.5 M NaOH Aerated 0.5 1 2 3 6 8
25 0.5 M NaOH Deaerated 0.5 1 2 3 6 12

Pt substrate was rinsed in distilled water and then used for other
tests.

2.2. Corrosion of PPy films in different test media

The freshly prepared PPy/SO4 films (with Pt substrates) were
corroded in different aqueous solutions for different time, and then
taken out and rinsed with distilled water. These PPy/SO4 films cor-
roded under different conditions were further used for other tests.
Under each corrosion condition, 3–5 or more parallel tests were
performed to ensure the reliability of the results. Table 1 lists the
detailed corrosion conditions for the PPy/SO4 films.

2.3. Electrochemical tests

All the electrochemical tests were performed in the same three-
electrode system. Freshly prepared and corroded PPy/SO4 films
were placed in de-aerated 0.1 M KNO3 for cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) measurements.
The CV measurements were performed within the potential range
from −0.8 V to 0.4 V (vs. SCE), starting from EOCP towards nega-
tive direction. The scan rate was 20 mV/s and seven cycles were
recorded. The EIS measurements were performed at 0.2 V (vs. SCE)
in order to keep the PPy/SO4 films in the same oxidized state. The
amplitude of the AC perturbation was 5 mV and the frequency range
was 100 kHz-0.01 Hz. All the EIS results were fitted using Zview2.0
software.

2.4. SEM and XPS analysis

Freshly prepared and some corroded PPy/SO4 films were
cleaned in distilled water and dried in a vacuum-desiccator for
more than 12 h at room temperature, and then they were used
for microscopic analyses. The surface morphology of these sam-
ples was examined using a Phillips Quanta 200 SEM system. XPS
measurements were performed with a commercial VG Multilab
2000 system, which was aimed at finding changes in the chemical
structure and the composition of PPy films as the corrosion process
proceeds. The spectra were measured using Al Ka (1486.6 eV) radi-
ation, and the overall energy resolution was 0.45 eV. The surface
charging effect during measurements was  compensated by refer-
encing the binding energy to the C 1s line of residual carbon at
284.6 eV. The N 1s level spectral decomposition was  analyzed using
background subtraction and a least-squares fitting program.

3. Results

3.1. CVs of corroded PPy films and their corrosion kinetics

Fig. 1 shows the typical CVs in de-aerated 0.1 M KNO3 for the
PPy/SO4 films freshly prepared and corroded in aerated and de-
aerated 0.1 M NaOH for different time. The CVs of the PPy/SO4 films
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Fig. 1. CVs in de-aerated 0.1 M KNO3 for the PPy/SO4 films freshly prepared and
corroded in (a) aerated and (b) de-aerated 0.1 M NaOH for different time (scan rate
20 mV/s, starting from the Eocp towards negative direction, the fifth cycle of seven
cycles).

corroded for less than 1 h are nearly overlapped with that of the
freshly prepared films, so they are not plotted in Fig. 1. The CV dia-
gram for the freshly prepared film in Fig. 1 shows four ion exchange
processes, i.e. cation ejection, anion insertion, anion ejection, and
cation insertion, which are associated with anodic current peaks
and cathodic current peaks, respectively, and can be clearly distin-
guished [49]. With an increase in the corrosion time, the corroded
PPy films gradually lose their ion exchange capacity owing to the
irreversible PPy structural degradation in NaOH [33–37,39,50]. In
general, the electrochemical activity of a PPy film can be described
by its CV current capacity (Q) and the corrosion of PPy can be
observed as a loss in its electrochemical activity [50–52]. Thus, the
corrosion of PPy is associated to the loss of its electroactivity and
the corrosion extent of PPy can be evaluated by the percentage loss
of its CV current capacity after corrosion [40,50,52], i.e. (Q0-QR)/Q0,
where Q0 is the CV current capacity of the freshly prepared PPy
film and QR is the CV current capacity of the corroded PPy film.
According to this definition, the corrosion rate of PPy (vcorr) can be
expressed as Eq. (1):

vcorr =
�

(
QR
Q0

)

�t
= k

(
QR

Q0

)i

(1)

where i represents the order of the corrosion reaction and k is the
corrosion rate constant.

Fig. 2(a) presents the change of the CV current capacity percent-
age (QR/Q0) as a function of time for the PPy/SO4 films corroded in

aerated and de-aerated 0.1 M NaOH, which were calculated from
the results in Fig. 1. The change of the corrosion rate (�corr) under
the same condition is shown in Fig. 2(b), which was obtained by
the differentiation of the QR/Q0-t curves in Fig. 2(a). As shown
in Fig. 2(a), the decrease of QR/Q0 starts from 1 h and accelerates
quickly in the initial 1–6 h. After 6 h, the QR/Q0 values decrease
slowly. The QR/Q0 value in aerated 0.1 M NaOH decreases much
faster than that in de-aerated 0.1 M NaOH. The results in Fig. 2(b)
further show that the vcorr in aerated 0.1 M NaOH (vcorr,ae) is much
larger than that in de-aerated 0.1 M NaOH (vcorr,de) in the initial 3 h,
but after that vcorr,ae approaches vcorr,de. Similarly, both vcorr,ae and
vcorr,de decrease quickly in the initial 6 h and gradually tend to sta-
ble after 6 h. The above results generally suggest that there may  be
two stages in the corrosion of PPy/SO4 in 0.1 M NaOH, i.e. the fast
corrosion stage in the initial period of 1–6 h and the slow corrosion
stage after 6 h. The kinetic behavior in the two corrosion stages may
be different.

