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Single-atom catalysts toward electrocatalytic urea
synthesis via C—N coupling reactions

Zhiwei Wang,® Mingying Chen,® Guolong Lu,® Jianben Xu,*® Longchao Zhuo,”
Yinghong Wu*€ and Xijun Liu (2 *®

Urea, with a global annual production that exceeds 200 million tons, occupies an irreplaceable position
in agriculture, pharmaceuticals, and materials science. The conventional Haber—Bosch process and its
derivatives are constrained by high energy consumption and considerable carbon emissions. Global urea
production, for instance, utilizes approximately 1.4-2% of total energy, accompanied by 1.5-2.0 tons of
CO, emissions per ton of product. Electrocatalytic technology utilizes a simultaneous reduction of CO,
and nitrogen-containing compounds to achieve urea synthesis, offering advantages such as ambient
temperature and pressure operation, renewable energy driving, and the potential for carbon neutrality.
Life cycle assessments have indicated the potential for a 75% reduction in carbon footprint. Single-atom
catalysts (SACs), distinguished by their atomically dispersed active sites, the ability to precisely adjust their
coordination environments, and an extremely high metal atom utilization, have demonstrated remark-
able efficacy in electrocatalytic urea synthesis. Following the initial report of Co—N-C SAC catalyzed
urea synthesis in 2020, the field has witnessed a rapid expansion in related research, with a notable
increase in urea faradaic efficiency (FE) from approximately 2% to 60.11% and substantial improvements
in production rates, reaching 212.8 + 10.6 mmol h™* g~%. This review systematically summarizes the
advancements in SACs based on carbon-based, two-dimensional materials, metal-organic frameworks,
and metal oxide supports. It delves into the regulatory mechanisms of supports on the electronic struc-
ture and coordination environment of active centers, while emphasizing the C-N bond formation
mechanisms under diverse nitrogen sources. It also discusses the main challenges and future develop-
ment directions in this field, providing theoretical and experimental guidance for the design of efficient
electrocatalytic urea synthesis catalysts.

nitrogen fertilizer consumption and directly impacting global
food security."™ In the context of a rapidly expanding global

Urea, with a chemical formula of (NH,),CO, is a vital compound
with a global production that exceeds 200 million tons. It plays an
indispensable role in agriculture, medicine, the chemical indus-
try, and materials science, accounting for over 60% of global
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population, the importance of urea, an essential nitrogen fertili-
zer, cannot be overstated. However, the traditional Haber-Bosch-
based urea synthesis method is characterized by substantial
drawbacks. The elevated temperature and pressure conditions
necessitated by this method result in substantial energy consump-
tion, accounting for 1.4-2% of global energy use, with the
production of 1.5-2.0 tons of CO, emissions for each ton of urea
produced.*® Moreover, the reliance on robust raw materials, the
prevalence of equipment corrosion, and constraints in large-scale
production impede its sustainable development. In response to
these issues, electrocatalytic urea synthesis has emerged as a
promising alternative technology. This approach directly synthe-
sizes urea by simultaneously reducing CO, and nitrogen-
containing compounds at ambient temperature and pressure. It
reduces energy consumption by 40-60%, enables carbon-neutral
processes driven by renewable electricity, and integrates CO,
emission reduction with resource utilization. Its modular nature
lends itself to decentralized production, and life cycle
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assessments indicate the potential for a 75% reduction in carbon
footprint.”'® Despite these advantages, electrocatalytic urea
synthesis faces significant scientific challenges, including the
efficient simultaneous activation of CO, and nitrogen sources to
form C-N bonds, the thermodynamic stability of CO,, the triple
bond structure of N, precise control of NO;~ reduction and NH;
oxidation intermediates, and synergistic multi-step reactions at
the same catalytic interface while suppressing competing reac-
tions. These factors underscore the pivotal role of catalyst design
in facilitating breakthroughs in electrocatalytic urea synthesis
technology."' '

Single-atom catalysts (SACs) are frontier catalytic materials
that have emerged over the past decade. These catalysts are
characterized by atomically dispersed metal active centers
anchored precisely on specific supports. In comparison to
traditional nanoparticle catalysts, SACs exhibit markedly dif-
ferent properties.'®'° From a structural standpoint, SACs inte-
grate the uniform active sites of homogeneous catalysts with
high stability and facile separation of heterogeneous catalysts,
thereby conferring a set of distinctive advantages. Firstly, iso-
lated single-atom active sites maximize metal atom utilization,
improving atomic efficiency by 10-100 times in comparison
with conventional nanoparticle catalysts. Secondly, the strong
interactions between single atoms and supports create special
coordination environments, enabling fine-tuning of electronic
structures. Thirdly, single-dispersed active centers avoid surface
energy heterogeneity, enhancing reaction selectivity. Finally, uni-
form active sites simplify structure-activity relationship analysis,
providing a foundation for rational design. The utilization of high
metal dispersion or SACs is regarded as the optimal approach for
the fabrication of heterogeneous catalysts that exhibit maximal
activity at the atomic level for target reactions.’*® Since Wang
et al. first reported the use of a Co-N-C SAC as a catalyst for the
electrocatalytic synthesis of urea from CO, and NO;~ in 2020,
research in this field has undergone explosive growth. In a span
of merely four years, the number of research articles pertaining to
this subject has surpassed 200. SACs featuring various metal
centers (e.g., Cu, Fe, Co, Ni, Mn, and Mo) and diverse support
materials (e.g., carbon-based, oxides, MOF derivatives, and
MXenes) have been developed successively. Remarkable advances
have been made in catalytic performance, with FE of urea
demonstrating a substantial enhancement, rising from approxi-
mately 20% initially to the highest reported value of 60.11%.
Furthermore, there has been a notable increase in production
rates, which have escalated from a few mmol h™* g™* to over
212.8 4+ 10.6 mmol h™' g'. These studies have not only
expanded the application prospects of SACs in electrocatalysis
but also deepened the understanding of C-N bond formation
mechanisms. Notwithstanding the substantial progress that has
been made, electrocatalytic urea synthesis continues to confront
challenges, including inadequate activity, deficient selectivity,
suboptimal stability, and ambiguous mechanisms.

This review aims to provide a systematic summary of the
research progress pertaining to SACs for electrocatalytic urea
synthesis. The categorization of catalysts is based on support
types, which include carbon-based, two-dimensional materials,
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metal-organic frameworks, and metal oxides. A comprehensive
analysis is conducted to elucidate the role of support materials
in regulating the electronic structure, the coordination environ-
ment, and the catalytic performance of active centers. The
article also discusses the main challenges and future develop-
ment directions in the field, providing theoretical guidance and
experimental references for designing efficient catalysts for
electrocatalytic urea synthesis, thereby accelerating the transi-
tion of this technology from fundamental research to practical
applications.

