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Urea is one of the most important artificial nitrogen fertilizers in the agricultural economy and can provide
essential nitrogen for plant growth. However, the industrial production of urea is very energy consump-
tive. In the past few years, the electrocatalytic approach has been regarded as a promising green approach
for urea synthesis under mild conditions. Therefore, using carbon dioxide (CO,) and nitrogenous mole-
cules as feedstocks, electrocatalytic urea synthesis has received extensive interest and investigation.
Despite the tremendous efforts that have been made, it is still very hard to significantly increase urea syn-
thetic efficiency due to complex mechanisms. Focusing on catalyst design, characterization, electrolytic
cells chosen, urea identification/quantification, determination of intermediates, and in-depth mecha-
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nisms, the recent advances in urea electrocatalytic production are summarized and discussed.
Furthermore, we analyze the current challenges and prospects for the development path of electro-
catalytic urea synthesis. From an application viewpoint, we hope these insights shed light on designing
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1. Introduction

Electrosynthesis methods are appealing approaches for high-
value chemical production from small molecules."” By finely
designing the electrocatalyst, electrochemical conversion
methods can lower the energy barrier of energy-intensive pro-
cesses and complete the conversions under mild
conditions.®™ For instance, various catalysts have been intro-
duced to facilitate electrochemical CO, reduction (CO,R).'*"!
Nowadays, CO,R reaction studies are able to reach industrializ-
ation requirements with an operating current density over 1 A
cm™ towards different multi-carbon products.”*'® On the
basis of CO,R, many efforts have been made including electro-
chemical carbon-nitrogen (C-N) coupling methods to increase
the diversity of products (e.g., acetamide, urea, methylamine,
formamide, etc.)."* Among these organonitrogens, urea is
highly anticipated since it is an excellent nutrient carrier, and
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efficient catalysts in future studies and bring broader application prospects for green urea synthesis.

an important fertilizer in agriculture."'® In addition, urea is

also the indispensable feedstock for urea-melamine-formal-
dehyde resin, urea formaldehyde, and barbiturate synthesis."”

In traditional industrial manufacturing processes, urea syn-
thesis relies on the thermal catalytic conversion of ammonium
carbamate, and has made great contributions to increasing
output and has driven social advancement.'®'® However, the
production of feedstock ammonia and the subsequent
ammonium carbamate must overcome energy-intensive pro-
cesses to break the strong bonds of nitrogen gas (N=N,
~941 kJ mol™") and carbon dioxide (C=0, ~806 kJ mol™),
respectively.’®>' A huge amount of energy is consumed
through the harsh conditions, with the emission of undesir-
able greenhouse gases, which is contradictory to sustainability
goals.”” Therefore, the development of green and effective
electrocatalytic methods for urea synthesis is crucial for the
development of human society. Benefiting from the develop-
ment of advanced characterization and theoretical calculation
technologies, researchers can have a better understanding of
the reaction mechanism and optimize the synthetic routes of
catalysts.”® Thus, the electrocatalytic synthesis of urea is prom-
ising and has been widely investigated.

Despite the great potential of resource recovery, several
challenges are still impeding the industrialization of urea
electrocatalytic synthesis. Although electrosynthesis methods
avoid the energy penalty and direct carbon emission from
natural gas reformation, fossil fuel-based energy sources are
still contrary to the conception of cleaner production. Clean,
safe, and renewable energy sources are urgently needed. On
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the other hand, opinions are divided on the mechanism of C-
N bond formation, which makes it still difficult to obtain satis-
factory results with the existing electrocatalytic urea synthetic
systems. A decent understanding of the in-depth factors would
help scientists to develop efficient urea electrocatalytic syn-
thesis systems. In this review, the development history of urea
electrocatalytic synthesis is summarized, focusing on the key
steps of the common technical schemes. Focusing on catalyst
design and characterization, reactor selection, product moni-
toring, and mechanism investigation, the advantages and
shortcomings of current reaction systems are fully discussed,
and possible approaches for addressing those concerns are
suggested. Finally, we analyze the requirements for realizing
highly efficient urea electrocatalytic synthesis, making basic
studies match the requirements of practical applications.

2. Milestones in electrocatalytic urea
synthesis

The formation of C-N bonds is crucial for electrocatalytic orga-
nonitrogen synthesis. For urea, with the generation of
N-nucleophilic intermediates (*NHj3;, *NH,OH, *N,, *NO,,
*NH,) and C-intermediates (*CO,, *CO, *COOH, *CH,O) on
the active sites, the N-nucleophilic intermediates will attack
their neighboring C-intermediates, following a configuration-
stabilizing process.”***> Currently, accompanied by greenhouse
gas CO,, reactants such as N,, NO,™, NO;~, NO are employed
as the nitrogen sources to produce urea during the electro-
catalytic process (Fig. 1). Electrocatalytic synthesis of urea was
initially reported by Shibata et al. in 1995.>® Inspired by this
preliminary study, numerous reaction systems were developed
and pushed electrocatalytic urea synthesis performance under
ambient conditions. In 2016, Kayan et al. accomplished urea
synthesis using N, and CO, as feedstocks on polyaniline
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(PANI) and poly-pyrrole (PPy)-coated platinum electrodes,
which could reach 7.1% FE e, at —0.225 V vs. RHE.?” In 2020,
Chen et al. proposed a Pd;Cu,/TiO,-400 catalyst that achieved
a higher rate of urea production with a 8.92% FE., at —0.4 V
vs. RHE.*® However, the high bond energy of N, leads to a
large over-potential, which makes the hydrogen evolution reac-
tion occupy a dominant position in the electrocatalytic system.
In response to the competitive adsorption of N, and CO, on
the electrode surface, developing novel reactors and catalysts
with multiple active sites is gaining more attention. In 2022,
Huang and coworkers prepared Zn nanobelts (Zn NBs) by
electrochemical treatment of ZnO nanosheets (ZnO NSs).>° It
is worth mentioning that the proposed system exhibits the
urea yield rate of 15.13 mmol h™' g™, and the corresponding
FEyrea reached 11.26% at —40 mA cm™2 in a flow cell. The com-
prehensive utilization of nitrogen-containing molecules and
CO, points to a possible solution for dealing with pollutant
recovery and carbon neutralization in a single module.***"
According to the development trend in electrocatalytic urea
synthesis, it is crucial to focus on byproduct inhibition and
the maintenance of intermediates during the C-N coupling
process. Hence, understanding the characteristics of different
types of catalyst is beneficial for their subsequent design and
modification.