Fig. 3 gives the ln (QR/Q0)-t curves for the PPy/SO4 films corroded
in aerated and de-aerated 0.1 M NaOH. The results from Fig. 2(a) and
from some parallel experiments were used, so the error bar plot is
used in Fig. 3 to display the fluctuation of data. The ln (QR/Q0)-t
curves in Fig. 3 apparently display two  different stages and at each
stage they all have very good linear relationship, indicating that the
corrosion rate at each stage follows the first-order kinetic relation-
ship, i.e. i = 1 in Eq. (1). Therefore, the corrosion rate constant (k)
can be calculated by the following Eq. (2) [43,45–47]:

k = −
�ln

(
QR
Q0

)

�t
(2)

According to Eq. (2), the k values in s−1 of each stage are calculated
by the linear regression of the ln (QR/Q0)-t curves and displayed in
Fig. 3. In aerated 0.1 M NaOH the two corrosion rate constants are
denoted as k1,ae and k2,ae, while in de-aerated 0.1 M NaOH, as k1,de
and k2,de. The results in Fig. 3 indicate that the k1 values (k1,ae and
k1,de) are much larger than the k2 values (k2,ae and k2,de) and the
k values in aerated 0.1 M NaOH are much larger than those in the
de-aerated 0.1 M NaOH (k1,ae>k1,de and k2,ae>k2,de). Apparently, DO
in NaOH has obvious effect on the corrosion kinetics of the PPy/SO4
film.

In order to further verify the above kinetic behavior, the PPy/SO4
films were corroded in aerated and de-aerated NaOH with differ-
ent CNaOH (0.02, 0.05, 0.3, 0.5 M)  for different time, as shown in
Table 1, and then their CVs were measured in de-aerated 0.1 M
KNO3. Fig. 4 shows the typical CVs results for these PPy/SO4 films.
Compared with Fig. 1, the CVs in Fig. 4 show similar features
and the QR decreases more slowly at low CNaOH (0.02 M,  0.05 M)
while it decreases more quickly at higher CNaOH (0.3 M and 0.5 M).
Apparently, CNaOH has significant influence on the corrosion of
PPy [37,50,53,54]. Fig. 5 presents the ln (QR/Q0)-t curves for the
PPy/SO4 films corroded in aerated and de-aerated NaOH solutions
(0.02–0.5 M),  which were obtained using the same method in Fig. 3.
For comparison, the ln (QR/Q0)-t curves in Fig. 3 are also plotted in
Fig. 5 and the beginning time of each corrosion stage (t0

1 or t0
2) is

displayed on the ln (QR/Q0)-t curves. From Fig. 5, it is clearly seen
that all the corrosion processes in aerated and de-aerated NaOH
solutions (0.02 − 0.5 M)  display two stages and each corrosion stage
follows the first-order kinetic relationship. According to Eq. (2), the
k values of each stage in Fig. 5 are calculated by the linear regression
of the ln (QR/Q0)-t curves and listed in Table 2.

The results in Fig. 5 and Table 2 indicate that in aerated and
de-aerated 0.02 M-0.5 M NaOH solutions, there are k1 (k1,ae and
k1,de) » k2 (k2,ae and k2,de) and all the k values (k1,ae, k1,de, k2,ae
and k2,de) increase with an increase in CNaOH, while the t0

1 and
t0

2 decrease with an increase in CNaOH. These results indicate that
the corrosion of PPy in the first corrosion stage is always much
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Fig. 2. Changes of (a) CV current capacity percentage (QR/Q0) and (b) corrosion rate (�corr) as a function of time for the PPy/SO4 films corroded in aerated and de-aerated
0.1  M NaOH.

Table 2
Corrosion rate constants (k) for the PPy/SO4 films corroded in the aerated and de-
aerated NaOH solutions with different concentrations.

k (s−1, × 10−5) CNaOH (M)

0.02 0.05 0.1 0.3 0.5
Aerated k1,ae 3.28 5.58 6.79 9.78 15.71

k2,ae 0.61 1.15 1.99 2.64 3.14
Deareated k1,de 1.01 3.14 4.26 5.86 7.95

k2,de 0.05 0.16 0.43 0.6 0.66

Fig. 3. Changes of ln (QR/Q0) as a function of time for the PPy/SO4 films corroded in
aerated and de-aerated 0.1 M NaOH.

faster than that in the second corrosion stage and the corrosion
processes in both corrosion stages are accelerated in NaOH solu-
tions with higher concentration. The k values in the aerated NaOH
are much larger than those in the de-aerated NaOH (k1,ae > k1,de
and k2,ae>k2,de), while the t0

1 and t0
2 show the opposite change

(t0,ae
1 ≤ t0,de

1 and t0,ae
2 < t0,de

2). Apparently, all the two corrosion
stages in aerated NaOH are faster than those in de-aerated NaOH.

It should be noted that there may  be an incubation period for the
corrosion of PPy before the t0

1 of the first corrosion stage, in which
the corrosion rate is very slow and QR/Q0 ≈ 1. The results in Fig. 5
clearly show that the incubation period increases significantly with
the decrease in CNaOH and DO.

3.2. EIS of PPy/SO4 films corroded in NaOH for different time

Fig. 6 shows the typical EIS results that were obtained at 0.2 V
(vs. SCE) for the PPy/SO4 films freshly prepared and corroded in aer-
ated and de-aerated 0.1 M and 0.3 M NaOH solutions for different
time. In Fig. 6(a), (b) and (d), the Nyquist plots for the PPy/SO4 films
exhibit similar features generally observed in the EIS results of PPy
films [55,56], which has been discussed in detail in our previous
paper [41].

