Open Access Article. Published on 24 Aprili 2025. Downloaded on 27/10/2025 21:42:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

¥ ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

REVIEW

Hydrogen production via photocatalytic ammonia

{ '.) Check for updates ‘
decomposition

Cite this: Chem. Sci., 2025, 16, 9076

Qijun Pei,? Yon%u Wang,?® Khai Chen Tan,?® Jianping Guo, ©2° Teng He ([ *2°¢
and Ping Chen (& @<

Ammonia, as a carbon-free fuel and promising hydrogen carrier, has attracted significant attention in the
context of a net-zero-emission scenario. Photocatalytic ammonia decomposition is a promising
approach for hydrogen production, and much attention has been given to this area in recent years. This
mini-review summarizes the latest research progress in photocatalytic ammonia decomposition for
hydrogen production. We mainly focus on the photocatalytic decomposition of agqueous ammonia
solution and gaseous ammonia. For aqueous ammonia solution, various semiconductor-based catalysts
are introduced, and the role of water is discussed. The formation of the "NH; radical as a key species in
the decomposition was proposed by different groups. In the case of gaseous ammonia, different types of
catalysts, including semiconductor-based and localized surface plasmon resonance (LSPR)-based ones,
are described. The mechanisms of ammonia decomposition, such as N-N recombination and N,H,

dehydrogenation, are discussed. Methods for accurate temperature measurement in the photocatalytic
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Accepted 23rd April 2025 process are summarized. We conclude that photocatalytic ammonia decomposition has unique

advantages, including high activity, mild conditions, a green process, and fast response. Moreover, an

DOI-10.1039/d55c01834j excellent catalyst, efficient utilization of light, and suitable reactor design are critically important for the

rsc.li/chemical-science practical application of photocatalytic ammonia decomposition.
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1. Introduction

Ammonia ranks among the most crucial chemicals for human
beings."” Ammonia is the second most produced chemical,
with an annual output of approximately 180 million tons in
2015, and the estimated production capacity is around 290
million tons by 2030.° The predominant use of produced
ammonia is in fertilizer manufacturing, while there are still
other applications for ammonia. Interestingly, ammonia as
a fuel was proposed as early as 1822 and demonstrated in public
transportation in 1942.” However, its development stagnated
until recent decades. The enthusiasm for ammonia as a fuel
primarily stems from its carbon-free characteristic. In the
context of a net-zero-emission scenario, it is estimated that over
10% of electricity generation and 20% of transportation fuel will
derive from ammonia by 2050.>° Ammonia can be combusted
directly or used to generate electricity via fuel cells, but several
challenges remain. Moreover, ammonia is one of the promising
hydrogen carriers owing to its high hydrogen content (17.6 wt%,
108 g-H, per L-liquid ammonia). It can be easily converted into
a liquid state, either at 10 bar pressure at room temperature or
when cooled down to —33.5 °C at atmospheric pressure, making
it convenient for storage and transportation. More importantly,
the utilization of ammonia can benefit from its mature tech-
nology of production and transportation, thanks to the pipeline
established in the existing industry. At the location where the
hydrogen is used, hydrogen can be obtained via the decompo-
sition of ammonia. Based on the existing reports, four methods
have been extensively and intensively employed and investi-
gated for ammonia cracking, including thermocatalysis, elec-
trocatalysis, plasma-catalysis, and photocatalysis (Fig. 1).
Ammonia is a stable molecule, and its thermal decomposi-
tion requires high temperatures, which can be significantly
reduced with the aid of an efficient catalyst. Nevertheless, to
achieve a full conversion, the reaction temperature is typically
above 500 °C, leading to low energy efficiency. Therefore,
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developing more efficient catalysts to decrease the reaction
temperatures is a long-sought target in this area. Recently, some
novel heating methods, such as Joule heating and magnetic
induction heating,'®** have been developed to address the issue
of delayed response times associated with traditional electrical
heating methods. Apart from thermocatalysis, alternative
methods for external-field-assisted ammonia decomposition
were also proposed, as listed in Table 1, facilitating ammonia
decomposition under mild conditions."******” Theoretically,
electrolysis of ammonia for hydrogen production requires an
overall voltage of merely 0.077 eV," indicating that its energy
expenditure is substantially lower than that of water. However,
the real operating voltage is much higher than the theoretical
one.'>'*® Both cold and warm plasmas could dissociate stable
NH; molecules in the gas phase, therefore promoting the
ammonia decomposition with the assistance of a catalyst.">'*>
However, challenges still exist and more fundamental research
is needed.

1
H0(1) = 50(g) + Ha(g) AG®=237.1kJ mol™; R

AH° = 285.8 kJ mol™

1 3 5
NH;(g) = 5No(g) + 5Ha(g) AG" =164 kJ mol = @)

AH® = 45.9 kJ mol™

1 3
NH;(aq) = ENz(g) +ZH,(g), AG°=27kImol™  (3)

2

1
NH;(g) + %Oz(g) = ENz(g) +%H20(l) AG® = —339.3 kJ mol';

AH° = —382.8 kI mol™!
(4)