3. Catalysts for electrochemical urea
synthesis

The catalyst is of great significance in building effective reac-
tion systems with considerable yield and faradaic
efficiency.**® The ideal catalyst should have exceptional capa-
bilities for reactant capture, energy barrier management, bond
cleavage, and coupling of intermediates.*”*® Currently, the
major electrocatalytic systems for urea synthesis apply metal-
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Fig. 1 The progress of C—N coupling reaction for electrocatalytic urea synthesis.
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based catalysts including copper, gold, indium, etc (Table 1).
Aiming to enhance catalytic performances, the optimization of
electronic structure, coordination environment, carrier pro-
perties, and interfacial interactions are key factors to be
solved. By structural engineering, catalysts can acquire unique
conformational relationships to complete the complicated
reactions in an easy path.***

3.1 Monometallic catalysts

Monometallic catalysts have been utilized in electrocatalytic
urea synthesis processes due to their simplicity. With differen-
tiated capabilities affecting electrocatalytic processes, mono-
metallic catalysts with optimized metal types can be utilized in
specific reactions, such as Pt (the most efficient catalyst for
HER and ORR), Ir (high-efficiency catalyst for OER), and Cu (a
good candidate for nitrate to ammonia production).**">° As
aforementioned, Shibata and colleagues indicated that carbon
dioxide can simultaneously reduce with nitrite/nitrate on a Cu-
loaded gas-diffusion electrode to produce urea, which sets the
foundation and verifies the feasibility of electrocatalytic
methods in urea synthesis.>® However, the performances of
monometallic catalysts are still at a low level due to the compli-
cated mechanisms.”® Therefore, researchers have modified
monometallic catalysts by means of structural engineering in
the hope of obtaining better reaction results.

3.2 Alloy catalysts

Alloying can modify the electronic and geometric structure of
the active sites, which enhances the intrinsic adsorption pro-
perties of intermediates and facilitates the formation of pro-
ducts.®® Based on previous studies, nickel-based catalysts
demonstrate excellent performance in the CO, reduction reac-
tion (CO,RR), while iron-based catalysts exhibit remarkable
efficacy in the nitrate reduction reaction (NO3RR).>*** In this
case, Hou and his colleagues designed a FeNi/NC alloy catalyst
for efficient urea synthesis.’® By effectively integrating the
advantages between iron-based and nickel-based catalysts, the
FeNi/NC alloy catalyst shows an excellent urea yield rate of
496.5 mg h™" g~ " and faradaic efficiency (FE) of 16.58% at —0.9
V vs. RHE. Wang and colleagues proposed a XC72R-AuPd elec-
trocatalyst through the one-pot reduction of metal precursors
with NaBH, (Fig. 2a).*’ The catalyst exhibits exceptional cata-
lytic properties, with a high FE of 15.6% and excellent electro-
chemical stability when CO, and NO;~ are used as reactants.
The catalytic performance of the XC72R-AuPd outcompetes
that of monometallic catalysts XC72R-Au and XC72R-Pd,
which showed urea FE of 3.6% and 6.7%, respectively (Fig. 2b).
They noted that a weak adsorption of CO by the catalyst would
hinder the production of the active intermediate *CO, while a
strong adsorption would cause catalyst poisoning. On this
theoretical basis, the XC72R-AuPd electrocatalyst possesses
appropriate CO adsorption capacity due to the incorporation
of a small amount Pd into Au nanocrystal. Moreover, this also
leads to a thermodynamically spontaneous C-N coupling
between *NH,OH and *CO, which is in favor of the formation
of urea (Fig. 2¢). Liu and his colleagues fabricated an AuCu
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self-assembled nanofiber (AuCu SANF) via the hydrothermal
method, coupling CO,R with nitrite reduction (NO,R) for urea
electrosynthesis (Fig. 2d and e).”® The AuCu SANFs showcased
excellent urea synthesis performance, achieving a high urea
faradaic efficiency of 24.7% at —1.45 V vs. RHE (Fig. 2f). Also,
the proportions of Au and Cu in SANF had an impact on the
urea faradaic efficiency. Furthermore, the authors revealed that
AuCu SANFs could modulate the coordination state and elec-
tronic structure of Au and Cu, which facilitated the adsorption
and activation of reactants (CO,, NO, ). Feng and coworkers
prepared the Te-doped Pd nanocrystal (denoted as Te-Pd NC)
by a wet-chemical approach (Fig. 2¢).%” The electrochemical
synthesis of urea was achieved with nearly 12.2% faradaic
efficiency at —1.1 V vs. RHE, much higher than those of Pd
NCs (Fig. 2h). According to mechanism studies and theoretical
calculations, doping with Te promotes the formation of *CO
and eliminates active sites that strongly adsorb CO, which
results in the Te-doped Pd nanocrystal exhibiting a higher
stability against CO poisoning (Fig. 2i). The synergy between
Te and Pd in Te-Pd NCs significantly promotes the transform-
ation of CO, to *CO and NO,~ to *NH,, which facilitates the
binding between *CO and *NH, (Fig. 2j and k).

