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Plasma-derived hydrogen radical-mediated N,
activation for mild ammonia synthesis: insights into
the importance of oxygen vacancies in the reaction
mechanism
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Plasma-catalytic NH3z synthesis has recently been recognized as a complementary route to the Haber—
Bosch process for decentralized NHsz production. However, the activation of N, in current plasma
catalysis studies is still occurs through the conventional heterogeneous reaction mechanism on catalyst
surfaces, which does not take full advantage of the highly reactive species generated in the plasma
phase, resulting in high energy consumption and low reaction rate. Here, we present a distinctive
hydrogen radical-mediated N, activation pathway that extricates itself from the conventional catalytic
pathways. In this work, a considerable number of gaseous hydrogen radicals were generated on an
oxygen-deficient CeO,/CuO catalyst via the excitation of plasma and served as strong reducing agents
and immediate hydrogen sources to reduce N, molecules with an ultralow energy barrier of 0.123 eV.
Oxygen vacancies on catalysts can further accelerate the catalytic cycling of adsorbed H, to desorbed
hydrogen radicals. With these strategies, we achieved a superhigh NHsz yield of 196.2 mg h™! g, !
under mild conditions. Our results illustrate the potential of exploiting plasma-derived hydrogen radicals
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DOI: 10.1035/d5ta04447b as ideal and homogeneous activation agents for inert gas molecules and introduce a design strategy for

rsc.li/materials-a catalysts that utilize oxygen vacancies to assist hydrogen radical generation.

emissions.>* To develop a greener synthetic route, tremendous
effort has been made to explore other approaches, such as
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Ammonia (NH3) is a pivotal component in fertilizers and fine
chemicals and is currently seen as an ideal carbon-free fuel and
clean energy carrier." To date, the Haber-Bosch method is the
dominant method used for the industrial production of NH;.>
Although this process can reach a superhigh NH; synthesis rate
of 10° mg h™" g™, it needs to meet the harsh reaction condi-
tions of high temperature and high pressure and remains
heavily dependent on fossil fuels, resulting in significant CO,
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electrocatalysis,® photocatalysis,® and plasma catalysis.”® These
alternatives directly using nitrogen (N,) and hydrogen (H,) from
renewable sources provide a simple and clean approach that
can be based on renewably generated electricity, which will
enable eco-friendly and decentralized NH; production as well as
compatibility with intermittent renewable energy. Furthermore,
the ammonia yield of these new methods (approximately 10"~
10> mg h™' ¢') is comparable to that of the Haber-Bosch
process under the mild reaction conditions of low temperature
and atmospheric pressure.”'® Therefore, these new methods are
regarded as important complementary technologies to indus-
trial NH; production. Unfortunately, in most of the reported
studies, the dissociation and hydrogenation of N, are always
restricted to the heterogeneous catalyst surface.”** The adsor-
bed N, molecules must overcome a high energy barrier to be
dissociated and hydrogenated to form crucial surface interme-
diates with high adsorption strength under even the activation
effect of the catalyst.” Worse yet, the low temperature and
atmospheric pressure conditions used in the new approaches,
especially the electrocatalysis and photocatalysis approaches
with electrolytes with ultralow N, solubility, hardly supply
a sufficient concentration of inert N, gas to be adsorbed onto
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the catalyst surface. The insufficient supply of reactants, the
limited adsorption sites on the catalyst surface, the competitive
adsorption of intermediates, and the high energy barriers of N,
dissociation/hydrogenation have profoundly limited the rate
and efficiency of N, activation,'®"” and ultimately resulted in
a low NH; synthesis rate. It is apparent from current synthesis
methods that achieving efficient NH; synthesis under mild
reaction conditions is still very challenging.

