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Propylene is a significant basic material for petrochemicals such as polypropylene, propylene oxide, etc.
With abundant propane supply from shale gas, propane dehydrogenation (PDH) becomes extensively
attractive as an on-purpose propylene production route in recent years. Nitrogen-doped carbon (NC)
nanopolyhedra supported cobalt catalysts were synthesized in one-step of ZIF-67 pyrolysis and inves-
tigated further in PDH. XPS, TEM and N, adsorption-desorption were used to study the influence of

carbonization temperature on as-prepared NC supported cobalt catalysts. The temperature is found to
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affect the cobalt phase and nitrogen species of the catalysts. And the positive correlation was established
between Co® proportion and space time yield of propylene, indicating that the modulation of carbon-
ization temperature could be important for catalytic performance.

© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

40/).

1. Introduction

Propylene is the useful raw material for the production of a
number of important chemicals and polymers including poly-
propylene, acrylonitrile, propylene oxide and other industrial prod-
ucts. Conventional propylene production routes involve fluid
catalytic cracking and steam cracking of naphtha. However, these
routes cannot meet the increasing future demand for propylene, due
to the rapid development of social society. Therefore, the developing
of highly efficient propylene production technologies is of impor-
tance in both science and economy (Lavrenov et al., 2015). Non-
oxidative propane dehydrogenation (PDH) calls much attention
recently, as an on-purpose propylene production route, for its high
propylene selectivity and abundant propane supply from shale gas.
Significant research has focused on Pt and Cr-based catalysts as well
as alloys of these metals and other metal oxides (Motagamwala et al.,
2021). The industrial Pt and Cr-based catalysts, being commercial-
ized catalysts with high efficiency, are obstructed by high cost and
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environmental/health concerns. Therefore, a strong motivation ex-
ists to discover or investigate earth-abundant elements with envi-
ronmental harmless to replace Pt and Cr based catalysts (Hu et al.,
2019). The abundance of Co on earth can ensure its long-term
application prospect, and the cobalt-based catalysts recently were
reported by several groups which showed good performance in C—H
bond activation for alkane molecules (Dai et al, 2020; Ma and
Ackermann, 2015; Zhao et al., 2019b).

Metallic Co®, isolated and aggregated Co?* or/and Co>* are
deemed as the active sites for C—H activation (Estes et al., 2016; Hu
et al., 2015; Li et al., 2018). Although Co-based catalysts attract
appreciable attention in PDH, the activity still needs to be
improved. Additive modification and support variation are known
to be efficient routes (Chen et al., 2020; Dai et al. 2020; Dewangan
etal., 2019; Liet al. 2018; Sun et al., 2015; Zhao et al., 2018). Zr, S and
Ni were reported to improve the dispersion of Co species and
metal-support interaction which could further enhance the activity
in PDH (Sun et al. 2015; Wang et al., 2018, Zhao et al., 2018). Besides,
the support has been regarded as a key point to influence the
catalytic performance which could tune the structure of cobalt
species (Blanch-Raga et al., 2016; Held et al., 2018; Otroshchenko
et al., 2016).
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Recently, nitrogen-doped carbon (NC) supported nonprecious
metals-based catalysts were developed for the electrocatalysis with
comparable activity and stability to the well-known Pt catalysts
(Zhang et al., 2014). On the basis of this, NC supported metal cat-
alysts were further introduced into C—H activation reactions such
as F-T synthesis (Lu et al., 2014) and propane dehydrogenation
(Wang et al., 2021; Ye et al., 2019; Zhao et al., 2019a). Especially for
NC introduction, not only could the stability of metal species be
enhanced, but also the electronic structure of active sites could be
modified (Dlamini et al., 2020; Wang et al., 2021). Moreover, NC
species in the catalyst could form stable nitrogen-metal bond, and
this could modulate the electronic environment, chemical valence
and stability of metal species. This can further improve the catalytic
performance through enhancement of reactant activation. Mean-
while, metal-organic frameworks (MOFs) constructed by periodi-
cally arranged organometallic ligands and metal ions with 3D
structure have been used as hard templates for preparing NC sup-
ported metal catalysts. With this strategy, catalysts with high metal
content and high dispersion of the metallic nanoparticles could be
prepared. And owing to their high specific surface area, chemical
tunability and well metal-support interaction, NC supported metal
catalysts show excellent catalytic performance including C—H bond
activation of alkanes (Cao et al., 2017).