The study and preparation of alloy catalysts mostly rely on
the interaction of two metals. Although the preparation and
evaluation of alloy electrocatalysts have progressed signifi-
cantly, their size, composition, and active site control still lack
a reliable method to control. Furthermore, the structural
relationships of alloy electrocatalysts are still not thoroughly
researched. As a result, sophisticated theoretical calculations
and modelling methods are necessary to achieve catalytic co-
production of urea. In addition, considering the high costs of
using metal precursors for metallic and alloy catalyst syn-
thesis, functional atomic catalysts with lower precursor utiliz-
ation have received much attention in recent decades.’®>°

3.3 Single-atom structures

The smaller size means the existence of more low-coordinated
metal atoms with catalytic activity, leading to a higher specific
activity (SA).°® Owing to the low cost, minimal metal usage,
large surface areas, and high activity, single-atom catalysts
(SACs) have recently garnered attention in energy conversion
reactions.® In SACs, around the active center, the localized
ligands impact the activity, stability, and selectivity. With a
lone pair of electrons, ligands can trap isolated metal centers
and regulate their electronic structure.®”®* Over the past few
years, SACs have been well developed in the electrochemical
carbon dioxide reduction (ECR) system and nitrogenous
species reduction reaction (NRR).** According to the existing
research bases, using single-atom catalysts to realize electro-
catalytic urea synthesis has been further investigated. For
instance, Leverett et al. distributed Cu single atoms on a nitro-
gen-doped carbon substrate to form Cu-N,-C, via hydro-
thermal methods (Fig. 3a).°> As the pyrolysis temperature
increases from 800 °C to 1000 °C, the coordination structure
changes from Cu-N, sites to Cu-N3;-C; and Cu-N,-C, sites
(Fig. 3b). The configuration of Cu-N,-C, plays a vital role in

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) XRD patterns of XC72R-AuPd samples. (b) Faradaic efficiencies for different products by using XC72R-AuPd at —0.4 V vs. RHE in H-cell. (c)
Free energies for *CO + *NH,OH — *CONH, on Au, AuPd, and Pd. Reproduced from ref. 40, with permission from Elsevier, copyright 2022. (d) The
fabrication of the AuCu SANFs. (e) HAADF-STEM images of AuCu SANFs. (f) Faradaic efficiencies for different products by using AuCu SANFs at
—1.55V (vs. Ag/AgCl) in H-cell. Reproduced from ref. 56, with permission from Elsevier, copyright 2022. (g) HAADF-STEM image and corresponding
elemental mappings of Te—Pd NCs. (h) Faradaic efficiencies for different products by using Te—Pd NCs/C in H-cell. (i) Free energy changes and acti-
vation barriers of *CONH, on the Te-Pd (111) surface and pure Pd (111) surface, respectively. (j) A schematic depicts urea formation from simul-
taneous electroreduction of CO, and NO,™. (k) Urea synthesis from CO,RR and NO,RR on Te—Pd NCs. Reproduced from ref. 57, with permission

from American Chemical Society, copyright 2020.

directing CO,R and NO;R reactions. When using CO,-satu-
rated KHCO; as the electrolyte, the FEc, N4 for CO reaches
59% at —0.8 V vs. RHE, which is higher than that of Cu-N;-C;
and Cu-N,-C,. On the other hand, Cu-N,-C, prefers to carry
out NO3;RR at similar potentials. It is noteworthy that, when
introducing NO;™ into the electrolyte of CO,RR, Cu-N, reaches
a 28% faradaic efficiency for urea production at —0.9 V vs.
RHE, which is higher than Cu-N3;-C; and Cu-N,-C, (Fig. 3c).
DFT calculations reveal comparable energy barriers for C-N
bond formation from *CO and *NH, on each coordination

This journal is © The Royal Society of Chemistry 2024

structure (Fig. 3d). The key to unlocking exceptional CO,RR
performance lies in the undercoordinated N atoms that sur-
round isolated Cu species. These N atoms can strongly interact
with CO,, resulting in a significant enhancement of the overall
CO,RR process. Thus, CO,RR exhibits greater favorability on
Cu-N, sites, resulting in greater urea yield on those sites.
However, remarkable CO, reduction capacity does not always
relate to satisfactory urea synthesis performance; the equili-
brium between CO,RR and NO;RR is the key to achieving the
ideal state of urea synthesis. Wei et al. fabricated a Cu single-
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Fig. 3 (a) HAADF-STEM image of Cu-GS-800. (b) Graphical representations of modeled Cu-N,—C;, sites. (c) Faradaic efficiencies for different pro-

ducts by using Cu-GS-800 in H-cell. (d) Reaction pathway for urea production from simultaneous CO,RR and NO,RR. Reproduced from ref. 65, with
permission from Wiley-VCH, copyright 2022. (e) AC-HAADF-STEM image of L-Cu;-CeO,. (f) XANES image of L-Cu;-CeO,. (g) The urea yield rates of
CeO,, L-Cu;-CeO,, H-Cu-CeO,, and CuO-CeO, catalysts at different applied potentials. (h) Schematic diagram of reconstitution of copper single-
atoms to clusters suggested by the operando XAS measurements. Reproduced from ref. 66, with permission from Wiley-VCH, copyright 2023. (i)
Aberration-corrected HAADF-STEM image of B-FeNi-DASC. (j) Fourier transform extended X-ray absorption fine structure (FT-EXAFS) spectra of Fe-
SAC, |-FeNi-DASC, and B-FeNi-DASC. (k) LSV curves of B-FeNi-DASC. (l) Correlations between CO,RR activity, NOzRR activity, and urea production
over various site configurations. Reproduced from ref. 76, with permission from Springer Nature, copyright 2022. (m) HAADF-STEM image of
CoRuNe. (n) Charge density differences of Co and Ru in CoRuNg simulated structure. (o) The reaction pathway of first C—N coupling for *CO,NO,
formation. (p) The crystal orbital Hamilton population (COHP) of *CONH, intermediate onto CoN4, RuN4 and CoRuNg. Reproduced from ref. 77,

with permission from Elsevier, copyright 2023.