The investigations of photochemical decomposition of
ammonia have been carried out as early as the 1920s.>**” In
astrophysics and cosmology, it was found that ammonia can be
photolyzed by sunlight irradiation, leading to the generation of
nitrogen.*® Besides, NH; and C,H, mixtures under UV photo-
irradiation could produce nitriles, which are key reactants for
the formation of amino acids.>*® Photocatalytic ammonia
decomposition is another promising approach for hydrogen
production from ammonia. Since Fujishima and Honda re-
ported water splitting under light in 1972,*' photocatalysis has
been applied to numerous reactions.*** Photocatalysis can not
only supply energy to overcome the barriers of reactions but also
drive some thermodynamically unfavorable chemical reactions,
such as water splitting (eqn (1)). As shown in eqn (2), the energy
consumption for hydrogen generation from gaseous ammonia
is 30.6 kJ/mol-H,, constituting only 10.7% of the 285.8 kJ/mol-
H, required for water splitting (eqn (1)). This indicates that
hydrogen production from ammonia is an energy-efficient
reaction. However, the reaction cannot occur spontaneously
because of its positive Gibbs free energy at room temperature.
Many researchers have attempted to conduct catalytic ammonia
decomposition under light irradiation."**7**** If an efficient
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Fig.1 Thermocatalytic, electrocatalytic, plasma-catalytic, and photocatalytic ammonia decomposition for hydrogen production. Reproduced
from ref. 10 with permission from Elsevier, Copyright 2021; ref. 11 with permission from the Royal Society of Chemistry, Copyright 2010; ref. 12
with permission from Elsevier, Copyright 2024; ref. 13 with permission from AAAS, Copyright 2022.

Table 1 Advantages and disadvantages of photocatalysis compared with those of thermocatalysis, electrocatalysis, and plasma catalysis for

ammonia decomposition

Plasma-catalysis Photocatalysis

Thermocatalysis Electrocatalysis
Advantages Industrial maturity Mild conditions
Catalyst diversity
High activity
Disadvantages High energy demand High overpotential

Poor stability

photocatalytic ammonia decomposition catalyst is successfully
developed, the ammonia decomposition efficiency and the
hydrogen production rate would be significantly boosted.
Accordingly, such an advancement will definitely decrease
hydrogen production costs, reduce reliance on fossil fuels, and
accelerate the arrival of the ammonia-hydrogen economy.
Although numerous reviews about catalytic decomposition have
been reported very recently,"***** reviews that focus on pho-
tocatalytic decomposition are scarce.*®

In this mini-review, we comprehensively summarize the latest
research advancements in photocatalytic ammonia decomposi-
tion for hydrogen production. We meticulously discuss the
impact of catalyst preparation and structural properties on the
performance of photocatalytic ammonia decomposition, along

9078 | Chem. Sci., 2025, 16, 9076-9091

Simplified production separation

Scalability challenge

Mild conditions
Rapid startup
Green process
Low efficiency
Limited research

Rapid startup
High activity

Complex equipment
Low efficiency

with in-depth investigations of the underlying mechanisms.
Furthermore, issues and challenges encountered during the
research and for the future are discussed, and potential catalysts
for photocatalytic ammonia decomposition are proposed. We
anticipate that this review can serve as a valuable reference for
researchers working on the development of photocatalysts,
reactor design, and mechanism exploration.

2. Photocatalytic decomposition of
aqueous ammonia solution

Photocatalytic ammonia decomposition can be divided into
liquid-phase and gas-phase processes. Significant progress has
been made in the past two years, with records of the ammonia

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01834j

View Article Online

Chemical Science

Review

“IsA[e3ed woje-s[3uls IN partoddns-spIiru-uoqed snorodoroew :NOW-IN , "X3[dWOd 1030B3I-BUUIUE 3-ND YV-24-ND ,, "UOI[IS U0 sspnIedoueu ny
pantoddns-a1imouru NeD :1S/SMN NED/SAN N 5 "Adud1oyyo A319ud °H-03-3y31] :4 ,~A100]94 20eds ALInoy 3y31om :ASHM , "Poyiow uonisodap pajsisse-aaemodiw e 3uisn £q paredaid 2O11-1d °OLL
-1d-MIN , “(HO®BN yim pajsnipe 11 Hd) ‘be [DVHN , 9pixo susyderd paonpal paje[esIsiul-2Imoueu COLL :SMN “OLL/0DI , "UONN[0S BIUOWWE SNoanbe a3 Ul 1SA[e3ed 943 JO UOLBIIUSIUO0D 3y} 0D ,

€g ,_0T X 69 0S durer ax — 00T (V)°OLLAd %3 T°0

9s 92€'0 05T WO M S9'% ‘wnioads-[ng ‘dwref aX — 000 02 0®a4

ss €050 0sc — WO M €€ ‘wnnoads-[ny ‘durey ax — 000 0¢ D®0D

149 0T X 96°¢ (4 wu ozy = v ‘durey ax — — NOW-IN

6¢ (4% v'SLY WO M 96 ‘rose] YSI-1YM 8T — qv-nyg-np

€T 8/9°T (443 ¢ WD M €9°/ ‘I9sE] YS1-31y M 9'CST — 4 dv-24-1D

as 90°'TT £'60¥ (WD M ¢ ‘wnnoads-ng ‘dure] sx S — SIS/SMN NeD/SIN g sisAeyen aseyd snoosen
‘Jod ((y 8)/1owr) 9ye1 °H (Do) “duray 3sA1ereD 901n0s Y317 (%) e ((g 8)/1ur) ,ASHM 1sA[erIeD

a7 0T X 0T o dure] 34 00T 99°0 fOLLIS-OIN-ONY

14 »—0T X T6'T armyeradurs) wooy wu 00¢ < v ‘dure] SH o1 T0°0 p OLLAd-MIN

T »_0T X &% armeradwa) wooy wu 00¢ < v ‘dure] SH o1 10 “OLLAd

€S ,_0T X £0°S amjeradws) wooy duwrey ax 00T ST (V)°OLL/Ad %M T°0

44 60T X 9°G amjeradwa) wooy 193]y 10102 ® ydnoxyy duref ax 8 65°0 ZOLL-24/3d

159 90T°0 armjeradwa) wWooy AN WU 57 M 8 ‘dure] 3H 1 75070 ZOLL/D %M T'T

157 < 0T X €0'T amjeradwa) wooy AN WU $57 M 8 ‘dure] SH 1 T50°0 ouz

0S . 0T X 6€F amyeradwa) wooy 193y 10700 € ySnoiyy duref ax ¥ 65°0 COLL/IN

ov 60T X 0'F amjeradwa) wooy (DS°TIAY) 103e[NWIS TB[OS 1 ,20°0 suz-ny

6¥ ,_0T X 80T armeladwal wWooy AN WU $57 M 8 ‘dure] SH S0°0 750°0 SMN “OLL/0D1

8¢ 50T X 9T (4 (DS TIAV) 103€[NWIS TR[OS 1 192°0 ZOLL/Y Onye g sisA[eyeo aseyd snoanby
‘Jod ((y 8)/owr) oex ey (Do) “duray uonoeay 901n0s Y311 (1/3) ,*°0 (7/10w) "Ny 15A[ereD

uonisodwodap eluowwe diAjleyedojoyd U0y syshjered jo Alewwng g aiqel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)