ZIF-67 is a well-known metal-organic framework which is
composed of Co*" coordinating metal clusters and 2-
methylimidazole organic ligands. And NC supported cobalt-based
catalysts derived from ZIF-67 are attractive alternatives to noble
metal-based catalysts. With carbonization under inert atmosphere,
ZIF-67 could act as self-sacrificing template to provide carbon, ni-
trogen and cobalt sources simultaneously. Cobalt species homoge-
neously distributed throughout the carbon matrix in the hybrid
could be achieved, which is also reported to possess good resistance
to extensive agglomeration and sintering even at high temperature.
In PDH study, some excellent works with NC materials have been
reported (Cao et al., 2021; Wang et al. 2021). However, the field is still
at an early stage, and the research of ZIF-67 derived NC supported
cobalt catalysts still needs deep investigation in PDH.

The work herein demonstrates the evolution of ZIF-67 derived
cobalt catalysts with the increase of carbonization temperature,
and studies their unique catalytic performance in PDH. NC support
and Co active sites were formed simultaneously during carbon-
ization of ZIF-67. TEM, XPS and N, adsorption-desorption were
used to reveal the relationship between carbonization temperature
and existing states of nitrogen species and Co species. The so-
prepared catalysts were investigated in PDH reaction at 550 °C.
Owing to the modulation of nitrogen species and cobalt species, the
catalytic performance showed high correlation of Co® with space
time yield of propylene.

2. Experimental
2.1. Catalyst preparation

All chemicals used in this work were of analytical grade and
used as received. Co(NO3);-6H,0 and 2-methylimidazole were
brought from Shanghai Aladdin Biochemical Technology Co., Ltd.
CH30H was obtained from Tianjin Jingdongtianzheng Precision
Chemical Reagent Factory.

ZIF-67 was prepared by the method reported in literature
(Zhang et al., 2019). In brief, Co(NO3);-6H,0 was firstly dissolved in
methanol followed by 2-methylimidazole addition. After stirring at
room temperature for 24 h, the mixture was aged for another 12 h.
The precipitate could be obtained by centrifugation, washing and
drying at 80 °C overnight. NC supported cobalt catalyst was
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prepared after carbonization of as-synthesized precipitate at
different temperatures in the range of 550—900 °C under N, at-
mosphere. The obtained sample was named as Co/NC-T, where T
stands for carbonization temperature.

2.2. Characterizations

XRD (Bruker D8 Advance) was used to determine the phase
structure of as-prepared samples with CuKea radiation operated at
40 kV and 30 mA. Micro-morphology and cobalt particle size of as-
prepared samples were analyzed by scanning electron microscopy
(SEM, FEI-Quanta 250 FEG) and transmission electron microscopy
(TEM, Philips FEI Tecnai G2 F20).

The texture property of Co/NC-T was obtained from N
adsorption-desorption isotherm which was recorded by ASAP 2460
Micromeritics at —196 °C. A certain amount of as-prepared sample
was pretreated in vacuum at 90 °C for 1 h and 350 °C for 3 h before
test. Brunauer-Emmett-Teller (BET) equation and t-plot method
were used for data analysis. ICP-OES for Co loading analysis was
carried on by Agilent ICPOES730. XP spectra were recorded on
Thermo ESCALAB 250Xi, and C 1s at 284.6 eV was used for cali-
bration. And all XP spectra were subtracted with their background
spectra.