2 Mechanistic analysis of urea
synthesis involving different nitrogen
sources

Electrosynthesis of urea (ESU) is a complex reaction process
involving multiple key steps, including co-activation, NO,
reduction, CO, reduction, and C-N coupling reactions.”® It is
imperative to acknowledge that these critical reaction steps do not
occur independently; rather, they interact and depend on each
other. Collectively, they participate in the ESU process. To achieve
efficient and highly selective urea synthesis, precise control over
the conditions and catalyst properties for each key reaction step is
required to enhance catalytic efficiency and product selectivity.
Concurrently, a comprehensive understanding of these funda-
mental reaction steps enables the optimization of the ESU system,
thereby enhancing reaction efficiency. In the following sections,
we will meticulously delineate the mechanistic pathways of dis-
parate nitrogen sources implicated in urea synthesis. The electro-
chemical production of urea entails intricate chemical reactions,
wherein nitrogen from diverse sources and CO, are transformed
into urea under certain conditions, as described below:
Using NO; ™~ as a nitrogen source for urea synthesis:

2NO;~ + CO, + 18H" + 16e” — NH,CONH, + 7H,O
Using NO, ™ as a nitrogen source for urea synthesis:
2NO,” + CO, + 14H" + 12¢~ — NH,CONH, + 5H,0
Using NO as a nitrogen source for urea synthesis:
2NO + CO, + 10H' + 10e” — NH,CONH, + 3H,0
Using N, as a nitrogen source for urea synthesis:
N, + CO, + 6H" + 66~ — NH,CONH, + H,0
Furthermore, the spatial proximity of reactants and inter-
mediates during the C-N coupling process is imperative for the
efficient formation of urea. To facilitate comprehension of
these intricate internal relationships, Fig. 1 illustrates the
formation pathways of different C-N bond intermediates. A
thorough examination of the intermediates and reaction path-
ways involved in urea synthesis can offer valuable theoretical
insights for the design of high-performance catalysts.

The successful execution of the C-N coupling reaction in
electrocatalytic urea synthesis is contingent upon the precise

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Reaction pathways for the synthesis of urea by C—N coupling and its intermediates. Reproduced with permission from ref. 27. Copyright 2024,

Green Chemistry.

formation, activation, and effective coupling of carbon-containing
and nitrogen-containing intermediates. The carbon-containing
intermediates principally comprise CO, the most critical carbon
source with moderate binding strength and high reactivity, and
COOH, the initial product of CO, reduction that can be further
converted into more reactive CO. Nitrogen-containing intermedi-
ates principally consist of NH,, the most critical nitrogen inter-
mediate with suitable reactivity and stability. It is capable of
forming C-N bonds with CO. The stability of these intermediates
and their conversion kinetics directly determine the overall effi-
ciency and selectivity of the reaction. Achieving efficient C-N
coupling is contingent upon synergistic stabilization of CO and
N, intermediates. The electronic structure of CO is more favorable
for orbital hybridization with nitrogen intermediates, which results
in a lower C-N coupling energy barrier for CO compared to COOH.
Three main C-N coupling mechanisms have been identified,
including the sequential coupling mechanism where pre-formed
CO and NH, intermediates directly couple to form urea molecules,
the synergistic coupling mechanism involving the activation and
direct coupling of CO, and nitrogen sources, and the radical
coupling mechanism where coupling reactions occur through
radical intermediates under specific electrochemical conditions.
However, selectivity remains the primary challenge in electrocata-
lytic urea synthesis, as it competes with reactions such as hydrogen
evolution, CO, reduction to other products, and NO, reduction
leading to NH; formation.

2.1 HNO;

The solubility of nitrate is significantly higher than that of inert
nitrogen gas, which suggests that NO;~ species can participate
more effectively in aqueous-phase reactions. Additionally, the

This journal is © The Royal Society of Chemistry 2025

dissociation energy of the N—O bond in nitrite is relatively low,
rendering nitrate/nitrite chemically more reactive and more
likely to react with other substances.”®*® As indicated by the
high solubility of nitrate and the low dissociation energy of the
N=0O0 bond, nitrate (NO;3 ") couples with CO, to form urea more
readily than inert N, molecules.

To elucidate the reaction mechanism, Mao et a
two potential pathways for the C-N coupling reaction over
graphene-In,0O; catalysts. One pathway involves the reduction
of NO;~ to NO,, followed by further reduction to generate the
key intermediate NH,, which directly combines with CO, to
produce urea. The remaining portion combines with H to form
NH;. The other pathway is that NO,, generated from NO;~
reduction, directly couples with CO, to form urea. These findings
are of great significance for understanding the reaction mecha-
nism (Fig. 2a).

Recently, Chen et al.®' reported a CuPd;Rh;-DAA diatomic
alloy catalyst, revealing that its synergistic tandem catalytic
mechanism involving Pd;—-Cu and Rh;-Cu active sites effec-
tively promotes the electrosynthesis of urea. Specifically, the
Pd,-Cu site primarily catalyzes the early-stage C-N bond for-
mation, facilitating the conversion of the intermediate CO,NO,
into CO,NH,; meanwhile, the Rh;—Cu site accelerates the
protonation of CO,NH, to COOHNH,. The cooperative effect
of these two sites significantly enhances the urea yield (Fig. 2b).
This study not only deepens the understanding of the reaction
mechanism for NO; ™ electroreduction to urea but also provides
new theoretical guidance and practical approaches for design-
ing multi-active-site catalysts.

The process of synthesizing urea using nitrate as a nitrogen
source consists of multiple stages, including nitrate reduction,

1.3° unveiled
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Fig. 2 (a) Two possible pathways for urea synthesis involving CO, and
NO3™~. Reproduced with permission from ref. 30. Copyright 2024, Chinese
Chemical Letters. (b) Schematic of the tandem catalytic mechanism on Cu
DAA. Reproduced with permission from ref. 31. Copyright 2024, Advanced
Materials.

the nitrogen reaction with CO,, the conversion of ammonium
carbamate, the regulation of side reactions, and the selection of
catalysts and electrolytes. Through the optimization of reaction
conditions, the production of urea can be rendered both
efficient and environmentally friendly. Despite the abundance
of nitrate and the direct reduction process’s capacity to yield
nitrogen and water as feedstock for urea synthesis, this process
necessitates substantial energy input and may be accompanied
by undesirable side reactions, which can compromise the
efficiency and selectivity of urea synthesis.

2.2 HNO,

Nitrite (NO,~) functions as a nitrogen source and exhibits a
unique reaction mechanism in the electrocatalytic reduction
synthesis of urea. On the surface of the catalyst, nitrite accepts
electrons and protons, undergoing a stepwise reduction pro-
cess that generates nitrogen-containing intermediates, such as
*NH, or *NH active species. These reduced nitrogen intermedi-
ates subsequently couple with activated CO, intermediates,
resulting in the formation of essential nitrogen-containing
carbon-based intermediates. Feng et al®” reported that the
synergistic effect between Te and Pd in Te-Pd nanoclusters
significantly promotes the CO, reduction reaction to produce
CO and the nitrite reduction reaction to generate NH,. Subse-
quently, these species undergo C-N bond coupling, ultimately
enabling urea synthesis (Fig. 3a).

Zhao et al.** designed a Ru-Cu;N catalyst system that provides
a typical demonstration of this mechanism. This catalyst achieves
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Fig. 3 (a) Urea synthesis from CO,RR and NO,RR on Te—Pd NCs. Repro-
duced with permission from ref. 32. Copyright 2020, Nano Letters. (b)
Schematic of the ECNU process on Ru;@CusN. Reproduced with permis-
sion from ref. 33. Copyright 2024, Chemical Engineering Journal.

efficient activation and conversion of nitrite and CO, through the
synergistic action of Ru and Cu active sites. As demonstrated in
Fig. 3b, the Cu sites exhibit a preference for catalyzing the
reduction of CO, to produce the key intermediate CO, while the
Ru sites are responsible for the reduction of nitrite to form the
active nitrogen intermediate *NH,. Subsequently, CO and *NH,
undergo C-N coupling at the Ru sites to form nitrogen-containing
carbon-based intermediates. These intermediates, in turn, undergo
further proton and electron transfer steps, ultimately resulting in
the formation of urea. The entire reaction process also involves a
complex transfer of 14 protons and 12 electrons, fully reflecting the
central role of HNO, as a nitrogen source. However, the utilization
of nitrite is subject to certain limitations and must be strictly
controlled, primarily due to its potential safety risks and environ-
mental regulatory constraints.