Unlike conventional thermochemical catalysis, plasma
catalysis is expected to offer unique molecular activation modes
and reaction mechanisms, circumventing the complex and slow
heterogeneous reaction mechanism on catalyst surfaces.'® In
plasma catalysis, high-energy electrons collide with reactant
molecules in the gas phase and/or on the catalyst surface,
generating numerous chemically reactive species (free radicals,
ions, excited atoms or molecules). This process offers a unique
advantage by enabling reactions that are typically difficult to
occur under thermal equilibrium conditions, while significantly
accelerating them under relatively mild conditions.” However,
in most studies, these reactive species subsequently adsorb
onto the catalyst surface and combine via the conventional
Eley-Rideal (E-R) and Langmuir-Hinshelwood (L-H) mecha-
nisms." Accordingly, the design principles of current catalysts
adhere to the conventional catalyst guidelines, which do not
take into account the fact that plasma-derived reactive species
may directly participate as reactants in NH; synthesis within the
gas-plasma phase, thereby allowing catalytic reactions to
proceed through entirely different reaction pathways. There-
fore, it is crucial to develop a new strategy that maximizes the
advantages of plasma catalysis in generating highly reactive
species and improves the efficiency of NH; synthesis. Based on
this analysis, we propose to establish an ideal catalytic system,
which enhances the generation of highly reactive species
through the synergistic effect between catalysts and plasma,
thereby ultimately circumventing the complex and slow
heterogeneous reaction pathway on catalyst surfaces.

Herein, we report an unprecedented N, activation pathway
that extricates itself from the conventional heterogeneous
catalytic pathways restricted to the catalyst surface. In this work,
a considerable number of gaseous hydrogen radicals were
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Fig. 1 Schemes of plasma-derived hydrogen radical-mediated N,
activation for ammonia synthesis.
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generated on oxygen-deficient CeO,/CuO catalysts via the exci-
tation of plasma and served as strong reducing agents and
immediate hydrogen sources to reduce N, molecules with an
ultralow energy barrier of 0.123 eV (Fig. 1). Oxygen vacancies
can accelerate the catalytic cycling of adsorbed H, to desorbed
hydrogen radicals, which is essential for promoting the hydro-
genation reduction process of N, molecules. This strategy not
only enables N, molecules being activated throughout the
entire gas-plasma phase space, but also shifts the rate-
determining step (RDS) from the high-energy-barrier N, disso-
ciation to the generation of hydrogen radicals, which is asso-
ciated with a low formation energy. Benefiting from the above
advantages, a superhigh NH; yield of 196.2 mg h™" g... " was
achieved by the collective effect of catalyst and plasma, exhib-
iting preliminary potential for industrial applications.

Results and discussion

Density functional theory (DFT) calculations were first carried
out to screen for the optimal thermodynamic N, activation
pathway by calculating the formation energies of highly reactive
H and N species under plasma conditions.*>® As shown in Fig. 2a,
b and Table S1, the dissociation pathway leading to the
formation of H radicals from H, exhibits the lowest energy
barrier of 3.996 eV. This value is significantly lower than those
required for H, ionization (15.426 eV),** H, dissociative ioni-
zation (17.595 eV for H + H', 5.505 eV for 2H ™, and 4.750 eV for
H + H),»* and the formation of all nitrogen species. These
results indicate that H radicals are the most thermodynamically
favored species to generate in H,-N, plasma. This conclusion is
consistent with previous studies,* which reported that the
density of H radicals (~10"®* m™) is significantly higher than
that of N radicals (10"*~10"” m*) and ionic H species (10'*-10"°
m ) in H,-N, plasma. In addition, the rate coefficient K for H,
dissociation to H radicals is reported as 8.4 x 10~ m?® s,
which is much higher than the rate coefficient K for H, ioni-
zation (2.3 x 107 ' m® s"), H, dissociative ionization (9.4 x
107" m?® s, N, dissociation (2.4 x 10" m® s7'), N, ioniza-
tion (1.4 x 107 m*® s™") and N, dissociative ionization (2.9 x
107"* m® s7').* These reaction kinetics further confirm that H
radicals are the most readily generated species in H,-N,
plasma. Notably, owing to the strong reducing ability of H
radicals, the ground-state N, molecules are preferentially
reduced by H radicals to form NNH radicals (Fig. 2¢) rather than
producing N,", N*, N~ ions or N radicals because of the ultralow
energy barrier (0.123 eV) for NNH radical formation, which is
significantly lower than the energy barriers for N, ionization
(15.581 eV),* N, dissociative ionization (24.449 eV for N + N°,
12.623 eV for 2N, and 11.269 eV for N + N™)**> and N, dissoci-
ation into N radicals (9.915 eV). In addition, although the
formation energy of H™ ions is higher than that of H radicals,
the generated H™ ions can also reduce N, to form NNH™ ions
with an energy barrier of —0.474 eV. However, considering the
density of H radicals is much higher than that of ionic H species
in H,-N, plasma,***® the ionic species are not included in our
subsequent calculations. Furthermore, we calculated the total
NH; synthesis reaction pathway under the condition of