With an increase in corrosion time and CNaOH, there is no change
in the above general characteristics, but the total system impedance
increases and the low-frequency pseudocapacitance decreases due
to the degradation of PPy films in corrosion media [56,57]. Similarly,
an equivalent circuit (EC) presented in Fig. 7(a) was constructed to
simulate the PPy/solution interface on the PPy/SO4 films [19,41,55],
where Rs is the solution resistance; CPEdl and CPEf is the constant
phase element for the electric double layer and the PPy film, respec-
tively; Rct is the charge transfer resistance; Ws is the generalized
finite Warburg (GFW) impedance for ion diffusion in PPy film. In
Fig. 6(c), the Nyquist plots from 1–6 h display the same features as
those in Fig. 6(a), (b) and (d) and can be analyzed with the EC in
Fig. 7(a). However, the Nyquist plots in 8–12 h show different fea-
tures similar to those of overoxidised PPy films [41] and the total
system impedance increases apparently. Fig. 6(e) and (f) present the
corresponding Bode plots to exhibit the change in impedance char-
acteristics of the corroded PPy/SO4 films. It is clearly seen that the
PPy/SO4 film gradually transforms to an insulated film [41], which
shows typical features of double capacitance loops. Actually, the
data in Fig. 5(a) indicates that the QR/Q0 value for the PPy films cor-
roded in aerated 0.3 M NaOH for 8–12 h is less than 0.18, proving
that the PPy film in this state loses most of its redox activity and
behaves like an insulated film. In this case, Fig. 7(b) was employed
to fit these EIS data, where Rf is the resistance of the redox reac-
tions for the PPy film and other parameters are the same as those
in Fig. 7(a) [41,57].

The fitted results are presented in Fig. 6 and the fitting parame-
ters are listed in Tables 3–6. With an increase in corrosion time, Rct

and diffusion resistance (Ws-R) gradually increase while the elec-
tric double layer capacitance (Cdl) and pseudocapacitance (Cf) of
PPy film both gradually decrease. Only in aerated 0.3 M NaOH, as
shown in Table 5, Cdl and Cf decrease obviously while Rct and Rf
increase largely in the period of 8–12 h, displaying a quite different
corrosion state. The increase in Rct and Ws-R and the decrease in
Cdl and Cf are all directly related to the degradation of PPy films
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Fig. 4. CVs in de-aerated 0.1 M KNO3 for PPy/SO4 films freshly prepared and corroded in aerated and de-aerated NaOH solutions for different time: (a) aerated 0.02 M,  (b)
de-aerated 0.02 M,  (c) aerated 0.05 M,  (d) de-aerated 0.05 M,  (e) aerated 0.3 M,  (f) de-aerated 0.3 M, (g) aerated 0.5 M,  (h) de-aerated 0.5 M (scan rate 20 mV/s, starting from
the  Eocp towards negative direction, the fifth cycle of seven cycles).
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Fig. 5. Changes of ln (QR/Q0) as a function of time for the PPy/SO4 films corroded in
(a)  aerated and (b) de-aerated 0.02–0.5 M NaOH.

in corrosion media [58,59]. Thus, the changes of these parameters
with corrosion time can be related to the corrosion extent of PPy
films. However, they generally do not display the obvious different
corrosion stages like those showing in Fig. 5.

Comparing the parameters in aerated and de-aerated NaOH
solutions, it can be seen that at the same CNaOH, the Rct values in
aerated NaOH are larger and increase more rapidly than those in de-
aerated NaOH, indicating that DO accelerates the corrosion of PPy,
which is consistent with the results in Table 2. In addition, only in
aerated NaOH solutions, CNaOH shows the obvious influence on the
corrosion of PPy. These results suggest that the corrosion processes
in aerated NaOH may  be quite different from those in de-aerated
NaOH.

3.3. SEM and XPS analysis

Fig. 8 presents the SEM morphologies of the PPy/SO4 films
freshly prepared and corroded in aerated 0.1 M NaOH for dif-
ferent time. The freshly prepared PPy/SO4 film generally gives a
cauliflower morphology[21], as shown in Fig. 8(a), exhibiting non-
uniform structure formed by “knots” of different sizes. Corroded in
aerated 0.1 M NaOH for 3 h, the PPy/SO4 film in Fig. 8(b) displays
some damaged “knots” and pitholes certainly due to the breakage of
PPy conjugated backbone [51], but generally maintains its compact
structure. These pictures show the PPy images in the first corrosion
stage according to the results in Fig. 5(a). When the corrosion time
increases to 5 h and 10 h, which is in the second corrosion stage,
a large number of pinholes occur and grow with corrosion time,

while the PPy “knots” gradually become flat as shown in Figs. 8(c)
and (d) [51,58], indicating that the damage degree of the PPy film
in this corrosion stage is much heavier than that in the first corro-
sion stage. Some small white precipitates occur on the PPy film in
Fig. 8(c), which should result from the crystallization of the residual
NaOH in the PPy film because they are difficult to be completely
removed during the rinse process. The SEM morphologies of the
PPy/SO4 films corroded in de-aerated 0.1 M NaOH display the sim-
ilar change with increase in corrosion time, and the difference is
that the period of the first corrosion stage prolongs to more than
6 h which is consistent with the results in Fig. 5(b).

XPS analysis has been shown to be useful in differentiating
between the different N species in PPy and to quantify the extent
of doping and deprotonation in the polymers. Fig. 9 presents the
XPS high resolution spectra of N 1 s for PPy/SO4 films freshly pre-
pared and corroded in aerated 0.1 M NaOH for different time and
their survey spectrum. The XPS N 1 s spectra can be deconvoluted
into three components [35,36,41,42,50,53,60]: a N�+ (BE = 401.1 eV)
due to polarons or bipolarons, a NH (BE = 399.5 eV) that is the
characteristic of pyrrolinium nitrogen, and a N (BE = 398.2 eV)
resulting from deprotonation during corrosion. Thus, the ratio of
each component’s content to the total N content (NTotal) can be
calculated from the N 1 s spectra, which are displayed in Fig. 9.
The doping ratio of a PPy/SO4 film can be represented by S/NTotal
[35,36,50,53].

Table 7 gives the values of N�+/NTotal, N-/NTotal and S/NTotal for
the PPy/SO4 films freshly prepared and corroded in aerated 0.1 M
NaOH for different time, which imply the changes of PPy in chem-
ical composition and structure. It is seen that with an increase in
corrosion time the S/NTotal and N�+/NTotal values decrease while
the N-/NTotal ratio increases, indicating that the loss of counte-
rions, the decrease in polarons or bipolarons and the increase in
the deprotonation on the PPy chains are promoted as the corrosion
proceeds [36]. However, it should be noted that these ratios change
quickly in the period of 0–5 h, but change slightly in the period of
5–9.5 h, implying that there are two different corrosion stages and
t0

2 is around 5 h. This result is consistent with the result in Fig. 5
and further proves that there are two different corrosion stages in
aerated 0.1 M NaOH for PPy/SO4 films.