'S0:2¥'T2 G202/0T/L2 UO papeo|umoq ‘G20z 11dY 2 Uo paus!iand 1Y Ss300Y uado

Chem. Sci., 2025, 16, 9076-9091 | 9079

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01834j

Open Access Article. Published on 24 Aprili 2025. Downloaded on 27/10/2025 21:42:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

decomposition rate being continuously updated. Table 2
enumerates the current performance of photocatalytic
ammonia decomposition for hydrogen production. Generally,
the hydrogen production rate from gas-phase ammonia
decomposition significantly exceeds that of the liquid phase,
thanks to the synergy between photogenerated charges and
photo-induced heat during the photocatalytic decomposition of
ammonia in the gaseous phase, which greatly accelerates the
reaction rate. In the following sections, a detailed account of the
advancements in ammonia decomposition in the aqueous
phase will be elaborated, emphasizing the development of
catalysts and the mechanistic understanding of this reaction.

2.1 Catalysts for the photocatalytic decomposition of
aqueous ammonia solution

Most of the catalysts for photocatalytic decomposition of
aqueous ammonia solutions are TiO,-based materials, which
are widely applied in various reactions thanks to their chemical
stability, nontoxicity, low cost, and high reactivity.***” However,
pristine TiO, suffers from low light harvesting and a high
recombination rate of photogenerated charge carriers. It was
reported that cocatalysts or dopants could enhance their pho-
tocatalytic performance via extending light absorption (Fig. 2a),
optimizing the adsorption of reactant/products, and/or
promoting the efficiency of charge-carrier separation.’**"*®
Transition metals as cocatalysts demonstrate significant
improvements for TiO, photocatalysts, with Pt being the most
effective cocatalyst (Fig. 2b).**»** The ratio of H, to N, was 3.2
during the 4 h photocatalytic reaction, which agreed with the
stoichiometry of ammonia decomposition (Fig. 2¢). Platinum

View Article Online
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nanoparticles with a large work function would contribute to
the efficient separation of photogenerated electrons. Further-
more, as shown in Fig. 2d, alloying Pt with Au further enhances
the ability of charge separation.?® In the case of Pt;/TiO,, the
high Schottky barrier (¢g) suppresses electron transfer from the
TiO, conduction band (CB) to Pt. In contrast, for Au,/TiO,, the
very low ¢p promotes electron transfer while simultaneously
encouraging reverse electron transfer from Au to the TiO, CB.
By alloying Pt with Au, Pt, 9Au, 1/TiO, exhibits an optimized ¢y
for efficient separation of photogenerated electrons. Among the
non-noble metals, Ni was the most efficient cocatalyst, exhib-
iting the highest yield of H, in an aqueous ammonia solution
under UV irradiation at room temperature.*® The bandgap of
TiO, is around 3.0-3.2 eV, which is much higher than the
theoretical potential for photocatalytic ammonia decomposi-
tion. Doping TiO, with additives could effectively decrease its
bandgap and improve its light absorption capabilities. For
instance, the light absorption could be optimized from ultra-
violet to the visible light region via doping TiO, with Ce, N, and/
or Fe, resulting in increased H, production efficiency.*>*** Jung
et al. reported that the N and Fe co-doped TiO, photocatalyst
exhibited a bandgap as low as 2.4 eV, which was a visible light-
sensitive catalyst.*® Wu et al. found that a mixture of N doped
graphene and TiO, nanowires in aqueous ammonia solution
produced H, at a rate of 208 umol/(g h) under 254 nm UV
irradiation, which is about 14-fold and 30-fold higher than that
of the rates of pristine P25-TiO, and TiO, nanowires, respec-
tively, under the same conditions.*

Other semiconductor catalysts were also developed for the
photocatalytic decomposition of aqueous ammonia solutions.
Reli et al. observed a high yield of hydrogen with a ZnO catalyst
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Fig. 2

(a) Absorption edges of TiO, doped with different Ce loadings. Reproduced from ref. 51 with permission from Elsevier, Copyright 2015. (b)