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) The free energy diagram for H, ionization, H, dissociative ionization and bond dissociation of H, into H radicals. (b) The free energy

diagram for N, ionization, N, dissociative ionization and bond dissociation of N, into N radicals. (c) The free energy profile for the formation of
NNH radicals and NNH™ ions. (d) The free-energy profile for the plasma-catalytic NH3z synthesis (without catalysts) through the dissociative and

associative pathways in the gas phase.

sufficient plasma-derived H radicals. As shown in Fig. 2d and
S1, the generated H radicals can not only reduce the N, mole-
cules but also participate in the subsequent hydrogenation
reactions, ensuring that the N=N bond is cleaved via the
alternating hydrogenation between two bonding N atoms. This
result suggests that the plasma-catalytic NH; synthesis prefer-
entially undergoes the associative pathway that no longer needs
to directly cleave the N=N bonds, significantly reducing the
required energy input.”” Based on the above calculations, we
deduced that the H radical-mediated associative pathway is the
optimal pathway for plasma-catalytic NH; synthesis, which
indicates that the dissociation of H, into H radicals with the
energy barrier of 3.996 eV is the rate-determining step of the
reaction. Therefore, how to promote the formation of H radicals
is the key issue to increase the reaction rate of plasma-catalytic
NH; synthesis.

Motivated by the DFT results, we selected oxygen-deficient
CeO, as a catalyst for plasma-catalytic NH; synthesis owing to
its specificity for accelerating H, dissociation, which is crucial
for promoting the formation of H radicals.”®?** As shown in
Fig. S2, CeO, was first deposited on a CuO support by the
hydrothermal method and calcination to obtain CeO,/CuO,
which was then treated with H, plasma with an input power of
400 W to produce oxygen vacancies (OVs) on the product
surface. The prepared sample was labelled OVs-CeO,/CuO
(Fig. S3). OVs-Ce0,/CuO was further treated with O, plasma at
400 W to create the control sample without oxygen vacancies,

This journal is © The Royal Society of Chemistry 2025

which was labelled CeO,/CuO (OV is filled). It is worth noting
that the CuO support is only used to facilitate the loading and
recovery of the catalyst in the plasma reactor and does not affect
the activity of the CeO, catalyst, which will be discussed in the
following content. The X-ray diffraction (XRD) patterns of all the
prepared catalysts matched well with those of cubic CeO,
(JCPDS 43-1002) and monoclinic CuO (JCPDS 45-0937),
demonstrating that the crystal structures of the OVs-CeO,/CuO
and CeO,/CuO (OV is filled) samples did not change after
plasma treatment (Fig. 3a). Electron paramagnetic resonance
(EPR) spectroscopy was employed to analyse the oxygen vacan-
cies of the prepared catalysts. As displayed in Fig. 3b, a strong
signal at g = 2.003 corresponding to the oxygen vacancies was
observed for the OVs-CeO,/CuO catalyst and then disappeared
after O, plasma treatment. This result indicated that oxygen
vacancies can be created and eliminated on CeO, through H,
and O, plasma treatment at 400 W, respectively.*® The creation
and elimination of oxygen vacancies on CeO, were further
identified by O 1s and Ce 3d X-ray photoelectron spectroscopy
(XPS). The deconvoluted peaks at 531.4 eV and 885.4 eV clearly
indicated the presence of oxygen vacancies** and a correspond-
ing increase in the content of Ce®" species in OVs-CeO,/Cu0,*
respectively (Fig. 3c and d). We also investigated the effect of the
input power of H, plasma treatment on the generation of
oxygen vacancies. The EPR results (Fig. S4) showed that oxygen
vacancies were created only when the input power was as high
as 400 W.