4. Discussion

4.1. Chemical and electrochemical processes on PPy/SO4

In NaOH solutions, the chemical process on PPy/SO4 film should
result from the chemical attack of OH−, H2O, O2 and other interme-
diate nucleophilic products, among which the strong nucleophilic
OH− plays a major role [24,37–39,50]. It is generally considered
that OH− can attack PPy films in two ways [37,50,54,61]: (1) OH−

exchanges with doping anions first and then the PPy/OH− is over-
oxidized to a pyrrole ring with carbonyl groups; (2) OH− attack
the �-C of pyrrole ring directly to form carbonyl groups. In this
case, the corroded PPy/SO4 film will lose its conjugated double-
bond structure and electrochemical activity. The chemical reaction
can be generally described as Reaction (3):

PPyn+/nA− + xOH−→ PPy(n − x)+/(n − x)A−oxPPy + xA− (3)

where PPy n+/nA− is the PPy in doped oxidation state with a certain
number of polarons or bipolarons (PPy n+), A− is the doped ions and
oxPPy is the PPy in overoxidation state after corrosion.

The electrochemical processeses should result from various gal-
vanic cells formed on PPy/SO4 films in NaOH solutions according to
our previous work [42], such as PPy redox state difference cells, oxy-
gen concentration difference cells, H+ ion (or OH−) concentration
difference cells and electrolyte (NaOH) concentration difference
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Fig. 6. Nyquist plots measured at 0.2 V (vs. SCE) in de-aerated 0.1 M KNO3 for the PPy/SO4 films freshly prepared and corroded in aerated and de-aerated NaOH solutions for
different time: (a) aerated 0.1 M,  (b) de-aerated 0.1 M,  (c) aerated 0.3 M,  (d) de-aerated 0.3 M; (e) and (f): Bode plots for the PPy/SO4 films freshly prepared and corroded in
aerated  0.3 M NaOH for different time (insets are impedance spectrum at high frequencies).

Fig. 7. Equivalent circuits to simulate the PPy/solution interface on the freshly prepared and corroded PPy/SO4 films.
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Table  3
Fitting parameters of the EIS results in Fig. 6 (a) for the PPy/SO4 films corroded in aerated 0.1 M NaOH for different time.

Time (h) Rs � cm2 CPEdl-T mFcm−2 Hz1−n1 CPEdl-P /n1 Rct � cm2 Ws-R � cm2 CPEf-T mFcm−2 Hz1−n2 CPEf-P /n2

1 21.77 8.20 0.414 6.83 7.89 25.15 0.957
2  22.42 6.72 0.435 13.44 41.54 21.36 0.920
3  22.51 3.25 0.437 22.12 76.33 16.96 0.892
6  21.73 2.49 0.488 39.90 84.61 9.69 0.877
8  19.30 0.89 0.612 60.49 150.91 9.21 0.871
12  24.60 0.75 0.687 78.90 275.8 8.11 0.859

Table 4
Fitting parameters of the EIS results in Fig. 6(b) for the PPy/SO4 films corroded in derated 0.1 M NaOH for different time.

Time (h) Rs � cm2 CPEdl-T mFcm−2 Hz1−n1 CPEdl-P /n1 Rct � cm2 Ws-R � cm2 CPEf-T mFcm−2 Hz1−n2 CPEf-P /n2

1 23.75 9.55 0.382 3.15 5.84 27.13 0.975
3  19.33 6.91 0.388 13.51 20.89 24.01 0.946
4  20.03 5.47 0.394 15.59 23.77 20.71 0.925
6  21.73 2.84 0.455 23.84 50.64 16.02 0.918
8  15.27 2.07 0.510 25.26 66.71 13.68 0.899
12  25.53 1.11 0.552 37.30 97.02 11.55 0.859

Table 5
Fitting parameters of the EIS results in Fig. 6(c) for the PPy/SO4 films corroded in aerated 0.3 M NaOH for different time.

Time (h) Rs � cm2 CPEdl-T mFcm−2 Hz1−n1 CPEdl-P /n1 Rct � cm2 Ws-R � cm2 CPEf-T mFcm−2 Hz1−n2 CPEf-P /n2 Rf � cm2

1 19.33 5.58 0.472 14.91 30.89 22.48 0.936 –
2  16.68 4.71 0.426 19.94 38.41 17.54 0.900 –
3  18.38 5.25 0.582 27.97 49.45 11.54 0.875 –
5  25.95 2.90 0.585 50.51 114 7.89 0.846 –
6  19.39 1.91 0.679 62.51 275.6 5.55 0.835 –
8  20.67 0.25 0.725 117.52 – 3.32 0.814 33980
12  24.61 0.11 0.758 196.23 – 2.49 0.776 88382

Table 6
Fitting parameters of the EIS results in Fig.6(d) for the PPy/SO4 films corroded in derated 0.3 M NaOH for different time.