2.3. Propane dehydrogenation

Propane dehydrogenation was carried on in a micro fixed-bed
reactor. In a typical run, 50 mg of as-prepared sample was
pressed into 40—60 mesh and filled into a quartz reactor with 6 mm
diameter. The temperature was elevated to 550 °C in N3, and 40%
C3Hg/N, with total flow rate of 10 mL/min was introduced. After
10 min stabilization process, PDH reaction was then started. All the
products including propylene, ethylene, ethane and methane dur-
ing the reaction were analyzed with an on-line gas chromatography
(TP-3420 from Beijing Beifen-Ruili analytical instrument Co., Ltd.),
which was equipped with a FID detector and a capillary column of
Agilent 115—3532.

Conversion of propane, selectivity to propylene, space time yield
of propylene and deactivation coefficient (kq) are calculated by
equations (1)-(4), respectively.

F(C3I‘Ig7 ln) — F(C3H8, out)

X(C3Hg) = F(CoHs. i) % 100% 1
_ F(C3Hs, out) .
S(C3Hg) = F(CsHs. in) — F(C3Hg.otl) 100% 2
STY(C3He) :F(CgHg,ln) x S(C3Hg) x X(C3Hg) x M(C3Hg) 3
Vin x Mear
1Xeng 1—Xstare
ln( Xend d) B In( Xitart )
= t 4

In the equations, X(C3Hg), S(C3Hg) and STY(C3Hg) represent
propane conversion, propylene selectivity and space time yield of
propylene, respectively. F(CxHy, in) and F(CyHy, out) are named for
mole ratio of inlet and outlet CxHy. M(C3Hg), Vi and mgy are
abbreviated for propylene mole weight, standard molar volume of
gas and catalyst weight, respectively. For deactivation coefficient
(kq), equation (4) is used. In the equation, Xepng and Xgar¢ denote
propane conversion at the beginning and at the end of the long
stability test, respectively, and t is abbreviated for duration time of
the stability test.
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Fig. 1. (a) Nitrogen adsorption-desorption isotherms of as-prepared Co/NC-T and (b) influence of carbonization temperature on BET specific surface area.

Table 1
Texture properties of as-prepared Co/NC-T.

Sample Specific surface area®, m?/g Micropore volume®, cm?/g Total volume®, cm?/g Co content?, wt%
Co/NC-550 328 0.12 0.16 30.2
Co/NC-600 339 0.12 0.16 31.6
Co/NC-700 315 0.08 0.18 36.3
Co/NC-800 291 0.04 0.22 41.3
Co/NC-900 232 0.02 0.19 389
Note.

@ Specific surface area calculated by BET equation.
b Micropore volume calculated by t-plot method.

¢ Total pore volume calculated by BJH absorption.
d Contents of Co were determined by ICP-OES.

3. Results and discussion
3.1. Texture property, phase structure and micromorphology

N, adsorption-desorption isotherms, pore size distributions and
other texture properties are shown in Fig. 1, Fig. S1 and Table 1.
From Fig. 1a, all the samples exhibit steep increases of typical type I
isotherms at very low relative pressure, indicating the presence of
micropores. With t-plot method and BET equation, texture prop-
erties of as-prepared Co/NC-T are listed in Table 1. It should be
noticed that the carbonization temperature largely influences
texture property of as-prepared samples, especially for the specific
surface area. From Fig. 1b, with increasing carbonization tempera-
ture from 550 °C to 900 °C, the specific surface area decreased
rapidly from ~330 to 232 m?/g, indicating the strong impact of
carbonization temperature on the structure of ZIF-67. Moreover, it
should be noted that present catalysts are incorporated by cobalt
species with mass content around 30—42 wt%.