Correlation between photocatalytic H, evolution from an agueous ammonia suspension of M/TiO, (P25) particles and hydrogen overvoltage of
metal electrodes. (c) Photocatalytic decomposition of ammonia in an aqueous suspension of Pt/TiO, (P25) particles. (b and ¢) Reproduced from
ref. 42 with permission from Elsevier, Copyright 2012. (d) Schematic representation of the electronic structures of Pt;/TiO,, Pty oAug 1/TiO5, and
Auy/TiO; catalysts. Reproduced from ref. 38 with permission from the American Chemical Society, Copyright 2020.
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prepared by thermal annealing of zinc acetate in air. The activity ~decomposition of aqueous ammonia solution under simulated
of ZnO was even higher than that of commercial TiO, Evonik sunlight irradiation.”* Dzibelova et al. reported a green
P25, as the prepared ZnO possessed the lowest concentration of  synthesis of 2D hematene (a-Fe,0;) from earth-abundant iron
oxygen vacancies, thus suppressing the recombination of oxide ore using an ultrasound-assisted exfoliation method in an
photo-induced electrons and holes.** Iwase et al. prepared an aqueous solution.® The catalyst was prepared by doping hem-
Ru-ZnS cocatalyst that showed efficacy in the photocatalytic atene with ruthenium, which successfully decomposed
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Fig. 3 (a) Four different stages involved in heterogeneous photocatalysis. (b) lllustration of the process of photocatalytic ammonia conversion.
Reproduced from ref. 62 and ref. 36 with permission from the Royal Society of Chemistry, Copyright 2016 and 2020.
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Fig. 4 Proposed dominant reaction path of photocatalytic ammonia decomposition on platinum loaded titanium oxide in the presence (a) and
absence of water (b). Reproduced from ref. 53 with permission from the American Chemical Society, Copyright 2012.
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ammonia into hydrogen and nitrogen. Dye can serve as
a photosensitizer in the photocatalytic decomposition of
aqueous ammonia solution. For example, Tajima et al. carried
out photocatalytic ammonia decomposition using dye-
encapsulated single-walled carbon nanotubes, which exhibi-
ted an apparent quantum yield of 0.22% at 510 nm.**

2.2 Proposed mechanisms

It is widely acknowledged that the mechanism of heterogeneous
photocatalysis involves four consecutive steps: (1) light har-
vesting; (2) charge excitation/separation; (3) charge migration,
transport, and recombination; and (4) charge utilization
(surface electrocatalytic reduction and oxidation). Thus, the
overall photocatalysis efficiency greatly depends on the
combined effects of these steps (Fig. 3a).®> The photocatalytic
decomposition of ammonia in aqueous solution is an uphill
reaction (eqn (2)) that converts photon energy to chemical
energy driven by one-step photoexcitation. Fig. 3b illustrates
that the reduction and oxidation potentials of ammonia should
lie between the conduction band and the valence band of the
photocatalyst. However, different nitrogen-containing products
(i.e.,N,,NO,,NO; ", and NO,) can be produced in the presence
of O, because of their similar redox potentials. Since ammonia
is a pollutant, there are numerous studies on converting
ammonia into non-toxic substances; for example, ammonia
could be oxidized to N, and H,0, which is thermodynamically
favorable at room temperature (eqn (4)).**** Since the hydrogen
production does not occur in such reactions, it will therefore
not be discussed in this review. A mutually beneficial approach
to managing waste ammonia is to transform it into harmless
nitrogen and useful hydrogen as the sole end products. There-
fore, the photocatalytic decomposition of aqueous ammonia
solution is commonly conducted under deaerated conditions to
avoid extensive oxidation of ammonia.

Investigations have indicated that water is helpful for pho-
tocatalytic aqueous ammonia decomposition.**** Yuzawa et al.
proposed a mechanism for photocatalytic ammonia decompo-
sition on platinum-loaded titanium oxide, both in the presence
and absence of water (Fig. 4). They applied in situ EPR to detect
the amide radical (-NH,) and in situ FT-IR to observe the acti-
vation of the N-H bond. The dominant reaction path was
proposed as follows: the photogenerated hole oxidizes NH; to
form a -NH, radical and a proton, which subsequently forms
hydrazine that can be decomposed to N, and H,. Then, the
photogenerated electron reduces the protons to form hydrogen.
In this mechanism, water is needed, where water inhibited the
accumulation of NH," on the TiO, surface and provided
a continuous reaction, since the in situ formed NH," during the
reaction is consistently considered an unfavorable byproduct
(Fig. 4b).

Utsunomiya et al. presented a detailed energy profile of
photocatalytic ammonia decomposition on TiO,.** They indi-
cated that an -NH, radical was formed as a dominant inter-
mediate, as confirmed by an electron spin resonance (ESR)
signal at g = 2.004. Besides, reaction pathways via -NH, radical
formation were also thoroughly investigated using density

9082 | Chem. Sci., 2025, 16, 9076-9091
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Fig. 5 Suggested reaction mechanism for NHz decomposition to
form N, and H, over a TiO, photocatalyst. Reproduced from ref. 50
with permission from Elsevier, Copyright 2017.

functional theory, resulting in the proposal of three reaction
pathways (Fig. 5): Route 1 involves the sequential extraction of
H atoms from the NH, species until N radicals are formed. The
activation energy for this route is estimated to be as high as 236
kcal/mol. Route 2 reveals that NH; photo-decomposition may
occur via the formation of H,N-NH,, which is formed through
the coupling of adjacent -NH, radicals. The activation energy
for Route 2 is approximately 74.4 kcal/mol. In Route 2/, the
reaction pathway may alternatively occur via the formation of
H,N-NH;, generated from the reaction of one -NH, radical and
one gaseous NH; molecule, which differs from the process in
Route 2. The activation energy for Route 2’ is estimated to be
65.8 kcal/mol, which is more energetically favorable compared
with Route 2. These two activation energies were not

© 2025 The Author(s). Published by the Royal Society of Chemistry
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significantly different from each other. Therefore, it is possible
that NH; decomposition may have occurred via both Routes 2
and 2/, resulting in the formation of H,N-NH,.

3. Photocatalytic decomposition of
gaseous ammonia

The photocatalytic decomposition of gaseous ammonia is
a gas-solid heterogeneous catalytic reaction. Under light illu-
mination, the catalyst absorbs light energy, converting it to heat
on its surface. At high light intensities, photo-induced heat may
play an important role in enhancing the activity of ammonia
decomposition. Therefore, in many cases, photocatalytic
ammonia decomposition is actually a photothermal catalytic
process, characterized as a synergetic process between the
photochemical effect and the photo-induced thermal
effect.’*>*® Usually, the activity of photocatalytic ammonia
decomposition in the gaseous phase is higher than that of the
liquid phase, with the difference potentially reaching several
orders of magnitude (Table 2).