2.3 NO

The mechanism of electrocatalytic urea synthesis via nitric oxide
(NO) reduction consists of the following steps: during the electro-
catalytic process, NO is initially activated and reduced, forming
nitrogen-containing intermediates, which subsequently undergo
C-N coupling with carbon-based intermediates from the CO,
reduction reaction (CO,RR). The outcome of this process is the
production of urea. As summarized by Long et al.** concerning the
NORR (NO reduction reaction) mechanism, the detection of
ammonia (NH3) in experiments indicates the presence of multiple
possible nitrogenous intermediates such as NO*, HNO*, HNOH*,
H,NO*, H,NOH*, NOH*, N*, NH*, and NH,*.>* Based on these
intermediates, the initial C-N bond formation is consistent with
18 possible coupling reactions (Fig. 4a). Furthermore, Wan et al.*®
revealed that NO and CO can synergistically interact on copper
catalysts to generate urea, highlighting that NO, due to its lower
reduction energy barrier, dominates the competitive reaction with
CO. The urea synthesis pathway involves two critical C-N coupling
steps, with the formation of the initial C-N bond designated as the
rate-determining step. These theoretical findings are consistent

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Schematic illustration of eCO,RR, eNORR, and the first C—N
coupling reactions. Reproduced with permission from ref. 34. Copyright
2024, ACS Catalysis. (b) Three reaction pathways on the Cu(111) surface
energy diagram. Reproduced with permission from ref. 36. Copyright
2023, ACS Catalysis.

with experimental results, demonstrating an efficient electrocata-
lytic C-N coupling mechanism on copper-based catalysts. This
finding suggests that the mechanism may be applicable to the
synthesis of urea and other amide compounds (Fig. 4b).

It is noteworthy that NO, as a nitrogen source, exhibits
higher energy efficiency in electrocatalytic reduction primarily
because it can be reduced at lower potentials and its reduction
products can directly participate in urea synthesis. However,
the relatively limited availability of NO, and the significantly
greater difficulty in obtaining it compared to molecular nitro-
gen (N,), largely constrains its practical potential for industrial-
scale urea synthesis.

24 N,

The urea synthesis process consists of three primary stages: co-
activation, C-N coupling reaction, and hydrogenation steps of
reaction intermediates. In the presence of water, the reduction
of N, and CO, to form urea is a six-electron transfer process,
described by the following reaction: N, + CO, + 6H" + 6~ —
CO(NH,), + H,0. Among these, co-activation is a prerequisite
for achieving urea synthesis.”” Cao et al.*® proposed several key
reaction intermediates, such as HNCONH, NCONH,, HNNH,
and NNH,, to evaluate the catalyst’s ability to facilitate the
electrochemical coupling of CO, and N, for urea synthesis. The
detailed mechanism is illustrated in Fig. 5a. Initially, CO,
undergoes a three-proton, three-electron transfer, which results
in the generation of CO. Subsequently, CO couples with
adsorbed N, via a C-N coupling reaction to form intermediates
NCONH and *COOH. Subsequently, NCONH undergoes a four-
electron transfer, which leads to two possible urea synthesis
pathways. Cleavage of the N-N bond in COOH (also through a
reduction process) opens two additional synthesis routes.
Furthermore, Kong et al®** employed a Co/p-BN catalyst to
facilitate the electrochemical coupling of CO, and N,. Their study
indicates that the urea synthesis pathway involves the reduction
of CO, to CO, the coupling of CO with N, to form NCON, and a
sequential four-step hydrogenation process that converts NCON
into urea. As demonstrated in Fig. 5b, the rate-determining step

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Mechanism diagram of the electrochemical coupling of CO,
and N; to produce urea. Reproduced with permission from ref. 37. Copy-
right 2023, Journal of Materials Chemistry A. (b) Reaction energy barriers
and the corresponding intermediate structures for urea electrosynthesis
on the Fe/p-BN catalyst. Reproduced with permission from ref. 39. Copy-
right 2023, Chemical Engineering Journal.

is the hydrogenation of NHCONH,, with an energy barrier of
0.63 eV, indicating a relatively low reaction energy barrier.

Molecular nitrogen is the most abundant nitrogen source in
nature, and it offers high sustainability and theoretical atom
economy because it does not rely on any chemical derivatives.
However, the extremely stable N=N triple bond in N, mole-
cules requires highly active catalysts and substantial energy
input for activation, which significantly limits its efficiency in
various catalytic processes.

3 Catalyst types

Conventional nanoparticle catalysts exhibit constrained perfor-
mance enhancement potential, attributable to the heterogene-
ity of active sites and the complexity in the suppression of side
reactions. In contrast, SACs with their atomically dispersed
structure provide isolated active site effects that significantly
reduce side reactions while enhancing atomic utilization and
selectivity. In the field of ESU, SAC systems predominantly
comprise transition metal single atoms that are anchored onto
functional supports, such as nitrogen-doped carbon materials,
metal oxides, and graphitic carbon nitride. The fundamental
attribute of SACs is rooted in the robust interaction between the
metal atoms and the support, which functions to stabilize the
single-atom structure. This interaction also facilitates precise
modulation of the electronic structure and catalytic activity of

Chem. Commun., 2025, 61,13601-13615 | 13605
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the metal atoms. The local coordination environment, such as
the M-N, structure in nitrogen-doped carbon materials or the
M-0 structure in metal oxides, exerts a substantial influence on
the adsorption configurations of reactant molecules and the
catalytic performance, thereby determining the efficiency and
selectivity of urea synthesis.

For instance, W-MoS, and Co-TiO, single-atom catalysts
have demonstrated remarkable performance, with faradaic
efficiency levels reaching up to 60.11% and urea yield as high
as 212.8 mmol g ' h™". These findings substantiate the revolu-
tionary advantages of SACs in enhancing selectivity and activity.
By optimizing the type of metal, coordination environment,
and support properties, SACs open new possibilities for the
development of electrocatalytic urea synthesis technologies.