To elucidate the effect of carbonization temperature on
morphology and phase structure of the resulting Co/NC-T samples,
SEM and XRD characterizations were conducted, and the results are
shown in Fig. 2 and Fig. S2. It can be found in Fig. S2 that the
geometric shape of ZIF-67 crystal is regular rhombic dodecahedral
morphology composed of well-defined rhombus faces and straight
edges which is in accordance with the literature (Wang et al., 2019).
Normally, with high temperature carbonization, the shape would
gradually shrink, especially with high temperature and long
carbonization time. Thus, for the samples carbonized at different
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temperatures, with elevating the carbonization temperature, the
morphology of as-prepared catalysts evolved step by step from a
smooth morphology to nanometer-sized non-ordered carbon.
From Fig. 2, it is clear that after direct carbonization at lower
than 700 °C, ZIF-67 converted into nitrogen-doped carbon with
retaining its original micromorphology. The overall particle size
and shape of NC nanopolyhedra were similar to that of ZIF-67, while
the surface of NC appeared distortion and bumpiness after
carbonization. The high carbonization temperature at higher than
800 °C made ZIF-67 transform into non-regular carbon materials
with distorted small particles on the surface, indicating that high
temperature would destroy the MOFs morphology in a large scale.
Phase structure of as-prepared samples at varying carbonization
temperatures were analyzed by XRD patterns shown in Fig. 2f. All
the samples underwent structural transformation after carboniza-
tion, which are in accordance with SEM images. There are mainly
two characteristic peaks at 44.2° and 51.6°, respectively, which can
be clearly observed for all Co/NC-T samples, corresponding to face-
centered-cubic (fcc) Co crystals of (111) and (200) diffractions.
Meanwhile, with carbonization temperature gradually increased
from 550 °C to 800 °C, the intensity and sharpness of the peaks
corresponding to (111) and (200) of fcc Co crystals increases rapidly.
At 900 °C of carbonization, the phase structure changed dramati-
cally. Although the characteristic peaks of fcc Co crystal can still be
observed, the diffraction peak at around 25°, representing (002)
interlayer of carbon, becomes more obvious. And such carbon
might be the stacking structure of aromatic layers (Yoshizawa et al.,
2000). This implies the formation of carbon with a higher
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graphitization degree and the destroy of MOFs structure which was
also reported by other literature (Guo et al., 2017).

3.2. Distribution and nature of Co species

As mentioned above, the carbonization of ZIF-67 would result in
rearrangement of the constituent atoms and collapse of micropo-
rous structure, forming cobalt species located on NC support. TEM
images were recorded to provide more details about the structure
and cobalt distribution of as-prepared sample, and the results are
shown in Fig. 3a—c with EDX mapping images in Fig. S3. EDX im-
ages confirmed that after carbonization, Co/NC-700 contains
homogenously dispersed N and Co species. From TEM image in
Fig. 3b, it is noted that cobalt nanoparticles are distributed on the
NC surface. Crystal structure of Co nanoparticles could be further
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illustrated in Fig. 3c. The lattice fringe of 0.21 nm can be found,
which is perfectly matched with (111) interplanar distance of fcc Co.
And this is also in accordance with XRD patterns in Fig. 2. On this
basis, the schematic illustration of preparation process for Co/NC-T
could be drawn in Fig. 3d.

UV—Vis spectra of as-prepared samples were recorded to analyze
the dispersion of Co nanoparticles which are shown in Fig. S4. Only
one broad peak at around 300—400 nm could be observed which
belongs to electron transfer from O to Co species. The nature and
coordination of the cobalt, carbon and nitrogen species of as-
prepared catalysts were examined by XPS, which are shown in
Fig. 4 and Figs. S5—S7. Co/NC-700 was taken as the example to
analyze in detail. The XPS survey spectrum (Fig. 4a) of Co/NC-700
shows signals of C, N, O and Co elements which suggests that Co
and N species have been introduced into as-prepared sample.

(b)

Intensity, a.u.

T T T T
790 785 780 775 770

Binding energy, eV

(d)

Intensity, a.u.