During the photothermal catalytic decomposition of gaseous
ammonia, the main roles of light can be broadly classified into
two categories: photogenerated charges and photo-induced
heat. Photogenerated charges include holes and electrons
because of the excitation of semiconductors,***7¢* ags well as
hot carriers induced by localized surface plasmon resonance
(LSPR) when the catalyst surface absorbs light beams.*>** The
sources of photo-induced heat mainly consist of non-radiative
relaxation of excited electrons in the semiconductor, energy
transfer from hot carriers generated by LSPR to the catalyst
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lattice, and inelastic photon-phonon scattering between light
and the catalyst lattice.””*

It should be particularly noted that the photothermal catal-
ysis discussed in this article refers to a process that integrates
both the photochemical effect and the photo-induced thermal
effect, excluding catalytic processes that rely solely on photo-
induced heat as an energy source for thermocatalysis.””*

3.1 Catalysts for the photocatalytic decomposition of
gaseous ammonia

In the realm of photocatalysis, it is a prevalent methodology to
employ semiconductor materials to absorb light, thereby
generating carriers that drive chemical reactions. Li et al
fabricated an Ru NPs/GaN NWSs/Si composite catalyst."”
Primarily, GaN was utilized to absorb light and generate elec-
trons and holes. Under the influence of photogenerated carriers
and the localized heat generated by the Si support, ammonia
was activated and decomposed into nitrogen and hydrogen. As
shown in Fig. 6a, the hydrogen production rate by the illumi-
nated catalyst experienced an approximate 1000-fold enhance-
ment compared to that produced by thermocatalysis at the
same temperature, attaining 11.06 mol/(g h). Concurrently, the
activation energy of the reaction decreased from 1.08 eV to
0.22 eV (Fig. 6b). Lin et al. implemented macroporous carbon
nitride (MCN) as a photocatalyst for ammonia decomposition.**
To enhance the performance of the catalyst, a series of transi-
tion metals on MCN were loaded. Among these, Ni-MCN
demonstrated the most optimal photocatalytic activity for
ammonia decomposition (Fig. 6¢). Subsequent characterization
indicated that Ni-MCN functions as a single-atom catalyst,
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(a) H, evolution rates over Ru NPs/GaN NWs/Si under photocatalysis and thermocatalysis. (b) Arrhenius plots for the H, evolution rate

under dark and light conditions over Ru NPs/GaN NWs/Si. (a and b) Reproduced from ref. 17 with permission from Springer Nature, Copyright
2024. (c) H, production rates of CN, MCN, and Ni-MCNs with different Ni loadings and TMs-MCNs. Reproduced from ref. 54 with permission
from the American Chemical Society, Copyright 2023. (d) Performance of the Fe@C catalyst under dark (orange) and light (blue) conditions.
Reproduced from ref. 56 with permission from Wiley, Copyright 2025. (e) Comparison of photocatalysis and thermocatalysis for both antenna
reactors (ARs). (f) Macroscopic kinetics studies: (top) the reaction orders of the reactant, (bottom) the apparent activation barrier, E,. (e and f)

Reproduced from ref. 13 with permission from AAAS, Copyright 2022.
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featuring Ni-N, sites within its structure. These sites effectively
enhanced the optical characteristics of the catalyst, expedited
the separation and transfer of photogenerated carriers, and
ultimately hastened the rate of ammonia decomposition. Sousa
et al. synthesized an Fe/C catalyst from an iron metal-organic
framework (MOF),*® exhibiting remarkable photothermal cata-
lytic activity for ammonia decomposition (Fig. 6d). This Fe/C
catalyst contained Fe;O,4, a semiconductor that is capable of
generating charge carriers upon exposure to light irradiation.
These charge carriers effectively provide the necessary energy
for the intermediate species involved in ammonia decomposi-
tion, thereby facilitating the ammonia decomposition.

Notwithstanding, research endeavors focused on harnessing
semiconductors to absorb light, generate electrons and holes,
and facilitate gaseous ammonia decomposition remain scarce.
Nevertheless, future catalyst design can draw inspiration from
the research on photocatalytic water splitting. Given that the
redox potential of ammonia decomposition is substantially
lower than that of water decomposition, the bandgap of the
semiconductor catalyst does not need be overly wide. Theoret-
ically, a value exceeding 0.077 V is sufficient, which is signifi-
cantly lower than the 1.23 V requisite for water splitting to
produce hydrogen." Consequently, narrow bandgap semi-
conductors with enhanced light absorption capabilities can
therefore be selected. Moreover, semiconductors with even
narrower bandgaps, achieved through doping or the construc-
tion of heterojunctions, can be utilized in photocatalytic
ammonia decomposition reactions.*®

Currently, in the context of photocatalytic ammonia
decomposition, alternative photocatalysts predominantly
leverage the LSPR effect to expedite the rate of ammonia
decomposition. The research work by Halas et al. has made
a profound contribution to the study of photocatalytic ammonia
decomposition.”** They engineered a Cu-Ru antenna reactor
(Cu-Ru-AR), thereby enabling the catalytic decomposition of
ammonia upon illumination. The active sites in Cu-Ru-AR
comprise Cu, which exhibits the LSPR effect, and Ru, which is
renowned for its thermal catalytic activity. Under light illumi-
nation, hot carriers are efficiently transferred from Cu to Ru,
thus activating the ammonia molecules adsorbed onto Ru. It
was found that the photocatalytic activity of Cu-Ru-AR was
about one to two orders of magnitude higher than the thermal
catalytic process at the same temperature. Furthermore, the Cu-
Fe-AR catalyst, devoid of noble metals, exhibited photocatalytic
activity for ammonia decomposition, which was comparable to
that of the Cu-Ru-AR catalyst (Fig. 6e). Notably, in comparison
to the thermal catalytic activity of the Cu-Fe-AR, the photo-
catalytic activity experienced an upsurge of around four orders
of magnitude. The kinetic study reveals that, in contrast to
thermocatalysis, photocatalytic ammonia decomposition has
lower reaction orders of ammonia and higher apparent activa-
tion barriers (Fig. 6f). Cu-Fe-AR, an abundant and cost-effective
plasmonic photocatalyst, holds great promise for sustainable
hydrogen production via catalytic ammonia decomposition
under sunlight.”” In addition, Sousa et al. used the LSPR effect
of Co to achieve photocatalytic ammonia decomposition for

hydrogen production.®® Their findings unequivocally
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demonstrated that the photocatalytic rate of this catalyst
substantially surpasses that of thermocatalysis.