3.1 Carbon-based supports

Carbon-based supports demonstrate extensive application pro-
spects in electrocatalytic urea synthesis (ESU) due to their
excellent physicochemical properties. Their high specific sur-
face area and unique n-conjugated electronic structures provide
abundant and uniform active sites for reactant adsorption and
activation, significantly promoting reaction kinetics.*>*' By
meticulously adjusting catalyst morphology, surface oxygen-
containing functional groups, and microstructural parameters,
the adsorption configurations and reaction pathways of
reactants on the catalyst surface can be efficiently regulated
to achieve high selectivity in urea synthesis.*® Moreover, carbon
materials demonstrate outstanding structural stability and
chemical tolerance, ensuring sustained stable catalytic perfor-
mance under the severe conditions of electrocatalytic urea synth-
esis, a property that is of paramount importance for industrial
applications. The present research endeavors are centered on the
development of innovative carbon-based materials systems such
as carbon-based SACs that exhibit precise metal-nitrogen coor-
dination structures (e.g:, M-N-C) and graphitic carbon nitride
(g-C3N,).** Both theoretical calculations and experimental studies
have demonstrated that these catalysts not only maximize metal
atom utilization but also significantly enhance catalytic activity
and selectivity by modulating local electronic structures.
Theoretical calculations provide a foundational framework
for the rational design of electrocatalysts. Systematic density
functional theory (DFT) studies show that transition metal
single atoms anchored on graphitic carbon nitride (TM®@
2-C3N,) exhibit considerable potential in electrocatalytic urea
synthesis. Cheng et al.** conducted high-throughput computa-
tional screening and systematically evaluated 19 TM@g-C3N,
catalyst systems. It was determined that Ti@g-C3;N, exhibited not
only remarkable catalytic activity but also commendable thermo-
dynamic stability. To assess the influence of competing reactions,
adsorption free energies (AG,q) of H,, CO,, and N, on all TM@g-
C;N, catalysts were calculated. As demonstrated in Fig. 6a, with
the exception of Ag, Cd, Mo, Zr, and Nb@g-C;N,, the adsorption
free energies of N, and CO, were lower than that of H on the
remaining catalysts. This finding suggests that the thermodynamic
feasibility of the nitrogen reduction reaction (NRR) and the CO,
reduction reaction (CO,RR) exceeds that of the hydrogen evolution
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Fig. 6 (a) Adsorption Gibbs free energies of N, CO,, and H on TM-g-
C3Ny. (b) Gibbs free energy diagram for urea synthesis via CO, and N
coupling. Reproduced with permission from ref. 43. Copyright 2023, Elec-
trochimica Acta. (c) Simplified schematic of N, and CO, molecules on the
catalysts surfaces. Reproduced with permission from ref. 44. Copyright 2025,
Journal of Colloid and Interface Science. (d) Reaction pathway for urea
production from simultaneous CO,RR and NOzRR. Reproduced with per-
mission from ref. 45. Copyright 2022, Advanced Energy Materials. (e) Sche-
matic diagram of the reaction pathway of electrocatalytic urea synthesis on
Ni—=N-C. Reproduced with permission from ref. 46. Copyright 2023, Carbon
Energy.

reaction (HER) in the majority of catalyst surfaces. In the Ti@g-
C3N, system, AG,q(N,) and AG.4(CO,) were considerably lower
than AG,q(H), indicating a distinct benefit in the suppression of
the HER. As illustrated in Fig. 6b, the free energy profile of CO,
and N, activation and subsequent C-N coupling on Ti@g-C3;N,
demonstrates a maximum energy barrier of only 0.41 eV, which is
significantly lower than that of other transition metal catalysts.
This study systematically elucidates the guiding role of theoretical
calculations in electrocatalyst design, providing an important
theoretical basis for developing efficient catalysts for electrocata-
Iytic urea synthesis.

The experimental work of Zhao et al.** further validated the
outstanding performance of SACs in ESU. The CoN;-CoAC/NC
catalyst, prepared via crystallization pyrolysis, exhibited a unique
electronic delocalization effect, achieving a urea production rate
of 20.83 mmol h™* ¢"* and a FE of 23.73% at —0.4 V vs. RHE. As
illustrated in Fig. 6c, the relaxed atomic structures of chemically
adsorbed inert reactants are observed on CoN,/NC, CoN,~CoAC/
NC, CoN3/NC, and CoN;-CoAC/NC. The enhanced catalytic per-
formance is attributed to the synergistic effect between cobalt
clusters and single-atom sites, which results in a substantial
reduction in reaction energy barriers. The study by Leverett
et al.*” revealed the critical influence of copper atomic coordina-
tion structures on reaction selectivity. The investigation revealed
that both Cu-N, and Cu-N,_,-C, sites exhibited catalytically

This journal is © The Royal Society of Chemistry 2025
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active properties for the nitrate reduction (NO3;RR). However, it
was observed that the Cu-Nj sites demonstrated higher activity in
reactions involving the reduction of CO,. Furthermore, the study
accomplished the first electrochemical synthesis of urea using Cu
SACs by integrating CO,RR and NO;RR. As illustrated in Fig. 6d,
the DFT-calculated urea synthesis pathway on Cu-N, sites
demonstrates an enhanced catalytic activity as compared to the
two counterparts. In experimental trials, a FE of 28% and a urea
production rate of 4.3 nmol s ¢cm > were achieved, thereby
establishing a novel utilization of SACs for the synergistic electro-
chemical urea synthesis via CO,RR and NO;RR. This series of
studies not only deepened the understanding of SAC reaction
mechanisms and selectivity but also highlighted the crucial role
of combining theoretical calculations and experiments in catalyst
design and performance optimization.

It is noteworthy that non-metal nitrogen-doped catalysts
exhibit superior performance in ESU when compared to pre-
cious metal electrocatalysts. In a seminal study, Chen et al.*®
advanced an innovative catalyst design strategy by incorporating
Ni single atoms into nitrogen-doped metal-free catalysts (N-C),
thereby forming Ni-N-CSACs. When KNO, was utilized as a
nitrogen source, the catalyst demonstrated a substantial
enhancement in catalytic activity, with urea synthesis increasing
by an order of magnitude compared to nitrate. This enhance-
ment is attributable to the substitution of nitrogen sources and
the optimization of reaction pathways, which collectively gen-
erate a substantial quantity of nitrogen-containing intermedi-
ates and rebalance the activity among side reactions (Fig. 6e).
The developed nitrogen-doped carbon catalysts were able to
achieve a urea production rate of 610.6 mg h™* g, *, surpass-
ing precious metal electrocatalysts. This breakthrough not only
exemplifies the immense potential of N-doped carbon materials
as metal-free catalysts in ESU but also provides novel insights
into sustainable chemistry and green synthesis by effectively
circumventing the utilization of rare or precious metals.

However, the industrial-scale application of carbon-based
catalysts in the field of electrocatalytic urea synthesis (ESU) still
faces numerous challenges, requiring further in-depth research
and systematic validation. At present, researchers are com-
mitted to the development of innovative carbon-based catalytic
systems that aspire to augment their intrinsic catalytic activity,
long-term stability, and product selectivity. Concurrently, they
are undertaking a comprehensive elucidation of the reaction
mechanisms to facilitate the practical implementation and
industrialization of ESU technology.

3.2 Two-dimensional materials

Two-dimensional (2D) materials have emerged as a prominent
area of research interest within the broader context of electro-
catalytic urea synthesis (ECU). This focus is largely attributed to
the distinctive physicochemical properties exhibited by these
materials, which include high specific surface areas, an abun-
dance of active sites, and remarkable capability for electronic
structure modulation. Theoretical calculations play a crucial
role in catalyst design and screening, providing a solid founda-
tion for elucidating catalytic mechanisms and guiding rational
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View Article Online

Feature Article

catalyst development. In the early stages of research, DFT was
utilized to systematically screen catalysts. It was determined
that transition metal single atoms anchored on graphitic
carbon nitride (g-C3;N,) supports exhibited promising catalytic
activity. Among them, Ti@g-C;N, catalysts stand out as typical
representatives with a comparatively low energy barrier for urea
synthesis (0.41 eV) and adequate thermal stability.*' However,
reliance on experimental screening and preliminary theoretical
analysis alone is insufficient for achieving a comprehensive
understanding of the intrinsic relationship between catalytic
activity and the electronic structure. This limitation restricts
the attainment of precise mechanistic insights and the devel-
opment of precise catalyst design. To address this, researchers
have developed more fundamental theoretical models. Xiong
et al.*”” proposed a systematic screening strategy to investigate
the catalytic performance of single-atom metals anchored on a-
borophene nanosheets (M@a-B). Their study revealed that a-
borophene catalysts anchored with metals such as Ti, Cr, Nb,
Mo, and Ta exhibit excellent activity and selectivity for urea
synthesis. The catalytic performance exhibits a close correlation
with the d-band center position and charge density transfer of
the active center atoms. Based on the constructed volcano plot
relating limiting potentials to d-band centers (Fig. 7a), the
researchers introduced a new descriptor, termed ¢, to quanti-
tatively interpret the correlation between atomic properties and
catalytic performance. The results indicate that materials with
limiting potentials between —0.4 V and 0 V and d-band centers
within —0.2 to 0.8 eV exhibit augmented catalytic activity This
observation provides a theoretical foundation for the screening
of efficient urea synthesis catalysts. This work contributes to
the theoretical understanding of the catalytic mechanism.
However, the translation of theoretical predictions into prac-
tical catalytic systems still necessitates experimental validation.