Time(h) Rs � cm2 CPEdl-T mFcm−2 Hz1−n1 CPEdl-P /n1 Rct � cm2 Ws-R � cm2 CPEf-T mFcm−2 Hz1−n2 CPEf-P /n2

1 20.63 7.29 0.416 3.21 8.83 26.25 0.962
2  17.08 7.12 0.429 10.45 17.65 22.61 0.923
4  20.32 3.07 0.469 15.82 20.82 16.32 0.890
5  14.24 2.87 0.483 27.80 77.28 13.92 0.892
8  19.61 2.03 0.506 30.73 100.91 10.24 0.876
12  25.53 1.23 0.600 44.25 106.01 9.21 0.873

cells. Among these galvanic cells, only oxygen concentration dif-
ference cells have obvious effect on the corrosion of PPy [42], in
which electrochemical reactions can be expressed as:

Cathodic reaction:

O2 + 2H2O + 4e− → 4OH− (4)

Anodic reaction:

PPyn+/nA−+mOH−→ PPy(n+m)+/nA−mOH−

+ me−→ PPyx+/xA−oxPPy (5)

where PPy m+ is the new formed polarons or bipolarons under
anodic polarisation and x < n. The OH− created from Reaction (4)
and its intermediate products, i.e. HO2

− or adsorbed oxygen atom
O, can attack PPy chains and destroy their conjugated structure. At
the same time, the anodic polarisation of PPy will increase positive
sites in PPy chains (PPy m+) for OH− attacking and let more OH−

enter the PPy film so as to accelerate its corrosion [41]. Apparently,
the chemical process, i.e. Reaction (3), will also be promoted.

Based on the above discussion, the corrosion of the PPy/SO4 films
in de-aerated NaOH should mainly include the chemical process, i.e.
Reaction (3), because the electrochemical processeses are so weak
that can be ignored [42]. In aerated NaOH solutions, the oxygen con-
centration difference cells can be formed and sustained on PPy/SO4
films [42] and therefore, the corrosion of PPy will include chemi-

cal and electrochemical processes, i.e. Reactions (3)–(5), resulting
in much faster and severer corrosion than those corroded in de-
aerated NaOH, as shown in Fig. 3.

It should be noted that there is an incubation period for the
corrosion of PPy in NaOH solutions, as shown in Fig. 5. This may
be due to the compact structure of the PPy/SO4 film, as shown in
Fig. 8 (a), which makes the Reactions (3)–(5) hard to occur on the
inner layer of the PPy film. In this case, the corrosion of PPy in this
period is very slight and QR/Q0 ≈ 1. When the surface of PPy film is
damaged and the corrosion processes enter the inner layer of PPy,
the corrosion of PPy begins to be displayed. Apparently, the stronger
the corrosion medium is, the shorter the incubation period will be.
The results in Fig. 5 prove this deduction. Because there is QR/Q0 ≈ 1
in this period, the corrosion of PPy in the incubation period is not
considered.

4.2. Kinetics of chemical and electrochemical processes on
PPy/SO4

For Reaction (3), the reaction rate (vc) at a constant CNaOH can
be described as:

vc = k′
C[PPyn+]p

Cq
NaOH (6)

where k′
C is the rate constant of Reaction (3), [PPy n+] is the concen-

tration of PPy n+, p is the reaction order of PPy and q is the reaction
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Fig. 8. SEM morphologies of the PPy/SO4 films (a) freshly prepared and corroded in aerated 0.1 M NaOH for (b) 3 h, (c) 5 h and (d) 10 h.

Table 7
Ratios of S/NTotal, N�+/NTotal and N-/NTotal obtained by quantitative analysis of XPS
spectra for the PPy/SO4 films freshly prepared and corroded in aerated 0.1 M NaOH
for  different time.

Ratios Corrosion time (h)

0 2 4 5 9.5

S/NTotal 0.220 0.089 0.064 0.044 0.032
N�+/NTotal 0.221 0.107 0.068 0.050 0.047

N-/NTotal 0 0.133 0.173 0.220 0.229

order of NaOH. Because CNaOH is a constant, Cq
NaOH can be combined

into k′
C by setting k

′
c = k

′
CCq

NaOH.
Thus, in de-aerated NaOH solutions, there is

vcorr,de = vc = k′
c

[
PPyn+]p

(7)

According to the results in Fig. 5(b) and Eq. (1) (i = 1),

vcorr,de = vc = kde

(
QR

Q0

)
(8)

Comparing Eq. (7) with Eq. (8), there is QR/Q0 ∝[PPy n+] and p = 1,
thus

vcorr,de = vc = kC

(
QR

Q0

)
= kde

(
QR

Q0

)
(9)

where kC is the apparent rate constant of Reaction (3) that is pro-
portional to k′

c and kC = kde.
The electrochemical processes on PPy include cathodic Reaction

(4), anodic Reaction (5) and the current flow between cathodic and
anodic areas on PPy which is related to the conductivity of corrosion
medium. The Rs values in Tables 3–6 are not so large (∼20 � cm2)
and there is no obvious decrease in Rs with an increase in CNaOH
from 0.1 to 0.3 M.  So, the medium conductivity is not a control-
ling factor. Cathodic Reaction (4) is generally controlled by the O2

diffusion process in NaOH [42,50] and its rate is determined by DO
concentration. If Reaction (4) is the controlling process, the effect of
the electrochemical processes will be nearly constant because DO
in aerated NaOH solutions (0.02–0.5 M)  changes slightly. Actually,
the effect of the electrochemical processes on the corrosion of PPy
increases obviously with CNaOH, as shown in Table 2. In this case,
anodic Reaction (5) should be the controlling process and its rate
(ve) is applied to describe the corrosion rate.

Similarly, ve can be obtained assuming that the reaction order
of PPy is 1.

ve = k′
E

[
PPyn+]

Cj
NaOH = k′

e

[
PPyn+]

= kE

(
QR

Q0

)
(10)

where k′
E is the rate constant of Reaction (5), j is the reaction order

of NaOH, k′
e = k′

ECj
NaOH and kE is its apparent rate constant that is

proportional to k′
e.

Thus, if kC in aerated NaOH is considered to be the same as those
in de-aerated NaOH at a constant CNaOH, the corrosion rate of PPy
in aerated NaOH solutions (vcorr,ae) is

vcorr,ae = ve + vc = (kE + kC)
(

QR

Q0

)
= kae

(
QR

Q0

)
(11)

kae = (kE + kC) (12)

In this case, the corrosion of PPy in aerated NaOH solutions also
displays the first-order kinetic relationship, which is proven by the
results in Fig. 5(a).

