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Carbon nitride catalysts with stable vacancy sites for non-thermal
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Abstract : [Objective] Ammonia (NH;) not only serves as an essential feedstock in the modern chemical industry, but also holds
promise as a hydrogen carrier for the future hydrogen economy. Industrial ammonia production form dinitrogen employs the energy-
intensive Haber-Bosch process, which suffers from harsh temperature and pressure conditions. The emerging field of non-thermal
plasma catalysis brings the possibility of activating inert chemical bonds under mild conditions, making it highly attractive for
developing next-generation ammonia synthesis technologies. However, efficient heterogeneous catalysts suitable for the non-thermal
plasma-assisted ammonia synthesis remain underexplored. [ Methods] This study systemically investigated the catalytic performance
of various oxides,carbon materials,and nitrides,as well as the impact of metal ion doping on these materials,in non-thermal plasma-
assisted ammonia synthesis using a fixed-bed reactor equipped with a dielectric barrier discharge system. Catalyst structure was
characterized using spectroscopic methods, such as X-ray diffraction, X-ray photoelectron spectroscopy. transmission electron
microscopy, and ultraviolet-visible diffuse reflectance spectroscopy. Kinetic assessment was carried out to unveil the catalytic
mechanism. [ Results] The results showed that nitrides,such as g-CsN,; and ~2-BN, exhibited superior catalytic activity in non-thermal
plasma-assisted ammonia synthesis compared to commonly-applied oxides (i. e. , SiO, , CeO, , MgO, Al,O; , MgAlO, , ZnTiO;) and

carbon materials (i. e. , active carbon, graphite, carbon nanotubes). However, these nitrides deactivated rapidly due to fast
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hydrogenative decomposition under the non-thermal plasma conditions. The introduction of highly-dispersed Ni*" effectively
stabilized the vacancy sites of g-C:N; formed during the non-thermal plasma catalysis, as evidenced by spectroscopic
characterizations. These Ni/g-C;N, catalysts, with an optimal Ni loading of 0. 1% (by mass) ,resulted in a substantial enhancement in
catalyst stability while maintaining exceptional catalytic activity. In contrast, excessive Ni loadings drastically suppressed ammonia
formation rates due to site blocking on the g-C; N, surface. Using a Ni/»-Al;O; catalyst as a reference, the catalytic mechanism on Ni/
g-CsN, were further assessed through kinetic treatments. The Ni/g-C;N; catalyst exhibited a positive rate order on H, but a nearly
zero rate order on N;. In contrast, the Ni/y-Al:O; counterpart showed a positive rate order on N;,and a strong hydrogen poisoning
effect at H, partial pressures above 20 kPa, corresponding to a negative rate order on H;. These kinetic features indicate that the Ni/
g-C; N, catalyst follows a Mars-van Krevelen-like mechanism in the non-thermal plasma-assisted ammonia synthesis reaction. Surface
nitrogen vacancies on carbon nitride can efficiently capture N atoms produced from N dissociation, thereby increasing the efficiency
of hydrogenation to ammonia. On the other hand, the Ni/y-Al:O; counterpart follows the Langmuir-Hinshelwood mechanism
generally encountered in thermal catalysis, where H and N atoms are co-adsorbed on the Ni surface, subsequently forming ammonia.
The occurrence of hydrogen poisoning on the Ni/y-Al,Q; catalyst reflects that H atoms have a stronger adsorption capacity than N
atoms on the Ni surface, making them the primary adsorbed species under the reaction conditions. [ Conclusion] Our results
demonstrate that non-metallic nitride materials with stable nitrogen vacancies offer new insights into the development of novel
catalysts for non-thermal plasma-assisted ammonia synthesis. These nitride catalysts exhibit a distinct mechanism compared to
traditional metallic Ni catalysts. The former utilizes surface nitrogen vacancies to rapidly capture N atoms from the gas phase, which
then combine with adsorbed H atoms at adjacent sites to form ammonia, thereby avoiding the competitive adsorption between N and
H atoms and thus the hydrogen poisoning effect observed in Ni catalysts. Consequently, non-metallic g-C; N,-based catalysts,
underpinned by the Mars-van Krevelen-like mechanism, possess a significant advantage over traditional metallic catalysts under near-
stoichiometric reaction conditions of ammonia synthesis (i. e. ,n(N;) : n(Hy,) =1t 3).

Keywords: non-thermal plasma;ammonia synthesis;carbon nitride; nitrogen vacancy; Mars-van Krevelen mechanism
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Fig. 2 Catalytic performance of different materials in non-thermal plasma-assisted ammonia synthesis
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