Guided by theoretical frameworks, research has shifted
towards 2D materials, characterized by specific structures and
a high density of defects, with the objective of enhancing
catalytic performance. Addressing the inadequate conductivity
and insufficient exposure of active sites in g-C;N,, Kong et al.*®
developed a novel electrocatalyst by anchoring single metal
atoms onto porous boron nitride (p-BN) nanosheets with dual
vacancies. A high-throughput DFT screening revealed that Fe/p-
BN and Co/p-BN catalysts not only exhibit excellent catalytic
activity and selectivity but also show reduced kinetic barriers
for the C-N coupling reaction. During the reaction, N, mole-
cules preferentially adsorb in a side-on mode on catalysts such
as Ti, V, Cr, Mn, Fe, Co, Ni, and Mo. In this configuration, the
metal atom and its two adjacent boron atoms act as triple active
sites, forming one metal-N and two B-N bonds (Fig. 7b and c),
effectively promoting urea synthesis. This study, which inte-
grates theoretical calculations and experimental verification,
demonstrates the feasibility of tailoring SAC performance via
support engineering. However, the intrinsically low conductiv-
ity of boron nitride-based materials may limit further enhance-
ment of overall electrocatalytic performance.

To overcome the conductivity limitations, researchers have
shifted their focus to highly conductive 2D material supports.
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Fig. 7 (a) Volcano plots of calculated overpotentials toward the HER. Reproduced with permission from ref. 47. Copyright 2022, Chemistry of Materials.
(b) Optimized structural model of catalyst M/p-BN. (c) Free adsorption energies of N2* (AGN,*) via end/side-on patterns. Reproduced with permission
from ref. 39. Copyright 2023, Chemical Engineering Journal. (d) Free energy change diagram of the minimum energy path of the CO,/N, urea synthesis
reaction, the atomic configurations of the reaction intermediates and the transition state energy change of *CO and *NN coupling reactions on the
surface of Mo,C. (e) Transition state energy variations for the C/N coupling reactions occurring on Fe@ Mo,C and Ti@Mo,C surfaces. Reproduced with
permission from ref. 49. Copyright 2022, Chinese Journal of Structural Chemistry.

MXenes, a class of transition metal carbides/nitrides with
graphene-like layered structures, possess a high surface area,
abundant exposed active sites, and tunable electronic struc-
tures, showing broad potential in electrocatalysis.*® Peng et al.*’
systematically studied the catalytic activity of Mo,C-MXene
catalysts for co-reduction of N, and CO, to synthesize urea via
DFT. The results of the study indicate that although the bare
Mo,C surface favors urea synthesis, its relatively high transition
state energy barrier (~1.50 eV) limits catalytic efficiency
(Fig. 7d). The implementation of single-atom loading strategies,
particularly those involving Fe and Ti single atoms, results in a
substantial reduction in the energy barrier associated with the
transition state for C-N coupling. This observation is exempli-
fied by Ti@Mo,C that exhibited superior catalytic selectivity and
activity. This finding underscores the considerable promise of
MXenes as the support for SACs (Fig. 7e). This study integrates
theoretical calculations with experimental research, thereby
advancing electrocatalytic urea synthesis. However, the prevail-
ing focus of contemporary research is on the synergistic path-
ways of the CO, reduction reaction (CO,RR) and the nitrogen
reduction reaction (NRR), while alternative potential reaction
pathways warrant further exploration.

Furthermore, two-dimensional transition metal sulfides,
exemplified by MoS,, have garnered interest for urea electro-
synthesis due to their distinctive electronic structure and
plentiful edge active sites. Du et al.’>*" developed two efficient

13608 | Chem. Commun., 2025, 61,13601-13615

urea electrocatalysts: single-atom Cu anchored MoS, (Cu;/MoS,)
and Fe single-atom loaded MoS, (Fe;/MoS,). The faradaic effi-
ciencies of these catalysts were measured to be 54.98% and
57.02%, respectively, while the urea yields were found to be
18.98 and 23.3 mmol h™! g™, respectively. In these catalysts,
single metal atoms form isolated M;-S; structures anchored on
the MoS, surface. The M;-S; active sites and MoS, edges syner-
gistically promote C-N coupling and hydrogenation via a tandem
mechanism: as illustrated in Fig. 8a, the former process is
predominant in the initial stages of C-N bond formation and
NO, " reduction to CO,NH,. In contrast, the latter process plays a
pivotal role in the subsequent hydrogenation of CO,NH, to urea.
In a related study, Yuan et al.>> employed W SACs (W,/Mo0S,) to
achieve co-reduction of CO, and NO, to urea, reaching a
maximum FE of 60.11% and a urea production rate of
35.80 mmol h™* ¢™* in a flow cell. As NO,RR and the HER
represent two major competing reactions in ECNU,® the selec-
tivity of ECNU was evaluated by analyzing the NO,RR and HER
behavior on W;/MoS,. As shown in Fig. 8b, for NO,RR, the W;-S;
site exhibits a preference for coupling with CO, over hydrogena-
tion to form HNO,. This observation indicates that W;/MoS,
exhibits a greater propensity for NO, and CO, C-N coupling as
opposed to *NO, hydrogenation to NH;. As demonstrated in
Fig. 8c, for the HER, the adsorption free energy of NO,” on W;-S;
is more negative than that of hydrogen, indicating that W;-S;
exhibits a stronger preference for adsorbing NO, ™ over hydrogen.

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 (a) Schematic diagram of the tandem catalytic mechanism on Cu;—
MoS,. Reproduced with permission from ref. 50. Copyright 2024,
Advanced Energy Materials. (b) Free energy diagrams of C—N coupling
and *HNO, formation on W1-S3. (c) Adsorption free energies for NO,™
and H adsorption on W;-Ss. Reproduced with permission from ref. 52.
Copyright 2025, Journal of Colloid and Interface Science.

These results suggest that the suppression of competing NO,RR/
HER on W,-S; is effective, leading to high ECNU selectivity for
urea production. This study provides novel insights into the
design of W-based SACs and demonstrates the potential of
electrocatalytic urea synthesis in the treatment of environmental
pollutants and the production of high-value production urea.

2D material-based SACs exhibit remarkable catalytic activity
and selectivity in the electrocatalytic synthesis of urea, a
phenomenon that can be attributed to their excellent electronic
structure modulation and the abundance of active sites present
within the material. However, challenges persist regarding the
conductivity, stability, and structural control of 2D materials.
Consequently, there is a necessity to explore more highly
tunable and multifunctional catalytic systems.