As mentioned above, the majority of photocatalytic gaseous
ammonia decomposition processes fall under the purview of
photothermal catalysis. The temperature engendered by the
photo-induced heat can reach relatively high levels. Conse-
quently, catalysts with superior thermocatalytic activity for
ammonia decomposition can be viewed as active components
in photocatalysis. This encompasses metals such as Ru, Ni, Co,
Fe, and Mo, as well as bimetallic or multimetallic configura-
tions formed by combinations of these metals with others, and
the incorporation of promoters like K, Cs, and Ba.»*”7%%
Moreover, alkali metal amides and imides, which exert
a substantial promotional effect on ammonia decomposition,
may potentially be contemplated as active components for
photocatalytic ammonia decomposition.®***

The decomposition of ammonia represents the reverse
reaction of ammonia synthesis. Catalysts demonstrating high
activity in photocatalytic ammonia synthesis may also exhibit
discernible performance in photocatalytic ammonia decompo-
sition.** Presently, research on photocatalytic ammonia
decomposition catalysts remains relatively sparse compared to
the extensive investigations on photocatalytic ammonia
synthesis catalysts. Thus, the design paradigm of photocatalytic
ammonia synthesis catalysts holds the potential to inspire
contemporary research endeavors in photocatalytic ammonia
decomposition, potentially expediting the development of
highly efficient photocatalysts.*>*¢

Most transition metals are capable of forming nitrides,
which may undergo nitridation during ammonia decomposi-
tion reactions. For instance, nitrides are likely to be prevalent
species in ammonia decomposition. Therefore, some nitrides
function as semiconductors, exemplified by gallium nitride;'”*”
others exhibit a robust LSPR effect, such as titanium nitride,®
and may serve as an efficient ammonia decomposition catalyst.
These nitrides possess the potential of catalyzing ammonia
decomposition when exposed to light. Therefore, the explora-
tion of nitrides as active species for photocatalytic ammonia
decomposition represents a worthy area of investigation.

3.2 Proposed mechanisms

The ammonia decomposition mechanism can usually be clas-
sified into two categories: the N-N recombination mechanism
and the N,H, dehydrogenation mechanism.>** In the ammonia
decomposition process involving photogenerated charges, it
primarily adheres to the N,H,, dehydrogenation mechanism, as
mentioned previously, in the aqueous state. This mechanism
indicates that during the ammonia decomposition process,
NH, species will combine with each other to form N,H, species.
Subsequently, the N,H, species generate N, through a dehy-
drogenation process.***' The N-N recombination mechanism is
quite common in the gaseous ammonia decomposition reac-
tions. The mechanism was proposed earlier and has been
widely accepted."*>**%> Specifically, the steps of ammonia
decomposition are as follows:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NH; + *<NH; (5)
NH; + *<=NH, + H* (6)
NH; + *<NH* + H* 7)
NH* + * = N* + H* (8)
IN* = 2% + N, (9)

2H* = 2* + H, (10)
where * represents an empty active site on the catalyst surface
and the species with * refers to the intermediates adsorbed on
the active site.

The rate-determining step in ammonia decomposition often
involves either the cleavage of the N-H bond in the initial stage
or the associative desorption of N* in the final stage. Never-
theless, due to the influence exerted by the characteristics of the
catalyst and reaction conditions, the rate-determining step of
ammonia decomposition may deviate from these common
scenarios to other steps within the ammonia decomposition
pathway.

The ammonia decomposition reaction, facilitated by
semiconductor-based photocatalysts, mainly derives its photo-
chemical effect from the electron-hole pairs produced during
the photoexcitation of semiconductors. The electron-hole pairs
serve as the driving force for the ammonia decomposition
reaction. Nevertheless, semiconductor catalytic materials
inherently possess several drawbacks. For instance, they often
exhibit a wide band gap, leading to inadequate light absorption
efficiency. Additionally, severe recombination of electrons and
holes occurs after charge separation, and the charge transfer
process is relatively sluggish. As a consequence, the photo-
generated electron-hole pairs cannot be efficiently transported
to the active sites to participate in the chemical reaction.
Loading metals onto semiconductor materials represents an
effective approach to overcoming these challenges. Wang et al.
conducted theoretical calculations and revealed that ammonia
decomposition on the surface of the semiconductor GaN
adheres to the N-N recombination mechanism." The cleavage
of the first N-H bond in the adsorbed NH; is likely the rate-
determining step in this decomposition process, with an
energy difference of 1.78 eV (Fig. 7b). When Ru is introduced
onto the GaN surface, the adsorption of NH; on the catalyst
surface is remarkably enhanced, facilitating the cleavage of the
first N-H bond. Subsequently, the potential-limiting step of the
reaction shifts to the desorption of the adsorbed H* generated
after the cleavage of the second N-H bond, with the adsorption
energy barrier for this step being merely 0.58 eV. Moreover, the
incorporation of Ru could increase the density of electronic
states around the Fermi level of GaN (Fig. 7a), thereby
promoting electron transfer and enabling a greater number of
photogenerated electrons to engage in the NH; decomposition
reaction. Lin et al. carried out an investigation on the impact of
different transition metals on the photocatalytic ammonia
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decomposition activity of carbon nitride.** Accordingly, the
research findings indicate that transition metals can alter the
electronic structure, electrical conductivity, charge distribution,
band gap of carbon nitride, and the adsorption energy of
ammonia decomposition intermediate species. Among these
transition metals, single-atom Ni demonstrates the most
remarkable enhancement effect. The introduction of single-
atom Ni will reconstruct the local electronic structure and
yield a relatively narrow band gap, hence facilitating improved
light absorption. It also exhibits a high electrical conductivity
and an optimal charge distribution, expediting the transfer of
photogenerated charges. In addition, it exhibited an appro-
priate adsorption energy for ammonia decomposition inter-
mediate species. These properties collectively minimize the
energy required for the potential-determined step of ammonia
decomposition, thereby effectively accelerating the photo-
catalytic ammonia decomposition reaction.