J. Mater. Chem. A
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Fig. 3 (a) XRD patterns, (b) EPR results, (c) O 1s XPS spectra, and (d) Ce
3d XPS spectra of CeO,/Cu0, OVs—CeO,/CuO, and CeO,/CuO (OV is
filled). (e) The *H NMR spectra of CeO,/CuQ, OVs-CeO,/Cu0, and
OVs-CeO,/CuO treated alternately with N, Hy, Np, and H>—N,
plasma at 100 W.

The H, dissociation behaviour on the catalyst surface was
investigated by solid-state 'H nuclear magnetic resonance
(NMR) spectroscopy (Fig. 3e). A characteristic chemical shift
corresponding to hydroxyl groups was observed at 0.8 ppm in
the spectrum of the fresh OVs-CeO,/CuO compared with that of
Ce0,/Cu0, suggesting that the H, used in the plasma treatment
had already been adsorbed and dissociated by the surface
oxygen atoms of OVs-CeO,/Cu0.**** When N, and H, plasma at
100 W were alternately used to treat OVs-CeO,/CuO, the
hydroxyl groups also alternately disappeared and appeared on
the catalyst surface, indicating that chemisorbed hydrogen
atoms of the hydroxyl groups can react with N, under plasma
conditions. Importantly, hydroxyl groups were still detected in
the presence of both N, and H,. This result verified that the
chemisorbed hydrogen atoms on the catalyst surface were
consumed by N, and continuously generated through the H,
dissociation process in H,-N, plasma.

To experimentally investigate the H radical-mediated reac-
tion pathway, the plasma-catalytic NH; synthesis experiments
were conducted in a dielectric barrier discharge (DBD) reactor
(Fig. S5) under optimal conditions. The N,/H, ratio is set at 2/3
to optimize the catalytic performance, while also minimizing
excessive H, consumption and reducing associated costs
(Fig. S6). The maximum reactor power was set at 300 W to
ensure that no new oxygen vacancies were created on the cata-
lyst surface during the tests. The NH; concentration was
measured by Nessler's reagent method (Fig. S7) and further
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verified with an online mass spectrometer (MS). As displayed in
Fig. 4a and b, the OVs-CeO,/CuO catalyst exhibited an NH;
yield of 196.2 mg h™' g, ! and an energy efficiency of 1.96 gnu,
kWh ™" at 100 W, approximately 13 times higher than those of
plasma alone. Compared to previously reported catalysts for
plasma catalysis, OVs-CeO,/CuO exhibited the highest NH;
yield and competitive energy efficiency under similar conditions
(Fig. 4c and Table S2).5*°-* Furthermore, although the synthesis
rate of our catalytic system remains approximately three orders
of magnitude lower than that of the high-pressure Haber-Bosch
process, it surpasses most of the state-of-the-art thermal cata-
lysts operating under atmospheric pressure conditions (Table
S3). After filling the oxygen vacancies with O, plasma, the CeO,/
CuO (OV is filled) catalyst shows a significant decrease in NH;
synthesis performance compared to the OVs-CeO,/CuO cata-
lyst. The NH; yields and energy efficiencies on the CeO,/CuO
(OV is filled) catalyst at all input power points were almost the
same as those on the CeO,/CuO catalyst. Moreover, the OVs-
Ce0,/CuO catalysts with different oxygen vacancy concentra-
tions were prepared by controlling the duration of H, plasma
treatment. As shown in Fig. S8, the catalytic performance of
OVs-CeO,/CuO catalysts increases almost linearly with the
concentration of oxygen vacancies, which directly confirmed
that the oxygen vacancies enhanced the reaction activity. For
further insight into the role of oxygen vacancies in NH;