In aerated and de-aerated NaOH solutions, the corrosion of
PPy/SO4 shows two corrosion stages. However, there is no change
for the chemical and electrochemical processes in the two corro-
sion stages, i.e. Reaction (3)–(5), so they all exhibit the first-order
kinetic behavior, as shown in Fig. 5. The difference is that their cor-
rosion rates and apparent rate constants are different. In the first
corrosion stage, the PPy/SO4 film just has slight damage (see Fig. 8)
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Fig. 9. XPS survey spectrum (a) and high resolution spectra of N 1 s for the PPy/SO4 films (b) freshly prepared and corroded in aerated 0.1 M NaOH for (c) 2 h, (d) 4 h, (e) 5 h
and  (f) 9.5 h.

and smaller Rct and Ws-R values (see Tables 3–6), suggesting that
the corrosion of PPy mainly occurs on the outer layer of PPy and
the reaction resistance is lower. Furthermore, the [PPy n+] of the
PPy/SO4 film in the first corrosion stage is higher and decreases
quickly with an increase in corrosion time, as shown in Table 7.
These factors result in larger corrosion rates and k1 values (k1,ae and
k1,de) in the first corrosion stage. When the corrosion of PPy enters
the second corrosion stage, a large number of pinholes occur in the
PPy film and gradually grow with corrosion time (see Fig. 8), while
Rct and Ws-R values increase obviously (see Tables 3–6), indicating

that the corrosion of PPy gradually develops into the inner layer
of the PPy film and the reaction resistance increases obviously. In
addition, the [PPy n+] of the PPy/SO4 film in the second corrosion
stage becomes very small and decreases very slowly, as shown in
Table 7. In this case, the corrosion of PPy in the second stage shows
lower corrosion rates and much smaller k2 values (k2,ae and k2,de).

Based on Eqs. (9), (11) and (12), there is

k1,de = k1,C (13)

k2,de = k2,C (14)



106 Y. Wang et al. / Corrosion Science 118 (2017) 96–108

Table 8
Apparent rate constants of the electrochemical processes (kE) in the two  corrosion
stages for the PPy/SO4 films corroded in aerated NaOH solutions.

kE (s−1, ×10−5) CNaOH (M)

0.02 0.05 0.1 0.3 0.5

k1,E 2.27 2.44 2.53 3.92 7.76
k2,E 0.56 0.99 1.56 2.04 2.48

Fig. 10. Changes of ln (QR/Q0) as a function of time for the PPy/SO4 films corroded
in  dry air, wet  air (with saturated humidity), high purity water, and aerated 0.1 M
Na2SO4.

k1,ae = k1,C + k1,E (15)

k2,ae = k2,C + k2,E (16)

where k1,C, k2,C, k1,E, and k2,E are the kC and kE in the first and second
corrosion stage, respectively. Thus,

k1,E = k1,ae − k1,C = k1,ae − k1,de (17)

k2,E = k2,ae − k2,C = k2,ae − k2,de (18)

Table 8 presents the kE values calculated from Eqs. (17) and (18)
using the results in Table 2. It is clearly seen that the kE values
increase with CNaOH and there is k1,E > k2,E, which is consistent with
the change of kC (i.e. kde) as shown in Table 2.

The above discussion ignores the chemical attack of O2 and
H2O and do not identify the interaction between the chemi-
cal and electrochemical processes. In order to determine these
effects quantitatively, the similar corrosion tests as those in NaOH
solutions were performed in dry air, wet air (with saturated humid-
ity), aerated high purity water (HPW), and aerated 0.1 M Na2SO4
(pH = 7). In dry air, there is only the chemical attack of O2, so its
chemical effect on the corrosion of PPy can be verified. In wet air,
a thin water layer will cover on PPy surface and dissolve some ions
from the PPy film and air to form a thin electrolyte layer (TEL). Thus,
the corrosion of PPy in aerated 0.1 M Na2SO4, wet air and aerated
HPW should contain the chemical action of H2O, O2 and the electro-
chemical processes, i.e. Reactions (4) and (5). In aerated HPW, the
electrochemical processes on PPy are expected to be suppressed
largely for its very lower conductivity (�HPW = 0.056 �S/cm), then
the chemical effect of H2O may  be displayed. Based on these results,
the effect of the electrochemical processes on the corrosion of PPy
may  also be identified.

Fig. 10 presents the ln (QR/Q0)-t curves for the PPy/SO4 films
corroded in dry air, wet air, aerated HPW, and aerated 0.1 M Na2SO4.
The ln (QR/Q0)-t curves in Fig. 10 all have good linearity and just
show one corrosion stage, demonstrating that the corrosion of the
PPy/SO4 films in these four corrosion media is in the first corrosion

Table 9
Corrosion rate constants (k) for the PPy/SO4 films corroded in dry air, wet  air, HPW
and aerated 0.1 M Na2SO4.

Rate constant Corrosion media

(s−1, ×10−6) Dry air Wet  air HPW aerated 0.1 M Na2SO4

k 0.019 0.328 0.275 0.597

stage and also follows the first-order kinetic relationship during
the test periods. In addition, the incubation periods in these four
corrosion media are much longer than those in the NaOH solutions,
suggesting that these four corrosion media are much weaker than
the NaOH solutions.