T T T
410 405 400 395

Binding energy, eV

Fig. 4. XPS survey spectrum (a), Co 2p XP spectrum (b), C 1s XPS spectrum (c) and N 1s XPS spectrum (d) of Co/NC-700.
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Co 2p3p2 XPS spectrum of Co/NC-T in Fig. 4b and Fig. S5 exhibited
the major peaks at around 778 and 781 eV, indicating the presence
of Co® and N—Co species. According to the references (Gao et al.,
2019; Zhang et al., 2015), after deconvoluting of Co 2p3j; XP spec-
trum, another two peaks could be found locating at around 780 and
786 eV, which represent Co?* and satellite of Co?* and/or Co®. This
indicates that Co species in ZIF-67 could transform into Co with
valence of 0 and + 2, and coordinate well with the existed nitrogen
species.

During the carbonization process, ligands (2-methylimidazole)
would form substantial carbon-based moieties on the surface of the
carbon materials. To probe these groups, C 1s XP spectra were
collected and shown in Fig. 4c and Fig. S6, and five peaks could be
deconvoluted. The two main peaks locating at 284.6 and 285.2 eV,
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assigning to sp>-hybridized graphite-like carbon and sp>-hybrid-
ized diamond-like carbon, respectively, could be observed. Besides,
the other three peaks centered at around 286.0, 286.9 and 289.0 eV
could be attributed to C—0, C—N and C=0/C=N, respectively (Han
et al,, 2016).

As shown in Fig. 4d and Fig. S7, the high resolution N 1s spec-
trum can be deconvoluted to four sub-peaks due to the spin-orbit
coupling. Pyridinic N (398.5 eV), N in N—Co species (399.0 eV),
pyrrolic N (400.2 eV) and graphitic N (402.1 eV) could be assigned
(Gao et al., 2019). The N—Co bond is formed by bonding N atoms
with Co atoms, which is also reported by other literature (Zhan
et al., 2017). This N—Co species can also be observed in Co 2p XP
spectra. By combination of C 1s spectrum, the presence of N—Co
and C—N/C=N species in as-prepared samples suggests the
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Fig. 5. Function of carbonization temperature on (a) N content, (b) C species distribution, (c) N species distribution and (d) Co® proportion.
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successful formation of Co—N—C, which is attributed to the trans-
formation of C—C bonds at the interface between Co NPs and
nitrogen-doped carbon.

Meanwhile, the corresponding element contents analyzed by
XPS are listed in Table S1, and the function of carbonization tem-
perature on element content is shown in Fig. 5. With carbonization
temperature increased from 550 °C to 900 °C, N content on Co/NC-T
would directly decrease from 16.4% to 3.8% (Fig. 5a). This illustrates
that the MOFs-driven synthesis method can easily control the
nitrogen-doped concentration by varying the carbonization tem-
perature. Accompanied by N content decreasing, proportion of C—N
bond related carbon species was found to be decreased from 15.8%
to around 8%, while the proportion of C in C=C bond increased
from 23.1% to around 34% (Fig. 5b), indicating the thermally

Petroleum Science 20 (2023) 559—568

unstable nature of nitrogen species in the framework. As shown in
Fig. 5c, with elevating carbonization temperature, the relative
content of graphitic N species progressively increased from 3.2% to
46.3%, while N—Co species dramatically decreased from 59.1% to
7.1%. These results are in accordance with C 1s spectra, suggesting
the instability of N—Co bond and its easy conversion to graphitic N
species at high temperatures. It is worth noticing that the pro-
portions of Co species in different chemical valences were modu-
lated by carbonization temperature, especially for Co® (Fig. 5d). At
550 °C, the proportion of Co® is 4.4%, and with increasing carbon-
ization temperature, Co® proportion reached the maximum of
18.0% at 700 °C. Further elevating carbonization temperature to
900 °C, Co® proportion decreased to only 5.4%.