3.3 Metal-organic frameworks (MOFs)

In addition to metal oxides, metal-organic framework (MOF)
catalysts have demonstrated tremendous application potential
in the domain of electrocatalytic urea synthesis (ESU). MOFs are
a class of porous materials composed of metal ions or clusters
connected with organic ligands. The highly tunable structures
and abundant surface-active sites of MOFs make them ideal
candidates for ESU. It has been demonstrated that some MOFs
inherently possess catalytic activity and can directly participate
in the electrochemical synthesis of urea. For example, certain
MOFs exhibit excellent electrocatalytic nitrogen fixation capabil-
ities. Consequently, the employment of MOFs as catalysts not
only streamlines the reaction system but also augments reaction

This journal is © The Royal Society of Chemistry 2025
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possible urea electrosynthesis mechanism. Reproduced with permission
from ref. 55. Copyright 2022, Energy & Environmental Science.

efficiency.®® At a potential of —0.5 V with respect to the
reversible hydrogen electrode, the conductive Co-MOF compo-
site catalyst developed by Yuan et al.>® achieved a FE of 48.97%
and a urea production rate of 14.47 mmol h™' g™, This result
establishes a new performance benchmark in the field. Fig. 9a
elucidates the intrinsic mechanism underlying this catalytic
performance through electron density difference analysis: the
CoOg octahedron (cyan region) transfers approximately 0.33
electrons to the 2-mbIM organic ligand. Based on Bader charge
analysis, the Co site in CoOg (charge +1.36) functions as a local
electrophilic center, while the nitrogen atom in the 2-mbIM
ligand (charge —1.24) acts as a nucleophilic site. Consequently,
electron-rich N, molecules and electron-deficient CO, mole-
cules tend to adsorb on the electrophilic Co sites of CoOg and
the nucleophilic N sites of 2-mbIM, respectively. The regulation
of the electron occupancy in the Co ion’s eg orbitals induces a
transition from the Co®* high-spin state to the moderately spin-
polarized Co*" state. The low-energy Co** orbitals effectively
accept ¢ orbital electrons from N, and subsequently transfer
electrons to its empty n* orbitals (Fig. 9b). When N, binds to the
adjacent CoOg octahedron, the Gibbs free energy for the CO,
reduction reaction decreases from 0.60 eV to 0.52 eV (Fig. 9c),
indicating that the presence of N, facilitates CO, reduction and
initiates the C-N coupling reaction to form the NCON urea
precursor structure, lowering the reaction barrier to 0.36 eV
(Fig. 9d) and ultimately enabling efficient urea synthesis.

MOF catalysts have demonstrated remarkable potential in
the field of ESU. However, research on single-atom-based MOF
catalysts within this field remains in its nascent exploratory stage,
with a paucity of reports available in the extant literature. This
research gap poses both a scientific challenge and a significant
opportunity for scientific advancement and practical applications.

3.4 Metal oxides

Metal oxides, when utilized as supports for SACs, assume a
pivotal role in the electrocatalytic urea synthesis process. This
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is primarily attributable to their abundant oxygen coordination
environments and exceptional chemical stability. Metal single
atoms generally attain stable atomic dispersion by forming
robust M-O coordination bonds with oxygen atoms on the
support surface. This coordination structure plays a pivotal
role in the prevention of aggregation of single atoms. Addition-
ally, it exerts a substantial influence on the adsorption modes
and activation energy barriers of reactants by means of electro-
nic structure tuning at the metal center. This, in turn, leads to
enhanced catalytic activity and selectivity. The coordination
environment for SACs is influenced by the unique crystal
structures and surface chemical properties of the metal oxide
supports, which can result in multiple reaction pathways.
Furthermore, oxygen vacancies and defect structures in the
supports themselves play pivotal roles in modulating the elec-
tronic properties of the catalysts and stabilizing reaction inter-
mediates, becoming significant design parameters to enhance
electrocatalytic urea synthesis performance.

In order to enhance the performance of metal oxide-
supported SACs in electrocatalytic urea synthesis (UECN), various
design strategies have been adopted, with support selection and
defect engineering regarded as critical factors. For instance,
Zhang et al>® anchored zinc single atoms on an oxygen-
vacancy-rich In,0;_, support, finding that the In/Zn, sites and
oxygen vacancies synergistically promote urea synthesis through
a tandem catalytic mechanism. Specifically, the Zn sites activate
NO; ", while the In sites catalyze CO, reduction; their cooperative
effect accelerates urea formation (Fig. 10a). This study under-
scores the significance of the synergy between oxygen vacancies
and SACs in the fabrication of high-performance UECN catalysts.
It also enhances the comprehension of the tandem catalytic
mechanism for NO; /CO, reduction to urea. Building on this,
Zhang et al®’ further designed an atomically dispersed Cu
catalyst supported on In,O; (Cu;/In,O;). The Cu sites catalyze
the reduction of NO; to NH,, while the intermediate CO gener-
ated at the In sites migrate to the Cu sites, where the C-N
coupling reaction occurs (Fig. 10b). The computational results
indicate that the transition state energy barrier in the Cu;-In,0;
system is considerably lower than that of pure In,O;. This finding
suggests that the formation of the *CONH,, intermediate at the
Cu,-O,-In sites is more favorable (Fig. 10c). This phenomenon is
primarily attributed to the relay catalytic synergy between Cu;—
0,-In and In sites, which effectively promotes the kinetics of urea
synthesis. The formation of *CONH, is followed by an exothermic
urea generation process, and thus the catalyst exhibits an excel-
lent urea production rate of 28.97 mmol h™' g~" and a FE of
50.88% in a flow cell.

Conversely, Cao et al.’® developed a low-valence Cu-doped
anatase TiO, nanotube catalyst that is abundant in oxygen
vacancies. Cu doping facilitates the formation of abundant
oxygen vacancies and dual Ti*" defect sites in TiO,, enabling
NO,™ to adsorb laterally on bi-Ti*" active sites. Subsequently,
NO,  undergoes multi-proton-coupled electron transfer to break
the N-O bond, significantly enhancing its adsorption and activa-
tion capabilities (Fig. 10d). X-ray photoelectron spectroscopy
(XPS) of the catalyst further confirms the presence of oxygen
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vacancies and Ti** defects: the O 1s spectra show a pronounced
oxygen vacancy signal, and the Ti 2p spectra reveal increased
intensity of low-valence Ti** peaks, indicating that Cu doping
effectively induces defect formation (Fig. 10e and f). These defect
sites offer advantageous adsorption and activation sites for
reactants, thereby markedly enhancing catalytic performance.
At a low overpotential of —0.4 V, this catalyst achieves a urea
production rate of 20.8 pmol h™" and a FE of 43.1%.

Sun et al.>® designed a novel nickel-confined indium oxide
(Ni-In,053) electrocatalyst capable of electrochemical co-reduction
of nitrate and CO, to urea under ambient conditions. In this
catalyst, Ni is atomically dispersed, and calculations show that its
unique Ni-oxygen vacancy local structure effectively modulates
the electronic configuration of neighboring In and Ni atoms,
significantly lowering the energy barrier of the rate-limiting step
in the urea synthesis reaction. The catalyst exhibits a high FE of
up to 19.6% in the UER. Furthermore, Wei et al.®® reported 18
types of metal single atoms loaded on CeO, supports as SACs for
electrocatalytic urea synthesis. As demonstrated in Fig. 11a, Cu;-
CeO, exhibits a remarkably elevated urea production in compar-
ison to alternative M;-CeO, catalysts, attaining an average of
52.84 mmol h™" g, ". Subsequent studies have demonstrated that
during electrolysis, Cu single atoms undergo electrochemical recon-
struction to form Cu, clusters. These clusters subsequently serve as
the primary active sites for C-N coupling. As illustrated in Fig. 11b, a
dynamic and reversible transformation occurs between Cu, clusters
and Cu; single-atom configurations when the potential switches
from working potential to open circuit potential. This dynamic
structural rearrangement is critical for ensuring the structural
stability of the catalyst and its electrochemical performance.