Recently, Halas et al. reported a plasmonic antenna-reactor
for photocatalysis.’******* Compared to thermocatalysis, the
plasmonic antenna-reactor catalysts (Cu-Ru-AR, Cu-Fe-AR)
exhibit much higher activity in the ammonia decomposition
reaction, by one to four orders of magnitude."*** The hot
carriers produced by the antenna metal Cu can be transferred to
the active transition metals, Ru or Fe. In ground-state thermo-
catalysis, the associative desorption of N, on Cu-Ru-AR or Cu-
Fe-AR constitutes the rate-determining step, with barriers of
2.67 and 2.84 eV, respectively. However, in photocatalysis, the
barrier for the associative desorption of N, decreases to 0.50
and 0.65 eV, respectively (Fig. 7c). In this scenario, the activa-
tion barriers for the dissociative adsorption of NH; are 0.53 and
0.95 eV, respectively. Finally, the reaction rate is greatly
enhanced upon illumination. Wen et al used embedded
correlated wavefunction (ECW) theory to predict the rate-
determining step for plasmon-driven ammonia decomposition
on Pd (111).” It is found that the rate-determining step is
altered by illumination, i.e., thermocatalysis (dissociating the
first N-H bond, NH; — NH, + H*, in the ground state) contrasts
with photocatalysis (dissociating the second N-H bond,
NH, —NH* 4+ H*, in the excited state).

3.3 Temperature measurement

As mentioned above, both the photo-induced thermal effect and
the photochemical effect are indispensable for promoting pho-
tocatalytic ammonia decomposition. It is scientifically important
to distinguish between the photo-induced thermal effect and the
photochemical effect.*”* Usually, the catalytic process with the
photochemical effect differs from thermocatalysis in the aspects
of catalyst activity, activation energy, reaction order, and so on. In
fact, unlike the relatively uniform temperature field of a tradi-
tional thermocatalytic system, the temperature distribution of
a typical gas-solid photothermal system varies according to
various parameters, including photon flux density, catalyst
absorbance, and photothermal conversion efficiency.”® Particu-
larly, ammonia decomposition involves hydrogen, a gas with
extremely high thermal conductivity (H,: 163 mW/(m K), N,: 23
mW/(m K), NH;: 24 mW/(m K)). The temperature of the catalyst
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(a) Local density of states (LDOS) for pristine GaN and Ru/GaN, respectively. The black dashed line indicates the position of the Fermi level.

(b) The calculated free energy AG diagrams for NHz decomposition on GaN and Ru/GaN. The values in the figures indicate the energy difference
for the potential-limiting step of the reaction. (a and b) Reproduced from ref. 17 with permission from Springer Nature, Copyright 2024. (c)
Schematic comparison of the energy landscape for photocatalysis (excited states) and thermocatalysis (ground state) on Cu—-Fe- and Cu—Ru-
ARs. (c) Reproduced from ref. 13 with permission from AAAS, Copyright 2022.

may decrease as the amount of hydrogen produced from
ammonia decomposition increases. These factors lead to signifi-
cant temperature gradients within the catalyst layer (Fig. 8a).
Therefore, a biased assessment of photocatalytic ammonia
decomposition performance is likely to result in misjudgment of
catalyst activity and an unreasonable comparison between pho-
tocatalysis and thermocatalysis, thus exaggerating the advantages
of photocatalytic ammonia decomposition.

Bian et al. provided guidance for researchers to avoid the
misconceptions of temperature evaluation in photothermal
catalysis (Fig. 8c).”* As a premise, the actual temperature of
a catalyst should be taken for a reliable temperature measure-
ment in photothermal catalysis. Suggestions to improve the
accuracy of thermocouples are as follows. The thermocouple,
having a diameter significantly smaller than the thickness of the
catalyst layer, is embedded into the catalyst layer (position 1
shown in Fig. 8b) to ensure good thermal contact. Using a beam
homogenizer and reducing the thickness of the catalyst layer can

9086 | Chem. Sci, 2025, 16, 9076-9091

create a more uniform temperature distribution. Moreover,
a thermal imaging camera can easily monitor and check the
actual temperature distribution of the catalyst layer. Besides,
a properly designed temperature compensation device is essen-
tial for regulating temperature, thereby mitigating fluctuations
induced by atmospheric changes, variations in catalyst absor-
bance, or the endothermic nature of ammonia decomposition.

Moreover, the catalyst temperature for photocatalytic
ammonia decomposition can be calibrated using various
alternative methods: (1) determining the temperature by
exploiting the correlation between the equilibrium conversion
of ammonia decomposition and temperature.®® (2) Conducting
control experiments with catalysts lacking photochemical
effects or by covering photocatalysts with light-absorbing
materials that exhibit no ammonia decomposition
activity.*”**® (3) Depicting the reaction temperature profile
through numerical simulation to obtain the catalyst surface
temperature during photocatalysis."® Accurate temperature

© 2025 The Author(s). Published by the Royal Society of Chemistry
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assessment is essential for reliably distinguishing the thermal
and photochemical contributions in photocatalytic ammonia
decomposition.