400 3.
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Fig. 4 (a) NHsyield, and (b) energy efficiency of different catalysts and
plasma alone at various input powers. (c) Performance comparison of
OVs—-CeO,/CuO and reported catalysts. (d) The NHsz yield and
Arrhenius plot over the OVs—-CeO,/CuO at temperatures from 423 to
473 K. (e) Total NHs production and energy efficiency of different
catalyst loading masses of OVs—CeO,/CuO. (f) Stability tests of
plasma-catalytic NHz synthesis for 24 continuous hours over different
catalysts and plasma alone.
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synthesis, the apparent activation energy (E,) of OVs-CeO,/CuO
was estimated to be 6.2 k] mol™" by temperature-controlled
experiments and an Arrhenius plot (Fig. 4d),*” which is signifi-
cantly lower than that of CeO,/CuO (approximately
40.9 k] mol™") (Fig. $9). Furthermore, the discharge properties
of plasma (Fig. S10), the materials of the reactor (Fig. S11) and
possible environmental pollution (Fig. S12) were investigated to
ensure the reliability of all the test results. In addition, almost
no ammonia was produced in the absence of plasma discharge,
demonstrating the essential role of plasma in our catalytic
system (Fig. S13).

We also assessed the industrial application prospects of
OVs-CeO,/CuO by increasing the catalyst loading from 1 g to
20 g. As shown in Fig. 4e, the energy efficiency gradually
improved with increasing catalyst loading and reached
a superhigh value of 4.8 gyu, kWh™' (equal to 12.78 M]
molyg, '). The value of 12.78 MJ molyy, ' was the lowest
energy cost among all relevant studies employing the plasma
catalysis technique (most values were above 30 MJ molyy, ~1).*
In addition, the single-pass yield reaches 10.55% when 20 g of
the OVs-CeO,/CuO catalyst is loaded (Fig. S14). These results
suggest the preliminary potential of our strategy for industrial
scale-up. Stability is another primary concern affecting the
applicability of catalysts. As shown in Fig. 4f, all samples
exhibited nonsignificant attenuation in NH; production during
the 24 h continuous test. The OVs-CeO,/CuO catalyst also
showed negligible performance decay and maintained a high
NH; yield that was almost equal to that observed at the initial
stage after 10 times intermittent tests (Fig. S15). Moreover, the
XRD, XPS, EPR and SEM results (Fig. S16a-f) confirmed that the
crystal structure, elemental valence state, oxygen vacancy
concentration, and morphology of OVs-CeO,/CuO remained

-10.5
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essentially unchanged after the test, proving its remarkable
stability. Furthermore, the MS measurements (Fig. S17)
confirmed that the NH; concentration at the outlet remained
nearly constant throughout the extended 7-day continuous test,
providing strong evidence for the high stability of OVs-CeO,/
CuO. In addition, the thermal stability of the CuO support was
also assessed via the H, temperature programmed reduction
(H,-TPR) method (Fig. S18), confirming the high stability of the
CuO support under the applied temperature conditions.*
Based on all the aforementioned observations, kinetic
experiments and analysis were conducted to unravel the origin
of the oxygen vacancies that promoted the dissociation of H,
molecules. As shown in Fig. 5a and b, the reaction order with
respect to Py, in the plasma + OVs-CeO,/CuO system was
measured to be 0.02, which is very close to 0 and significantly
lower than the values of 0.25 for the plasma + CeO,/CuO system
and 0.51 for the only plasma system. Moreover, the reaction
order with respect to Py, in the plasma + OVs-CeO,/CuO system
(0.28) was considerably higher than the 0.16 measured for the
plasma + CeO,/CuO system and the 0.11 measured for the only
plasma system. The extremely low reaction order for N, and the
significantly higher reaction order for H, in the plasma + OVs-
Ce0,/CuO system confirm that the reaction pathway in the
presence of oxygen vacancies is primarily influenced by the H,
content of the reactants. Thus, we suppose that the plasma-
catalytic NH; synthesis with the OVs-CeO,/CuO catalyst was
controlled kinetically by the H, dissociation process. Subse-
quently, the H/D kinetic isotopic effects (KIE) were investigated
to examine the influence of oxygen vacancies on H, dissociation
during the plasma-catalytic NH; synthesis. As shown in Fig. 5c,
the replacement of H, with D, led to a significant decrease of
NHj; yield on the OVs-CeO,/CuO catalyst by approximately 19%,
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corresponding to the KIE of 1.23. For comparison, the KIE of
Ce0,/CuO was measured to be 1.45 (Fig. 5d), which was
significantly larger than that of OVs-CeO,/CuO, indicating that
the oxygen vacancies could accelerate the dissociation rate of
H,, thus promoting the hydrogenation reduction process of N,
molecules.