In addition to catalyst design strategies, the influence of
cations on electrocatalytic systems has also emerged as a signifi-
cant research area. Tu et al®" found that alkali metal cations,
particularly K, play a crucial role at the electrode/electrolyte inter-
face. They promoted the assembly of reaction intermediates and
reduced the activation energy barrier for C-N bond formation. This
results in a record urea production rate of 212.8 mmol h™* g%
Fig. 11c illustrates that, during the synergistic proton-electron
transfer process, the ONCONO intermediate sequentially reduces
to key species, such as ONCON and *NCON. Ultimately, these
species produce urea after four proton-electron transfer steps.
Fig. 11d shows that K" modulates the electronic structure and
spatial configuration of intermediates. This effectively reduces the
energy barriers for adsorbate transformations during the reaction.
Thus, it facilitates the overall electrocatalytic urea synthesis process
and greatly enhances catalytic efficiency. This cation-regulated
intermediate assembly strategy not only reveals the multiple reg-
ulatory mechanisms of alkali metal ions in electrocatalytic reac-
tions but also demonstrates their broad application prospects in
the electrocatalytic synthesis of nitrogen-containing amines and
amides.

Despite significant progress, there are still many challenges
with metal oxide-supported SACs in electrocatalytic urea synth-
esis, including further improving urea faradaic efficiency and
yield of urea, enhancing the long-term stability of the catalyst,
deepening mechanistic understanding, and developing more

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 (a) Schematic for the tandem UECN catalytic mechanism of Zn;/In,O3z_,. Reproduced with permission from ref. 56. Copyright 2024, Advanced
Energy Materials. (b) Schematic for the relay UENC catalytic mechanism of Cu;/In,Os. (c) Free energy diagrams for the electrocatalytic C—N coupling of
*CO and *NH; on In,O3z and Cu1/In,Os. Reproduced with permission from ref. 57. Copyright 2024, ACS Nano. (d) Schematic diagram of CuWQO,4 bimetallic
alloys for highly efficient catalytic nitrate synthesis of urea. (e) O 1s XPS spectra comparing undoped TiO, and Cu-doped TiO,. (f) Ti 2p XPS spectra
comparing undoped TiO, and Cu-doped TiO,. Reproduced with permission from ref. 58. Copyright 2020, Journal of Colloid and Interface Science.

advanced in situ characterization techniques.®> ®* Future research
should address these issues, explore innovative catalyst design
strategies, optimize reaction conditions, and advance high-
resolution in situ characterization methods to accelerate the
practical application of electrocatalytic urea synthesis technology.

3.5 Recent advances and performance comparison of single-
atom catalysts

To systematically present the catalytic performance of representa-
tive SACs for electrochemical urea synthesis, Table 1 summarizes

This journal is © The Royal Society of Chemistry 2025

key parameters including applied potential versus RHE, faradaic
efficiency (FE), urea yield rate, and corresponding references.
This comparative overview facilitates a clear understanding of
the advantages and limitations of different SAC systems, high-
lighting critical factors influencing catalytic activity and
selectivity.

As shown in Table 1, the optimal working potentials, far-
adaic efficiencies, and urea production rates exhibit substantial
variation among the various catalysts. Notably, W and Cu
single-atom catalysts supported on MoS, exhibit relatively
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Fig. 11 (a) Stability test results of L-Cu;—CeO, and CuO—-CeO, catalysts.
(b) Schematic diagram of reconstitution of copper single-atoms to clusters
suggested by the operando XAS measurements. Reproduced with permis-
sion from ref. 60. Copyright 2023, Advanced Materials. (c) Schematic
diagram of K*-mediated urea synthesis. (d) Free energy diagram of urea
synthesis on single-atom Co decorated TiO,(101) with the cation effect
considered. Reproduced with permission from ref. 61. Copyright 2024,
Angewandte Chemie International Edition.

Table 1 Comprehensive performance comparison of SACs for electro-
catalytic urea synthesis

Catalysts Vvs. RHE FE (%) mmol (g x h)™"  Ref.
Cu-GS-800 -0.9 28 30.67 45
N-C-1000 —-1.5 2.17 10.18 46
Cu-MosS, —0.6 57.02 23.3 50
Fe-MoS, —0.5 54.98 18.98 51
W-MosS, —0.6 60.11 35.80 52
Co-PMDA-2-mbIM —0.5 48.97 14.47 55
Zn-In,03 —-0.7 55.8 41.6 56
Cu-In,03 —-0.6 50.88 28.97 57
Ni-In,03 —-0.7 19.6% 0.0111 59
Cu-CeO, -1.6 5.29 52.84 60
Co-TiO, —0.8 36.2 212.8 61

high FE and yield, thereby demonstrating the advantages of
two-dimensional materials in tuning active sites. The Co-TiO,
catalyst exhibits an exceptional urea yield rate, underscoring
the pivotal function of the support in modulating catalytic
performance. Future research endeavors should prioritize the
optimization of synergistic interactions between metal centers
and supports, with the objective of further enhancing catalytic
efficiency and stability.

4 Conclusions and outlook

In recent years, catalysts based on SACs have gradually become
a popular research topic in the field of catalysis due to their
unique structural characteristics and excellent physicochemical
properties. The development of precise synthesis strategies and
systematic pre-design methods is urgently needed in this emer-
ging field to efficiently regulate the catalyst structure and perfor-
mance. This study provides a comprehensive review of the
research progress of SACs based on carbon-based materials,
two-dimensional materials, metal-organic frameworks, and metal
oxide supports. The study also provides an in-depth analysis of
the regulatory mechanisms by which supports influence the
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electronic structure and coordination environment of active cen-
tres. Particular emphasis is placed on the key reaction mechan-
isms of C-N bond formation under different nitrogen sources (N,
NO, NO, , and NO; ™). While challenges remain in this field, such
as synthesis complexity, active site stability, and unclear reaction
mechanisms, synergistic innovation between theory and experi-
ment is expected to advance the design and optimization of highly
efficient electrocatalytic urea synthesis catalysts, thereby contri-
buting to the development of sustainable energy and green
chemistry.

4.1 Prospects

Deep integration of theoretical calculations and experi-
mental studies. Future efforts should focus on strengthening
the integration of theoretical calculations and experimental
research in order to develop more accurate catalytic models.
Combining DFT calculations with ab initio molecular dynamics
simulations allows us to systematically screen potential highly
efficient catalysts and predict reaction pathways and energy
barriers.®>®® Volcano plots constructed based on descriptors
such as the d-band center position and charge density trans-
fer, for example, facilitate an understanding of the intrinsic
relationship between catalytic activity and electronic proper-
ties. However, computational results must be rigorously vali-
dated by precise experiments to create a virtuous cycle where
theory guides experiments and experiments verify theory.
This accelerates the process of designing and optimizing
catalysts.