atom catalyst on a CeO, support (Cu-CeO,) through the wet
impregnation and calcination method.®® Catalysts were labeled
L-Cu;-CeO, and H-Cu;-CeO, based on the concentration of
impregnated copper. They found copper was atomically dis-
persed in L-Cu;-CeO,, while the H-Cu;-CeO, surface was dis-
tributed with numerous copper clusters and nanoparticles
(Fig. 3e and f). As a result, the L-Cu,;-CeO, exhibits a urea yield
rate of 52.84 mmol h™" g”" at —1.6 V vs. RHE, which is higher
than that of CeO, and H-Cu;-CeO, (Fig. 3g). Based on the
in situ X-ray absorption spectroscopy (XAS) results, Cu single
atoms tend to form Cu clusters during the electrocatalytic
process, and will recover to the single-atom state at open
circuit voltage (OCV) (Fig. 3h). To identify whether the urea
yield rate is related to the copper active sites or the electronic

4912 | Green Chem., 2024, 26, 4908-4933

structure changes of Cu-CeO,, various metal-CeO, single-atom
structures have also been investigated. According to the experi-
mental results, the performance of the Cu;-CeO, structure is
significantly superior to other M;-CeO, structures. Through
the projected density of states (PDOS) of adsorbed NO;~ and
CO, on the M;-CeO, catalysts, it was indicated that only Cu-O
bonds offer uniquely hindered Lewis acid-base active sites
that can realize efficient urea synthesis on Cu;-CeO,.
Unfortunately, urea synthesis through single-atom catalyst
methods has received much less attention compared with the
research on CO,RR and NRR. Meanwhile, competing reactions
on the active sites can lead to slow rates of certain reactions
and ultimately result in low urea yields, similar to monometal-
lic catalysts. Efficient atom catalysts for urea synthesis should

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3gc04920e

Published on 18 2024. Downloaded on 2025/11/2 03:17:56.

Green Chemistry

be developed, building upon the research on CO,RR and NRR.
Zn-SACs, Fe-SACs, and Ni-SACs have been proved to be efficient
CO,RR electrocatalysts.”*° Ru SAs/N-C, Fe-N-C, and Mo/GDY
have also been demonstrated as effective NRR
electrocatalysts.””””> Combining the advantages of single-atom
catalysts in single reactions, the development of diatomic cata-
lysts is gaining more and more attention as a strategy to over-
come the inherent drawbacks of single-atom catalysts and
enhance the reaction efficiency.

3.4 Dual-atom structures

Typically, diatomic catalysts allow two metal atoms to interact
and stabilize in a restricted domain, while increased metal
loading provides more active centers, meaning that catalytic
performance is also improved.”® Such a catalyst usually has
better activity than single-atom ones, as well as the faradaic
efficiency, selectivity, and stability of target reactions. This
leads to a synergy greater than the simple sum of parts, achiev-
ing “1 + 1 > 2”.”* Furthermore, the reactions on dual-atom
structures are conducive to realizing simultaneous generation
of C and N-intermediates on active sites. Therefore, the con-
struction of the dual-atom structure plays a crucial role in urea
synthesis.”> Wang and coworkers designed a diatomic catalyst
(DAC) with bonded Fe-Ni (B-FeNi-DASC) pairs through pyrol-
ysis of the coordination polymer (Fig. 3i and j).”® Compared
with Fe-SAC, Ni-SAC, and I-FeNi-DASC electrocatalysts, B-FeNi-
DASC demonstrated a better urea synthesis performance by
achieving a high urea yield of 20.2 mmol h™" g™ with a corres-
ponding faradaic efficiency of 17.8%. Notably, the faradaic
efficiency of CO, as for NH;, showed diametrically opposed
results when using Fe-SAC or Ni-SAC as electrocatalyst: the
highest FEgo of Fe-SAC and Ni-SAC is 86.9% and 19.2%, while
the highest FEyy, of Fe-SAC and Ni-SAC is 19.9% and 65.2%,
respectively. Apparently, single-atom systems present inherent
disadvantages in handling intricate catalytic reactions that
involve multiple reactants and intermediates. Despite the fact
that I-FeNi-DASC with isolated diatomic sites Ni-N, and Fe-N,
can activate multiple C and N species, it is unable to generate
enough intermediate species without the creation of efficient
C-N coupling sites. Remarkably, B-FeNi-DASC, introduced
with Fe-Ni pairs in the form of FeNi-Ng configuration, can
exhibit a synergistic effect and accelerate the reaction kinetics
of the C-N coupling process. Furthermore, the thermodynamic
and kinetic processes involved in C-N bond formation were
also enhanced (Fig. 3k and 1). Liu and coworkers designed Co-
Ru dual-atom anchored N-doped carbon (CoRuNg) by the
coordination and calcination method.”” As shown in the high-
angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) image, numerous bright spots of
Angstrom size are evenly distributed on the carbon matrix and
mainly appeared in pairs (Fig. 3m and n), which indicates the
Co and Ru sites were dispersed in atomic form instead of
becoming clusters. The diatomic asymmetric system success-
fully achieves high urea yield and selectivity by inhibiting par-
allel reactions (Fig. 30 and p). Consequently, the CoRuNg elec-
trocatalyst exhibited a urea yield rate of 8.98 mmol h™' g™*
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with a faradaic efficiency of 25.31% at —0.6 V vs. RHE. In con-
trast with single-atom catalysts, the selectivity of NH; and CO
byproducts was decreased on CoRuNg (37.99% and 6.4%,
respectively), which favored C and N-intermediates’ partici-
pation in the C-N coupling process.