Table 9 lists the k values for the PPy/SO4 films corroded in
dry air (kdryair), wet air (kwetair), aerated HPW (kHPW) and aerated
0.1 M Na2SO4 (kNa2SO4 ), obtained from the results in Fig. 10. The
four k values are lower by 1 ∼ 2 orders of magnitude compared to
those k1 values (k1,de and k1,ae) in the NaOH solutions, as shown
in Table 2, indicating that the corrosion of PPy in these four media
is very weak. Apparently, it is appropriate to neglect the chemi-
cal effect of O2 and H2O in the NaOH solutions. Among the four
k values, kdryair is one order smaller than the other three k val-
ues, so the chemical effect of O2 on the corrosion of PPy can be
generally ignored. kHPW is one order higher than kdryair and just
slightly smaller than kwetair and kNa2SO4 (kNa2SO4 > kwet air > kHPW),
suggesting that the electrochemical processes on PPy in aerated
HPW may  not be inhibited obviously. This may  be attributed to
the dissolution of ions from the PPy film and the OH− produced
from Reaction (4), which increases the conductivity in local area so
as to accelerate the electrochemical processes on PPy. In addition,
these three k values (kNa2SO4 , kwet air and kHPW) increase with an
increase in their conductivities. This result further demonstrates
that the electrochemical processes still play a major role in these
three corrosion media. So, kNa2SO4 , kwetair and kHPW mainly reflect
the kinetics of the electrochemical processes. Because kHPW is rel-
atively small, the chemical effect of H2O on the corrosion of PPy
should be generally ignored too, even though it is not distinguished
from kHPW.

It should be noted that the conductivity of aerated 0.1 M Na2SO4
(�Na2SO4 = 14.4 mS/cm) is close to that of aerated 0.1 M NaOH
(�NaOH = 18.9 mS/cm) and their DO concentrations are similar, but
kNa2SO4 (0.597 × 10−6 s−1) is much less than k1,E in 0.1 M NaOH
(2.53 × 10−5 s−1). Apparently, the electrochemical processes on PPy
has been promoted significantly in 0.1 M NaOH. This result can be
attributed to two reasons: one is that the chemical attack of OH−

make it enter the PPy film and exchange with doped SO4
2− easily

and therefore, Reaction (5) is accelerated; another is that the poten-
tial of PPy (EPPy) decreases with an increase in CNaOH [20,42,62–64]
so as to increase the potential difference between the anodic and
cathodic areas in the oxygen concentration difference cells and then
Reaction (5) is accelerated as well. So in aerated NaOH solutions,
there is mutual promotion between the chemical action of OH−

and the electrochemical processes on PPy. However, interactions
between the two processes can hardly be distinguished, so they
are not considered during the derivation of kE and kC.

4.3. Effect of NaOH concentration on the kinetics of PPy corrosion

Fig. 11 presents the changes of the apparent rate constants (k1,E,
k2,E, k1,C, k2,C) as a function of CNaOH, which is plotted based on
the results in Table 2 and Table 8. In Fig. 11, all the apparent rate
constants increase with an increase in CNaOH, while each k-CNaOH
curve does not have a good linearity and shows different change
rules. In the discussion above, CNaOH is considered as a constant
and included in k,

c (= k,
CCq

NaOH) and k,
e (= k,

ECj
NaOH), as shown in Eqs.
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Fig. 11. Changes of the apparent rate constants (k1,C, k2,C, k1,E and k2,E) as a function
of  CNaOH.

(6) and (10). Certainly, kE and kC increase with CNaOH, because they
are proportional to kc

′
and ke

′
, respectively.

In addition, it also can be deduced that q /= j /= 1 and their val-
ues may  be different in different corrosion stages, suggesting that
the chemical and electrochemical processes have different kinetic
behavior in different corrosion stages. In Fig. 11, there is always
k1,C » k2,C and k1,E » k2,E, while the increase extents of k1,C and k1,E
are much larger than those of k2,C and k2,E, demonstrating that in
the first corrosion stage, the chemical and electrochemical pro-
cesses are much faster and the effect of CNaOH on kC and kE is much
stronger. These results should be attributed to the higher [PPy n+]
and lower reaction resistance in the out layer of PPy film in the first
corrosion stage.

In the first corrosion stage, the effect of CNaOH on the chemical
process is also different from that on the electrochemical pro-
cesses. When CNaOH is lower, such as 0.02 M,  there is k1,E > k1C,
indicating that the chemical effect of OH− is weak and the elec-
trochemical processes dominate the corrosion of PPy. But it should
be noted that k1,E in 0.02 M NaOH (2.27 × 10−5 s−1) is still much
larger than kNa2SO4 (0.597 × 10−6 s−1), implying that Reaction (5)
is still largely promoted by the weak chemical attack at this lower
CNaOH. When CNaOH increases to a medium range, such as 0.05 −
0.3 M,  there is k1,C » k1,E and k1,C increases more largely than k1,E.
Within this CNaOH range, the chemical attack of OH− is much faster
than the electrochemical processes and [PPy n+] is preferentially
consumed by OH−, thus the chemical process, Reaction (3), dom-
inates the corrosion of PPy. At a higher CNaOH, such as 0.5 M,  k1,E
increases largely to approximate k1,C, indicating that both chemi-
cal and electrochemical processes control the corrosion of PPy. At
this higher CNaOH, the electrochemical processes are accelerated
obviously, which may  be attributed to the large increase in the driv-
ing force of the oxygen concentration difference cells, as discussed
above, and the increase in the medium conductivity.

In the second corrosion stage, there is always k2,E > k2C and the
effect of CNaOH on the electrochemical processes is much larger than
that on the chemical process. Apparently, the electrochemical pro-
cesses are much faster than the chemical process and dominate
the corrosion of PPy in the second corrosion stage. These results
may  be due to the following reasons: (1) anodic Reaction (5) can
increase [PPy n+] to some extent; (2) EPPy [20,42,62–64] decreases
with an increase in CNaOH so as to increase the driving force of the
oxygen concentration difference cells; (3) the medium conductivity
increases with an increase in CNaOH to lower the solution resistance.

5. Conclusions

The chemical and electrochemical corrosion kinetics of PPy/SO4
in aerated and de-aerated NaOH solutions (0.02–0.5 M)  was inves-
tigated using various electrochemical methods and spectroscopic
analyses. The interaction between the chemical and electrochem-
ical processes was  verified. The following conclusions are drawn
from the results of experiments:

(1) The corrosion of PPy/SO4 in aerated and de-aerated NaOH at
a constant CNaOH includes two corrosion stages and at each
stage the corrosion rate follows the first-order kinetics. The rate
constants in aerated NaOH (kae) are much larger than those in
de-aerated NaOH (kde), and the rate constants in the first cor-
rosion stage are always much larger than those in the second
corrosion stage, i.e. k1,ae » k2,ae and k1,de » k2,de.