Synergistic catalysis strategy with multiple active sites. Future
research should focus on designing SACs with multiple types of
active sites in order to achieve the synergistic activation of CO,
and nitrogen sources.®” For instance, Ru-Cu bimetallic single-
atom alloy catalysts demonstrate synergistic effects, with Ru and
Cu sites promoting the activation of NO;~ and CO,, respectively,
which significantly enhances urea synthesis efficiency. Similarly,
constructing dual active sites or relay catalytic systems on metal
oxide supports, such as the cooperative effect between Cu;-O,-In
sites and In sites in Cu,/In,O; catalysts, represents an effective
strategy. Rationally designing multi-active-site structures and
optimizing electronic transfer and spatial configuration among
active components are expected to result in more efficient C-N
coupling reactions.

Sustainable preparation processes and system integration.
Developing green and sustainable preparation methods for
SACs is a crucial area of future research. Many current synthetic
approaches use toxic precursors or involve high-energy processes
that are incompatible with sustainability goals. Exploring bio-
template methods, green solvent-assisted synthesis, and low-
temperature preparation techniques holds promise for reducing
the environmental impact of catalyst fabrication.®®® Further-
more, integrating electrocatalytic urea synthesis technology with
renewable energy systems, such as solar and wind power, is
essential for establishing a complete, carbon-neutral urea pro-
duction process for industrial application. This includes opti-
mizing electrolyzer design, system integration, and conducting a
comprehensive life cycle assessment.
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4.2 Challenges

Despite the considerable promise inherent in the development
and application of SACs in the field of energy conversion,
significant challenges persist with regard to cost and perfor-
mance. Despite advancements in novel synthesis approaches,
such as doping with transition metal atoms and compositional
tuning to enhance stability and activity, several critical issues
remain unresolved.

Enhancement of catalytic activity and selectivity. Despite the
noteworthy advancements in the field of SACs for electrocata-
lytic urea synthesis, a consensus on a unified standard for
industrial application remains elusive. It is widely acknowl-
edged that achieving a stable faradaic efficiency that exceeds
60%, in conjunction with high production rates and long-term
stability, is imperative to meet the economic and efficiency
demands of industrial production. The highest reported fara-
daic efficiency to date is approximately 60.11%, which falls
short of the threshold for industrial use. The main challenges
lie in enhancing the selectivity of the C-N bond coupling
reaction while suppressing competitive side reactions such as
the hydrogen evolution reaction and isolated CO, reduction.
Particularly when N, is used as a nitrogen source, the high
stability of the N=N triple bond limits activation efficiency,
thereby constraining urea synthesis performance. Moreover,
the choice of nitrogen source (e.g., N,, NO, NO, , and NO;")
significantly affects catalytic performance, and further optimi-
zation of nitrogen sources under different reaction systems
remains necessary.”’

Catalyst structural stability issues. Despite the demonstrated
efficacy and selectivity of SACs in catalytic reactions, their
practical applications remain constrained by challenges related
to structural stability and large-scale synthesis. Under electro-
catalytic reaction conditions, single atoms exhibit a propensity
for migration, aggregation, or leaching, particularly when the
interaction between the metal atom and the support is inade-
quate. This phenomenon results in a deterioration in catalytic
performance over time. Furthermore, the electronic structure of
SACs may result in excessively strong binding with reactants,
products, or intermediates, which can lead to poisoning or loss
of the active sites and further affect the catalyst’s lifetime and
efficiency. It has been demonstrated in previous studies that, for
instance, copper-based SACs can reorganize into metal clusters
during electrolysis. While these kinds of dynamic structural
alterations can, on occasion, augment activity, they concomi-
tantly introduce greater complexity to the elucidation of reaction
mechanisms. Concurrently, contemporary synthetic methodol-
ogies for SACs are predominantly intricate, expensive, and yield-
constrained, impeding the capacity to satisfy the requirements
of substantial-scale, eco-friendly, and cost-effective industrial
production. The mechanisms by which different support mate-
rials (e.g., carbon-based materials, two-dimensional materials,
MOFs, metal oxides, etc.) affect the stability of single atoms have
not yet been fully elucidated, which poses further challenges for
the design of long-term stable and efficient single-atom catalytic
systems. Consequently, the development of robust supports, the
enhancement of metal-support interactions, and the exploration
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of innovative scalable synthesis strategies are imperative for the
promotion of the practical application of SACs.

Reaction mechanism and kinetic studies. Despite the recent
advancements in elucidating the reaction mechanisms of elec-
trocatalytic urea synthesis (ESU), numerous aspects of the
process remain unclear, controversial, or opaque. There is a
need for further investigation into the detailed mechanisms of
the key steps of ammonia oxidation, CO, reduction, and nitro-
gen heterocycle formation. Additionally, precise control over
the kinetics and reaction rates of ESU continues to represent a
formidable challenge. It is imperative to prioritize the advance-
ment of knowledge concerning the kinetic characteristics and
reaction mechanisms of ESU in the coming years. The identifi-
cation of rate-determining steps and the elucidation of intricate
electrocatalytic reaction pathways are instrumental in optimiz-
ing reaction conditions and catalyst system design, thus enhan-
cing the efficiency and selectivity of urea synthesis.

Differences and contradictions in literature data. It is note-
worthy that for similar catalysts, there are significant discre-
pancies in the reported faradaic efficiencies and urea yields
across different studies. These discrepancies primarily stem
from variations in experimental setups, electrolyte composi-
tions, catalyst loading methods, and differences in product
quantification techniques. For instance, certain studies have
documented abnormally high faradaic efficiencies, which prove
to be challenging to replicate. This has led to apprehensions
regarding the reliability of the data and the potential for false-
positive outcomes due to contamination or misidentification of
products. Therefore, the establishment of standardized testing
protocols and the promotion of interlaboratory data cross-
validation are essential for accurately assessing and comparing
the true catalytic performance of SACs. The establishment of a
robust experimental reporting framework is imperative for
ensuring the optimal development of this field.

Challenges in urea quantification and byproduct differentia-
tion. In the study of electrocatalytic urea synthesis, accurate
quantification of urea and differentiation of byproducts (such as
ammonia) remain major challenges. A multitude of prevalent
detection methodologies (such as colorimetric and enzymatic
assays) are vulnerable to interference from ammonia, nitrate, or
other nitrogen-containing species, resulting in an overestimation
of urea yields. Furthermore, environmental contamination or
incomplete removal of precursors can also result in false-positive
outcomes. To address these challenges, it is advisable to utilize
isotope labeling techniques in conjunction with advanced analy-
tical methods such as nuclear magnetic resonance (NMR) and
mass spectrometry, to ensure the accuracy of product identifi-
cation and quantification. Cross-validation employing a variety of
methods and meticulous control experiments is imperative for
ensuring the precision and reproducibility of results.

Challenges in industrial scale-up. The industrial application
of electrocatalytic urea synthesis technology is confronted with
numerous challenges, including the large-scale production of
catalysts, cost control, the design of electrolyzers, and system
integration. Currently, a majority of research studies remain at
the stage of performance evaluation in small-scale electrolyzers,
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lacking comprehensive validation of catalyst long-term stability
and system reliability under practical industrial conditions. The
feasibility of this technology is assessed by several key metrics,
including energy efficiency, carbon footprint, and economic com-
parison with the conventional Haber-Bosch process. In order to
promote commercialization, it is necessary to optimize the electro-
lyzer architecture, enhance the current efficiency and product
yield, and ensure efficient catalyst loading. Integration of this
technology with renewable energy sources and waste gas recycling
processes can result in an environmentally friendly and sustain-
able urea production system. Furthermore, economic viability and
sustainability are fundamental factors in ensuring market compe-
titiveness and must be meticulously considered in both design and
application.
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