Furthermore, we used DFT calculations to reveal how oxygen
vacancies affect the dissociation of H, and the formation of
hydrogen radicals. On the surface of CeO,, H, was first disso-
ciated into surface hydroxyl (O-H) species by surface oxygen
atoms (Fig. 6a), and then desorbed to form H radicals (Fig. S19),
with an energy barrier of 2.883 eV (Fig. 6b), which is signifi-
cantly lower than that of 3.996 eV for direct H, dissociation
without catalysts. After introducing oxygen vacancies (Fig. 6¢
and S20), the formed oxygen vacancies and the exposed
subsurface oxygen atoms dissociated H, to form OV-adsorbed
hydrogen (OV-H) and subsurface O-H species, which have
low H desorption energies of 1.403 eV for OV-H and 1.958 eV for
subsurface O-H (Fig. 6d) and thus are more easily desorbed to
form hydrogen radicals than the surface O-H species of CeO,
(2.883 eV). Notably, the H desorption energy of 1.403 eV is
significantly lower than that of most transition and precious
metals (mostly above 2 eV).**** The lower H desorption energy
might be the reason for the superior performance of the OVs-
CeO,/CuO catalyst compared to previously reported metal
catalysts (e.g. Ni/Al,03," Ru/Al,03," and Co nanoparticles®).
This result also explains that the reduced E, of OVs-CeO,/CuO
originates from the enhanced formation of H radicals facili-
tated by oxygen vacancies. Moreover, the total reaction pathway
(Fig. S21 and S22) confirmed that the subsequent N,

J. Mater. Chem. A

hydrogenation steps were spontaneous and exothermic reac-
tions that could be easily achieved in the gas phase or on the
catalyst surface. In summary, DFT calculations demonstrate
that the oxygen vacancies significantly reduce the formation
energy of H radicals, thereby indirectly promoting the activation
and reduction of N, and ultimately achieving a high NH;
synthesis rate (Fig. S23).

To further verify the validity of our catalyst design principle,
we used the same method to construct oxygen vacancies in
several other metal oxides. As shown in Fig. S24, NiO, Fe;0, and
Co30, exhibited oxygen vacancies and improved NH; synthesis
performance after H, plasma treatment, indicating that this
strategy is universal for different metal oxides. To ensure that
the CuO support did not affect our test results, we prepared the
OVs-CeO, powder catalyst from commercial CeO, powder. As
shown in Fig. S25, the OVs-CeO, exhibited performance
comparable to that of the OVs-CeO,/CuO catalyst, indicating
that CuO acts solely as a support material to facilitate catalyst
loading and recovery. Additionally, the CuO support showed no
oxygen vacancies after H, plasma treatment, possibly due to its
higher vacancy formation energy.*> DFT calculations (Fig. S26)
further suggested that the CuO support exhibited no catalytic
activity because hydrogen radicals could not easily form on its
surface,”® which demonstrates that the CuO support does not
affect the activity of the CeO, catalyst.

Conclusions

In summary, we presented a promising hydrogen radical-
mediated N, activation pathway for NH; synthesis through

This journal is © The Royal Society of Chemistry 2025
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the collective effect of plasma and oxygen-deficient CeO,/CuO
catalysts. This study revealed that oxygen vacancies are crucial
for accelerating the dissociation of H, and promoting the
formation of hydrogen radicals, consequently increasing the
intrinsic NH; synthesis rate. Benefiting from the above strate-
gies, an impressive NH; yield of 196.2 mg h™" g... " was ach-
ieved under mild conditions. This study provides novel
perspectives into the reaction pathway of plasma-catalytic NH;
synthesis and proves the significance of the H, dissociation step
for plasma catalysis. We anticipate that this work will stimulate
further exploration of catalyst design using plasma-derived
hydrogen radicals.
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