Current reports for DACs synthesis have mainly focused on
atomic layer deposition (ALD), wet chemisorption, and high-
temperature thermal treatment methods.”®®! However, while
DACs have been intensively studied and applied, preparing
highly dispersed DACs remains a significant challenge,
because of the inevitable aggregation of metal atoms during
the synthesis process. In addition, when using DACs in electro-
catalytic urea synthesis, the accurate identification of active
sites in DACs is an issue that needs further investigation.

3.5 Vacancy defects

Vacancy engineering is crucial in adjusting target reactions
since the vacancies can effectively modify the electronic struc-
ture of catalysts and tune the adsorption features of CO,, nitro-
gen feedstocks and intermediates.”>®* For instance, oxygen
vacancy (Vo) is an important structural defect in metal oxides
that can serve as catalytic centers with rich electron
densities.**®* Lv and colleagues fabricated Vo-InOOH electro-
catalyst via a facile solvothermal method. The defect-engin-
eered catalyst delivers a 51% FEy;e, at —0.5 V vs. RHE.*® In con-
trast, InOOH electrocatalysts with no Vo exhibited lower
electrocatalytic performance with a 26.3% FEy,. After the
long-term (24 h) chrono-amperometry test and five successive
cycles of electrocatalysis, Vo-InOOH displayed no obvious
degradation in catalytic performance. It was also confirmed
that oxygen vacancies conferred more surface electrons to In
(OOH). These surface electrons are further transferred to the
surface adsorbed CO,, which leads to a thicker accumulation
of holes than the InOOH, and inhibits HER by repelling
protons in the electrolyte. Wei and colleagues proposed a
series of Vo-enriched CeO, nanorods to investigate the effects
of Vo concentration on the properties of catalysts (Fig. 4a).®®
Vo-Ce0,-750 with the highest vacancy concentration exhibits a
urea yield rate of 943.6 mg h™" g™, superior to that of partial
noble-metal-based electrocatalysts. Interestingly, the active
sites of Vo-CeO,-750 were occupied by nitrate reduction, which
was confirmed by the greatly reduced CO formation rate in co-
electrolysis. However, in either nitrate reduction or C-N coup-
ling processes, Vo-CeO,-750 shows lower ammonia yield rates
(Fig. 4b and c). Based on the existing data, the authors
propose that Vo stabilizes N-containing intermediates and
exceeds their hydrogenation, thus facilitating the C-N coupling
process and subsequent urea formation (Fig. 4f). Meng and co-
workers prepared ZnO-Vg porous nanosheets via electrodeposi-
tion.*” When using NO,~ as the N-source, the ZnO-V, porous
nanosheets exhibit an optimized FE,;., of 23.26% at —0.79 vs.
RHE, which is almost three times that of ZnO porous
nanosheets. Through a series of controlled experiments, they
confirmed the competitive relationship between CO,RR and
NO,RR on ZnO-V,. Due to the existence of more active sites in
ZnO-Vy, the efficiency of urea generation is greatly promoted.
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American Chemical Society, copyright 2022. (d) HRTEM images of Cu-TiO, samples. (e) Faradaic efficiencies of major reduction products for Cu-
TiO, catalysts. Reproduced from ref. 89, with permission from Elsevier, copyright 2020. (f) Comparison of the energy barriers for C—N coupling of
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NiO,@GDY. (k) Comparison of the FE value of Co-NiO,@GDY with reported catalysts. (1) Infrared signals in the range of 1700-1300 cm™.
Reproduced from ref. 98, with permission from Oxford University Press, copyright 2022.

It is well known that copper (Cu)-based materials have
notable performances in CO,RR and NO3;RR; the combination
of Cu and Vorich materials also provides an alternative cata-
lyst for electrocatalytic urea synthesis.***® Cao and colleagues
provided Cu-doped oxygen vacancy-rich anatase TiO, (Cu-TiO,)
nanotubes for the electrochemical co-reduction of both CO,
and NO,~, giving a FE ., of 43.1% at —0.4 V vs. RHE (Fig. 4d
and e).** Low-valence Cu doping induces abundant oxygen
vacancies due to its unique d-electronic nature, favoring the
exposure of bi-Ti*" active sites. The oxygen vacancies in the
proposed system provide more adsorption sites, facilitating the
C-N coupling reaction.

A suitable amount of oxygen vacancies can provide more
active sites and stabilize intermediates in C-N coupling reac-
tions by modifying the energy level, conductivity, and mole-
cular adsorption properties of the catalysts.’”®" A thorough
understanding of vacancies can provide valuable insights for

4914 | Green Chem.,, 2024, 26, 4908-4933

designing novel electrocatalysts. In future applications, with
the development of preparation methods, new insights can be
provided for vacancy engineering to improve the performance
of urea synthesis systems.