It is known that nitrogen and carbon species in NC material may
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influence metal species, especially the chemical valence and coor-
dination environment. It might be concluded here that at low
carbonization temperature, the enrichment of N—Co species could
prevent the formation of metallic Co®. With elevating temperature,
these N—Co species would gradually decompose and transform to
Co®. Meanwhile, the surface nitrogen species, especially pyridinic N
and graphitic N, which could also interact with metal species, could
be formed at high carbonization temperature. And thereafter, these
pyridinic N and graphitic N would hinder the formation of Co®. The
coordination of these two opposite factors makes Co® proportion
reach its maximum at 700 °C.

3.3. Propane dehydrogenation over Co/NC-T

As-prepared Co/NC-T catalysts were introduced into PDH, and

Petroleum Science 20 (2023) 559—568

the influence of carbonization temperature on catalytic perfor-
mance is shown in Fig. 6 and Fig. S7. With carbonization at 550 °C,
Co/NC-550 possesses the highest propane conversion of 63.0%, but
no propylene could be found. All propane molecules were con-
verted into by-products including methane, ethane, ethylene and
coke. It is clearly shown that the initial propane conversion
decreased largely from 63.0% to 10.2% with carbonization temper-
ature elevating to 600 °C, and very rare propylene could be
observed. When carbonization temperature was increased to
700 °C, propylene could be obviously formed. For Co/NC-700, it
possessed the highest propylene selectivity of 91.9%, with propane
conversion of 7.2%. Continually increased temperature to 900 °C,
propylene selectivity then decreased to 54.3%.

The difference in product distribution might be caused by the
variation of Co species on Co/NC-T, which could be modulated by
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carbonization temperature. It should be noticed that STY(C3Hg)
value has positive relationship with metallic Co® proportion, as
illustrated in Fig. 6¢. With Co® proportion increased from 4.4% to
18.0%, the STY(C3Hg) was improved from 0 to 592.5 kg h™1-m 3.,
In combination with XPS spectra analysis, it could be deduced here
that the control of carbonization temperature could modulate Co®
proportion on the surface of Co/NC-T through nitrogen and carbon
species variation. The highest proportion of Co® at 700 °C carbon-
ization would also lead to the highest space time yield of propylene
(STY(C3Hg)), indicating the importance of metallic Co® on propane
to propylene.

To further investigate the catalytic performance of Co/NC-700,
propane conversion-propylene selectivity relationship was estab-
lished by varying propane conversion, which is shown in Fig. 7a.
Accompanied by the increase of propane conversion from 1.6% to
15.8%, propylene selectivity decreased from 94.0% to 80.2%. This
might be caused by the transformation of propylene to by-products
at a high level of propane conversion. Time-on-stream stability test
of 180 min was also carried on and the result is shown in Fig. 7b.
During the process, propane conversion decreased fast at the
beginning 50 min, from 15.8% to 11.1%. For the next 130 min, pro-
pane conversion slowly decreased from 11.1% to 8.8%. This could
also be drawn by deactivation coefficient kq variation, which
showed directly decrease from around 0.6 h~! to 0.22 h™! (Fig. 7c).
During stability test, propylene selectivity showed a slightly
decrease from 80.2% to 74.5%.

4. Conclusion

A series of NC nanopolyhedra supported cobalt catalysts were
synthesized with a one-step ZIF-67 pyrolysis strategy by modu-
lating carbonization temperature. With the increase of carboniza-
tion temperature, the proportion of nitrogen species, such as N—Co,
pyridinic N and graphitic N, were variated which would tune the
composition of cobalt species. So designed catalysts demonstrate
positive correlation between Co® proportion and STY(CsHg), indi-
cating the significance of Co® species for propylene formation. This
efficient modulation of MOFs-derived non-noble metal-based cat-
alysts may provide new insights into the design of highly effective
catalysts in PDH.
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