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Closing the Nitrogen-Hydrogen
Cycle: Modular Design of a
2R Melamine-Derived Electrocatalyst 5E S (] 2026

for Hydrogen Evolution via

Seawater Electrolysis

The transition towards a hydrogen-ammonia economy, essential for integrating the chemical
value chain with sustainable energy systems, requires the creation of a functional
framework based on interconnected material and energy cycles-a dual closed-loop
nitrogen-hydrogen cycle. We propose a “Hilbert catalytic model” assembly strategy: using
melamine - an industrial byproduct of urea synthesis as a precursor to construct a cobalt
carbon nanotube architecture supporting finely dispersed ruthenium (Ru-Co/NCNTs) as an
example for demonstration. Structural analyses reveal uniform (2.25 nm) Ru nanocrystals
anchored on the outer walls of N-doped carbon nanotubes, while Co nanoparticles are
confined within the tube interiors, yielding three spatially segregated and complementary
active modules. This integrated configuration enables inter-module coupling at the
interfaces and imparts emergent, system-level functionality. Integrated experimental and
theoretical analyses reveal that the modular design enables an integrated “electronic
modulation-interfacial shielding” effect: N-doping and confined Co redistribute electron
density toward Ru, enhancing electrostatic repulsion against Cl- adsorption and tuning the
d-band center to approach an optimal H* adsorption free energy. This catalyst exhibits
exceptional hydrogen evolution activity and durability in alkaline electrolyte, requiring an
overpotential of only 23 mV to achieve 10 mA c¢cm? (IM KOH) and 43 mV (IM
KOH+natural seawater) maintaining over 150 hours of continuous operation. When
configured into an anion exchange membrane water electrolyser, the catalyst demonstrates
outstanding performance, achieving 500 mA cm at 1.757 V. This work not only establishes
a novel design paradigm for complex-environment electrocatalysis but also provides a
transformative blueprint for integrating chemical value chains with sustainable energy

systems.
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Green hydrogen: A promising wa .
5K YEIoRHT: B PIOMIIE WY st | 2022
to the carbon-free society
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With increasing importance attached by the international community to global climate
change and the pressing energy revolution, hydrogen energy, as a clean, efficient energy
carrier, can serve as an important support for the establishment of a sustainable society.
The United States and countries in Europe have already formulated relevant policies and
plans for the use and development of hydrogen energy. While in China, aided by the
“3060” goal, the development of the hydrogen energy, production, transmission, and
storage industries is steadily advancing. This article comprehensively considers the new
energy revolution and the relevant plans of various countries, focuses on the principles,
development status and research hot spots, and summarizes the different green hydrogen
production technologies and paths. In addition, based on its assessment of current
difficulties and bottlenecks in the production of green hydrogen and the overall global
hydrogen energy development status, this article discusses the development of green

hydrogen technologies.
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