3.6 Heterogeneous structures

Heterojunction catalysts play an important role in novel cata-
lysts. In heterojunction catalysts, electrons can be rearranged
at the heterostructure interface to modify the active sites. The
synergistic effect between the active sites is conducive to pro-
moting the reaction kinetics.”*?® Yuan and colleagues pre-
pared Mott-Schottky heterostructure Bi-BiVO, hybrids by the
NaBH, reduction strategy (Fig. 4g).”* When introducing N, and
CO, as feedstocks, the proposed system delivers a urea pro-
duction rate of 5.91 mmol h™ g~ with a FEy, of 12.55% at
—0.4 V vs. RHE (Fig. 4h and i). In contrast, the electrochemical
performances of pristine BiVO, are significantly decreased. As
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the study mentioned, Bi-BiVO, can form a Mott-Schottky
heterostructure and a space charge region can occur due to the
electron transfer from BiVO, to metallic Bi. The unique struc-
ture greatly enhances the chemisorption capability of inert N,
and CO, molecules, which is a prerequisite for the efficient
synthesis of urea. Meanwhile, Bi-BiVO, can effectively suppress
the generation of C or N by-products, which leads to satisfac-
tory urea production. By utilizing a similar mechanism, Yuan
and colleagues put forward perovskite-structured BiFeOs/
BiVO,, with FE., up to 17.18% at —0.4 V vs. RHE in 0.1 M
KHCO;, which is also higher than the pristine BiFeO; and
BiVO,.°” BiFeO;/BiVO, hybrids endow the surfaces of BiFeOj;
and BiVO, with local nucleophilic and electrophilic regions
and is beneficial for the adsorption of CO, and N, molecules.
Graphdiyne (GDY) has several unique characteristics, includ-
ing non-uniform surface charge distribution, infinite natural
pores, and good stability.”>®” Zhang and colleagues indicated
that the in situ growth of a multi-heterojunction interfacial
structure can facilitate the intermediates’ adsorption/desorp-
tion capacity and suppress side reactions (Fig. 4j). As a result,
the as-prepared Co-NiO,@GDY demonstrated a high urea yield
rate of 913.2 mg h™' g™" and improved faradaic efficiency of
64.3% at —0.7 V vs. RHE by the co-reduction of CO, and NO,~
(Fig. 4k and 1).%®

An increasing number of strategies have been applied for
constructing heterogeneous structures, including thermal
treatment, hydrothermal synthesis, electrodeposition, and ion
exchange methods.”®'°" However, the heterojunctions in cata-
lysts are still not well parsed and their characterization is also
limited. Relatively low current density and faradaic efficiency
limit the further application of heterojunction catalysts, so
their in-depth theoretical exploration needs to be further
investigated.

3.7 Heteroatom doping

Heteroatom doping gives a chance to modify the electronic
structure of the catalyst, optimize the intermediate binding
strength, and enhance the reaction kinetics."”” In general,
heteroatom doping can be divided into two categories accord-
ing to atom types: metallic doping and non-metallic doping.'®®
Benefiting from the high electronegativity of non-metallic
material, the surrounding atoms are easily polarized. Thus,
non-metallic doping can change the electron density and shift
the d-band center of the active sites to promote electrocatalytic
reactions.’® In the study of non-metallic-based -catalysts,
doping carbon materials with heteroatoms (e.g., N, B, and F) is
considered an efficient strategy to optimize the catalytic
performance.'® ™% Liu and colleagues proposed carbon nano-
tubes with a fluorine-rich surface (F-CNT), which achieved a
urea yield rate up to 6.36 mmol h™" g~" with FE,., of 18% at
—0.65 V vs. RHE, 3.8 times higher than the pristine CNT
(1.66 mmol h™* g7)."°® DFT calculation indicates the F-doped
graphite shell provides the active sites (“C-F, moieties”) for
electrocatalytic urea synthesis. Large electronegativity of
F-dopants leads to stronger charge-transfer, and effectively
suppresses the activity of HER. Therefore, when F-dopants are
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combined with the intact CNT inner walls with high efficiency
charge transfer and good conductivity, the F-CNT catalyst
shows outstanding urea synthesis performance. Additionally,
Mo-based materials have also emerged as promising electroca-
talysts for energy storage. Jiao and colleagues put forward a
catalyst containing MoP-(101) surface, which achieved the urea
yield rate of 12.4 mg h™' g™ with 36.5% FEyrq.'” They
deemed that the incorporation of P will induce electron trans-
fer from Mo to P, leading to a moderate coupling between Mo-
d and P-p orbitals. Therefore, the surface Mo atoms can realize
the coexistence of empty and occupied d orbitals. By means of
DFT calculation, they revealed that the exposed Mo active sites
in the MoP-(101) surface exhibit high reactivity towards the
simultaneous activation of N, and CO,, which facilitates the
formation of characteristic C and N intermediates to generate
urea in the operating system. Zhu and colleagues synthesized
CuB;, monolayer to realize urea production in an electro-
catalytic system.''® The empty and occupied p orbitals of non-
metallic B can efficiently adsorb and activate the inert N,
molecule. On the other hand, the electron-deficient B atom
can also adsorb and activate the inert CO, by providing elec-
trons to CO, and breaking the inherent p bond.

The degree of electronic modulation induced by the doping
of heteroatoms in catalytic materials varies depending on the
electronegativity and size of the dopant atoms as well as the
type of dopant that ultimately forms the atoms.''* However,
there are significant discrepancies between theoretical model-
ing simulations and practical results. The atoms’ interaction
and the exact catalytic mechanism remain underexplored. A
synthetic method that can provide a variety of heteroatom-
doped catalysts to achieve high doping density and uniform
distribution of multi-element doping is still lacking."*>