4. Conclusions and outlook

In the current context of decarbonization, ammonia, as
a carbon-free fuel, exhibits great potential in the energy supply
chain. Ammonia decomposition for hydrogen production is
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= Reactants

LSPR Nanopartlcles

Wi m/

ermal catalysis device marked with several temperature measurement
ts in gas—solid photothermal catalysis. (b and c) Reproduced from ref. 96

indispensable when ammonia is employed as a hydrogen
carrier or as fuel in internal combustion engines. Among
external-field-assisted ammonia decompositions, photo-driven
ammonia decomposition shows unique advantages over ther-
mocatalysis, particularly with high activity and an environ-
mentally friendly process. Moreover, photoenergy could be
regionally applied to the catalyst area, leading to a rapid
response for hydrogen production, which is a disadvantage for
thermocatalysis. Fig. 9 summarizes the functions and

Photochemical effect
®  High activity

= Mild conditions
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u  Green process
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Fig. 9 Photocatalytic ammonia decomposition by coupling the photochemical effect and photo-induced thermal effect.
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advantages of light in photocatalytic ammonia decomposition.
Herein, we propose that the following areas should be the focus
of future research.

4.1 Catalyst design and mechanism exploration

In the pursuit of efficient photocatalysts, superior catalysts in
thermocatalysis merit consideration. Their active sites may
retain functionality under light illumination, leveraging photo-
induced heat. Significantly, the active component of a catalyst
in thermocatalysis is often a transition metal, which may
exhibit a pronounced LSPR effect, while the catalyst support is
commonly a semiconductor such as TiO,. Therefore, an excel-
lent catalyst in thermocatalysis may also function as a robust
photocatalyst for ammonia decomposition by virtue of the
synergy between photo-induced heat and charge -carriers
generated by LSPR or an excited semiconductor. Moreover,
metal nitrides, amides, and imides require particular attention.
These materials are anticipated to form in an ammonia atmo-
sphere and may possess semiconductor properties or exhibit
the LSPR effect. These metal nitrides possess metal-like char-
acteristics and are expected to exhibit a strong LSPR effect,'*
resulting in high activity through the synergistic combination of
the photo-induced thermal effect and photochemical effect.
Hence, metal nitrides, as photocatalysts for ammonia decom-
position, are worthy of increased research attention. Concur-
rently, elucidating the mechanism of the photocatalytic process
is essential, which can be achieved by integrating advanced
characterization techniques with sophisticated theoretical
calculations. With a clear mechanism, the development of
efficient photocatalysts can be expedited. Furthermore, the
application of advanced artificial intelligence (Al) in the design
of efficient photocatalysts presents great promise and could
potentially revolutionize this domain, where more but accurate
data are needed.

4.2 Convincing evidence of the photochemical effect

To improve the utilization of sunlight, ammonia decomposition
through the synergistic catalysis of the photochemical effect
and photo-induced thermal effect under full-spectrum illumi-
nation may be one of the excellent approaches.””>'* Theoret-
ically, the photo-induced thermal effect takes advantage of the
high temperature generated on the surface of the photocatalyst.
In this scenario, the performance of the catalyst is solely related
to the temperature rather than directly associated with light,
and its catalytic behavior is identical to that of the thermoca-
talytic process. In contrast, the photochemical effect drives the
reaction by harnessing photogenerated electrons and holes in
semiconductors or hot electrons produced by the LSPR effect.
Under the influence of the photochemical effect, the thermo-
dynamic equilibrium of the reaction will be changed. Ammonia
decomposition, for example, has a higher equilibrium conver-
sion rate than that of thermocatalytic ammonia decomposition.
And the photochemical effect is generally validated by
comparing it with thermocatalysis in terms of activity, selec-
tivity, reaction order, activation energy, and so on. Conse-
quently, accurately determining the temperature on the catalyst
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surface under light illumination is particularly important.
Therefore, it is crucial to collect accurate and correct tempera-
tures. In addition, ammonia may be photolyzed when exposed
to specific light sources like deep ultraviolet radiation. There-
fore, it is scientifically important to distinguish the processes of
photolysis and photocatalysis. Only the acquisition of rules and
conclusions derived from accurate experimental results can
help elucidate a clearer mechanism of photocatalytic ammonia
decomposition and facilitate the development of more efficient
catalysts.

4.3 Key points for practical applications

In the use of photocatalytic ammonia decomposition, reactor
design and optimization, especially for light source selection
and photoenergy utilization, are as crucial as catalyst develop-
ment. Numerous aspects need to be considered in reactor
design, such as reaction chamber configuration, catalyst layout,
and the integration of light-transmitting components to ensure
optimal catalyst illumination and mass transfer. For example,
the selection of a light source necessitates aligning spectral
characteristics with the absorption range of the photocatalyst
while also taking into account light intensity, stability, and
energy consumption. More importantly, the light-to-hydrogen
energy efficiency should be considered, which is defined as
the efficiency of photons impinging on the catalyst surface
being converted into chemical energy by comparing the con-
verted heat values of ammonia (18.65 kJ/g) and hydrogen
(119.96 KJ/g), i.e., the energy of hydrogen production divided by
the sum of the light energy and ammonia energy.** So far, the
highest reported energy efficiency of photocatalysis is 18%.%
There is still ample room for improvement. The overall system
must feature a high hydrogen production rate, elevated energy
efficiency, stability, and minimal cost. The applicable scenarios
of photocatalytic ammonia decomposition hold substantial
importance. For instance, leveraging its features such as rapid
response and high hydrogen production rate, it can be applied
in hydrogen-production scenarios where frequent and prompt
start-up and shut-down operations are demanded. By advancing
the implementation of photocatalytic ammonia decomposition,
the arrival of the ammonia-hydrogen economy can be
accelerated.
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