(2) In de-aerated NaOH, the chemical attack of OH− dominates the
corrosion of PPy/SO4. The chemical attack of O2 and H2O on
PPy can be generally ignored. In aerated NaOH, apart from the
chemical attack of OH−, the corrosion of PPy also includes elec-
trochemical processes mainly resulting from the formation of
the oxygen concentration difference cells, which causes much
faster and severer corrosion of PPy than that in de-aerated
NaOH. It is proved that the apparent rate constants of the
chemical and electrochemical processes (kC and kE) have the
relationships with kae and kde as: kde = kC and kae = kC + kE.

(3) CNaOH plays a key role in the corrosion kinetics of PPy/SO4 in
NaOH solutions. All kC and kE in the two  corrosion stages (k1,E,
k2,E, k1,C, k2,C) increase with an increase in CNaOH and there is
always k1,C»k2,C and k1,E » k2,E. In aerated NaOH, the detailed
effect of CNaOH on kC and kE is also different in the two corrosion
stages. In the first corrosion stage, when CNaOH = 0.02 M,  there
is k1,E > k1C and the electrochemical processes are dominant;
When 0.05 M ≤ CNaOH ≤ 0.3 M,  there is k1,C»k1,E and the chemical
process dominates the corrosion of PPy; When CNaOH reaches to
a higher value, such as 0.5 M,  there is k1,E ≈ k1C and both chem-
ical and electrochemical processes control the corrosion of PPy.
In the second corrosion stage, there is always k2,E»k2,C and the
electrochemical processes control the corrosion of PPy.

(4) In aerated NaOH solutions, there is obvious mutual promotion
between the chemical action of OH− and the electrochemical
processes on PPy/SO4. However, these interactions between the
two processes can hardly be distinguished.
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项目批准号  22309102 项目负责人  王瑶 申请代码1  B0905

项目名称  高功率、宽温域双离子电池用羧酸酯基电解液设计及界面特性研究

资助类别  青年科学基金项目 亚类说明  

附注说明  

依托单位  清华大学深圳国际研究生院

直接费用  30.00 万元 起止年月  2024年01月 至 2026年12月

 通讯评审意见:
<1>具体评价意见：
一、该申请项目的研究思想或方案是否具有新颖性和独特性？请详细阐述判断理由。
电解液对双离子电池性能的发挥起到至关重要的作用，申请人提出从分子层面上设计卤素或者
类卤素取代的羧酸酯基电解液，解析石墨正极的界面特性和动态演变过程。项目的研究方案具
有新颖性和独特性。

二、请评述申请项目所关注问题的科学价值以及对相关前沿领域的潜在贡献。
项目的研究对宽温区、高比能双离子电池的研究具有重要的推动意义，能为特定领域能源材料
的研发提供理论指导和技术支撑。

三、请评述申请人的创新潜力与研究方案的可行性。
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四、其他建议

<2>具体评价意见：
一、该申请项目的研究思想或方案是否具有新颖性和独特性？请详细阐述判断理由。
该申请书提出从对卤代羧酸酯溶剂分子进行结构提供，实现羧酸酯类电解液的高电压、高相容
性，进而提升锂基双离子电池的电化学性能。申请书所提出的研究思路来源于前期的研究基础
与发现，研究方案合理且具有新颖性。

二、请评述申请项目所关注问题的科学价值以及对相关前沿领域的潜在贡献。
双离子电池普遍存在插层电压高，导致电解液容易分解的科学难题，阻碍了高比能双离子电池
的开发和应用。针对该难题，申请人提出对羧酸酯类电解液功能化改性来提高电解液和界面稳
定的思路，拟开展的研究工作创新程度高，对双离子电池的发展具有重要的研究价值。

三、请评述申请人的创新潜力与研究方案的可行性。
申请人在双离子电池领域积累了良好的研究基础，创新能力强，项目设计思路基于前期研究成
果，研究方案合理可行，技术路线可操行性强。

四、其他建议
无

<3>具体评价意见：
一、该申请项目的研究思想或方案是否具有新颖性和独特性？请详细阐述判断理由。
项目针对羧酸酯基电解液氧化稳定性不佳、电极相容性不理想、可燃性高等问题，提出通过卤
代/类卤素取代羧酸酯溶剂分子策略，实现宽液程、高电导羧酸酯基电解液高氧化稳定性、电
极兼容性和不可燃性。普通电解液优化策略主要体现在筛选合适的溶质、溶剂。相对而言，对
电解液溶剂进行分子结构设计从而改善电解液性能，研究思路较为独特，体现了较好的创新性
。然而，项目选题过大，使得研究聚焦不够，这降低了整体创新性。
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二、请评述申请项目所关注问题的科学价值以及对相关前沿领域的潜在贡献。
双离子电池具有工作电压高、成本低等优点，具有重要的研究与应用价值。其中，电解液是影
响电池性能的重要因素。项目聚焦宽液程、高电导的羧酸酯基电解液进行改性研究，将溶剂分
子结构设计及动力学调控作为拟解决的关键科学问题。所关注的问题具有较强的科学价值，研
究结果有望为双离子电池电解液设计提供有价值的借鉴与参考。

三、请评述申请人的创新潜力与研究方案的可行性。
申请人近年来围绕双离子电池电解液开展了系列工作，发表了多篇高水平研究论文，具有较扎
实的研究基础。此外，项目研究思路清晰，方案可行，研究工作有相应的平台支撑，项目申请
人有能力、条件按计划推进研究工作，有望取得一定成果。

四、其他建议
建议重点针对电解液某方面的明显不足，加强针对性论述并细化研究方案；同时建议项目申请
书中不对项目本身进行主观评价。
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