3.8 Other catalysts

Facet-dependent selectivity was first proposed by Hori et al. in
1995.' Recently, Lv and colleagues synthesized In(OH);-S
with well-defined (110) facets by a solvothermal method
(Fig. 5a)."* To highlight the role played by facets on In(OH);-S
(110) in boosting urea production, the control experiments
were also conducted on In(OH);-M with mixed facets of (110)
and (111). By using In(OH);-S, the urea yield reached 533.1 mg
h™ g7 with a 53.4% FEe, at —0.6 V vs. RHE. In contrast, In
(OH);-M reported a lower urea yield of 392.6 mg h™" g~ with
34.6% FEyre, (Fig. 5b). The authors indicated that CO, can
capture the electrons to introduce a hole accumulation layer
on the surface of the In(OH);-S. The hole accumulation layer
can restrict protons from approaching In(OH);-S, which plays
the dominant role in impeding HER on In(OH);-S (Fig. 5c).
However, the electron holes on In(OH);-M (111) facets are com-
bined with electrons from (110) facets, which weakens HER
suppression. Besides, DFT calculation indicates that the trans-
formation of NO;~ to *NO, intermediate is spontaneous kine-
tically and thermodynamically. This led to the higher coverage
of *NO, and the inhibition of CO,RR on the surface of In
(OH);-S. However, the *NO, on In(OH);-M is in weak adsorp-
tion, which is unfavorable to the formation of *CO,NO,. On
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the other hand, the (110) facets possess relatively adjacent
indium atoms to endow catalysts with favorable platforms for
constructing the In-O-C-O-In configuration. Such a configur-
ation can stabilize the adsorption of *CO,, which lowers the
energy barrier toward C-N coupling.

Lewis acid-base theory states that Lewis acids (LA) always
have empty orbitals and the capability to form coordination
bonds with Lewis bases (LB) containing lone electron pairs."**
Generally, the unsaturated metal sites act as the LA and the
metal hydroxyl groups serve as the LB."'® For instance, Yuan
and colleagues prepared Niz(BO3),-150 through a facile wet
chemical strategy followed by low-temperature annealing
(Fig. 5d)."*° The catalyst realized an excellent urea yield rate of
9.70 mmol h™" g¢7" with a 20.36% FEy, at —0.5 V vs. RHE
(Fig. 5e). In contrast with Lewis acidic Niz(BOs),-250 and Lewis
basic Ni;(BOj3),, the flower-like Niz(BOj3),-150 has frustrated
Lewis pairs (FLPs) and unsaturated Ni sites. The existence of
FLPs and unsaturated Ni sites makes Niz(BO3),-150 able to
introduce effective absorption of CO, and N,, and facilitate the
spontaneous coupling of *NN* and *CO to generate the
desired *NCON* (Fig. 5f).

The rational design and optimization of catalysts is a criti-
cal link in achieving the efficient electrocatalytic production of
urea. At present, the competitive reaction on active sites and
stabilization of C and N intermediates during the reaction
process remain a hot spot during catalyst design. In addition
to improving catalytic performance, it is also crucial to opti-
mize the stability of the catalyst in consideration of future
applications. Unstable behaviors, such as aggregation, exfolia-
tion, and electronic structure changes of the catalyst may lead

4916 | Green Chem., 2024, 26, 4908-4933

150 catalysts in H-cell. Reproduced from ref. 116, with permission from

to a decrease in current density and Faraday efficiency. The
visual characterization of catalysts enables us to get a better
understanding of catalyst properties and facilitate the techno-

logical innovation of catalyst design.""”

4. Catalyst characterization

The morphology, lattice structure, coordination environments,
and surface chemical states are essential for gaining insights
into the catalyst structure and reaction mechanism. In this
section, characterization techniques for catalysts are summar-
ized and classified.

4.1 Microscopic methods

Electron microscopes have become an indispensable tool for
characterizing the morphology, crystallography, composition
and electronic properties of electrocatalysts at the nano-
scale."” In addition to scanning electron microscopy (SEM)
and transmission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM) and high-angle/
medium-angle annular dark field scanning transmission elec-
tron microscopy (HAADF-STEM) also play important roles in
morphology characterization.'*'**'*° The atomic-level resolu-
tion of HRTEM has enabled clear observation of crystal
internal structure, atomic arrangement, and fine structures for
most catalysts (Fig. 6a and b)."*' HAADF-STEM is a powerful
tool to study the atomic number with higher spatial resolution.
A suitable microscopic method is conducive for us to gain an

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) HR-TEM image and the corresponding element mapping of 3D Zn/Cu hybrids. (b) The uniform deposition of Zn on Cu. Reproduced from
ref. 121, with permission from Springer Nature, copyright 2023. (c) TEM and atomic-resolution HAADF-STEM image with line profile of the CuWOQ,.
Reproduced from ref. 122, with permission from Springer Nature, copyright 2023. (d) The normalized XANES spectra at the Bi Lz-edge of Bi/C,
Bi:10%In/C, Bi:10%In/C after testing, Bi foil and Bi,Os. (e) R space and corresponding inverse FT-EXAFS results of Bi/C, Bi:10%In/C, Bi:10%In/C after
testing, Bi foil and Bi,Os. Reproduced from ref. 125, with permission from Royal Society of Chemistry, copyright 2021. (f) Raman spectra of BiVO,4
and Bi-BiVO,. Reproduced from ref. 116, with permission from Royal Society of Chemistry, copyright 2021.

in-depth understanding of the fine structure of the designed
catalyst, and provide ideas for catalyst modification (Fig. 6c)."*>

4.2 Spectroscopic methods

Spectroscopic characterization is crucial for identifying the
coordination environment and the chemical surface states of
materials. For instance, X-ray absorption spectroscopy (XAS) is
a cutting-edge technique for detecting the local electronic and
atomic structure of electrocatalysts, and encompasses
extended X-ray absorption fine structure (EXAFS) and X-ray
absorption near-edge structure (XANES).'** XANES is able to
provide detailed information on catalysts including the geome-
try, state, and electronic structure of absorbing atoms. EXAFS
is typically used to provide information on the concentration,
type, and distance to the ligands of the absorbing element and
neighboring atoms."* For example, Mao and his colleagues
performed XAS analysis on the Bi:10%In/C during the C-N
coupling process.'*® Through the XANES method, they found
that the spectra of the three samples (Bi/C, Bi:10%In/C,
Bi:10%In/C after testing) almost overlap with the Bi foil, indi-
cating that the Bi species are in the Bi° state. In comparison
with Bi/C, the absorption threshold position of Bi:10%In/C
slightly shifts to a higher energy, indicating that Bi is in an

This journal is © The Royal Society of Chemistry 2024

electron-deficient state after the introduction of In (Fig. 6d).
After the introduction of In, the Fourier transforms of the Bi
Ls;-edge EXAFS show that the interlayer Bi-Bi bond shifts
towards a reduced bond length. This promoted the delocaliza-
tion of Bi p-electrons and enhanced the adsorption and acti-
vation of reactive species (Fig. 6e).

Raman spectroscopy provides a unique strategy for identify-
ing the chemical characteristics of molecular features. It
enables the investigation of surface adsorbates and intermedi-
ates, as well as the monitoring of structural parameters on the
catalyst surface.'®® It can detect diverse vibration patterns in
group states and chemical bonds, resulting in the appearance,
disappearance, and movement of Raman peaks (Fig. 6f)."*’

Although several advanced -characterization techniques
have been used to verify the capability of catalysts in producing
urea, some limitations still remain for a single strategy.'*® A
combination of microscopic, spectroscopic, and other tech-
niques is necessary to clarify the catalyst structure, which is
beneficial for obtaining the practical reaction mechanism of
the C-N coupling process. In addition, several in situ tech-
niques can aid in monitoring and comprehending catalyst
changes under specific reaction conditions and their effect on
reaction pathways under specific reaction conditions.'*® With
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the continuous deepening of mechanism exploration, the
more favored urea production process will be revealed. At this
point, a suitable reactor with considerable mass transfer and
reaction stability ensures an optimal environment for the oper-
ation of catalytic systems.

5. Electrochemical cells for urea
synthesis

The yield of electrocatalytic urea synthesis is affected by
current density, carbon dioxide solubility, and catalytic system
stability. The type of electrolyzer affects the current density
and the reactant mixing degree, and the stability of the operat-
ing system determines the product yield and distribution.
Therefore, electrolytic cells play a crucial role in transmuting
CO, and N-sources to value-added chemical products.®**3°
Generally, the electrolytic cell is composed of two half-reac-
tions: the reduction reaction on the cathode and the oxidation
reaction on the anode. By setting an ion exchange membrane
between the cathode and anode, ions can transport across the
membrane and maintain the charge equilibrium of the whole
system. On the other hand, a reference electrode is always
added in cells to ensure the accuracy of potentials. To fulfill
different experimental requirements, three types of electro-
chemical reactors are discussed for the electrochemical syn-

This journal is © The Royal Society of Chemistry 2024

thesis of urea, including H-type cells, flow cells, and mem-
brane electrode assembly (MEA) cells.

5.1 H-cell

The H-cell is the most widely used lab-scale electrochemical
reactor, where the working and reference electrodes are placed
in the cathodic compartment, while the counter electrode is in
the anodic compartment. An ion-exchange membrane is used
to separate the two compartments and prevent the mixing and
re-oxidation of products in different phases. In general, plati-
num mesh and carbon rod are better candidates to be used as
counter electrodes, the working electrode can utilize metal
foils or electrocatalyst-loaded glassy carbon/carbon paper,
while the reference electrode can be Ag/AgCl electrodes and
Hg/Hg,SO, according to the pH value of the operating system
(Fig. 7a and d).

During the electrocatalytic synthesis of urea, carbon dioxide
(CO,) is continuously introduced into the cathode compart-
ment to react with the nitrogen source in the electrolyte. The
resulting gas products are then analyzed using a gas chromato-
graph (GC) and the faradaic efficiencies of gas products are
determined based on the obtained data. The liquid products
in the cathode chamber are collected after the electrolysis and
measured using a suitable method (e.g., NMR, spectroscopic
method, etc.) to determine the urea faradaic efficiency.*’

However, urea synthesis in the H-cell suffers from the low
solubility of CO, and N, (-34 mM and —0.6 mM, respectively,
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under ambient conditions), high resistance to electrochemical
reactions, and low scalability of the device, which result in low
efficiency.'®' Therefore, finding a way to strengthen the inter-
actions between feedstocks and active sites to improve the
efficiency of the reactions has high priority in current research.

5.2 Flow cell reactor

Derived from the fuel cell field, the flow cell can substantially
improve the mass transfer efficiency and overcome the mass
transfer limitations in H-cells. In flow cells, it is feasible for
the low-solubility CO, and N, to contact active sites through
the gas phase, and the products are more easily recycled from
the liquid phase. The flow cell has a similar structure to the
H-cell, namely an anode compartment, a cathode compart-
ment, and an ion exchange membrane. The cathode is a gas
diffusion electrode (GDE), which has a gas diffusion layer
(GDL) and a catalytic layer (CL). The GDL is hydrophobic and
facilitates the transport of gases and products. It also supports
the CL and allows gas to directly reach the cathode surface.
The anode always employs a commercialized catalyst-loaded
GDE, and the reference electrode can be Ag/AgCl or standard
hydrogen electrode, depending on the experimental require-
ment (Fig. 7b and e). In comparison with the H-cell, lower cell
resistance can be achieved in the flow cell, due to the proxi-
mity of the anode and cathode.

Similar to the H-cell, the gas path of the flow cell directly
connects with a gas chromatograph (GC), enabling cathode
gas products from the electrolysis process to be monitored by
GC. Wang and coworkers synthesized urea by electrocatalytic
coupling of N, and CO, using Pd;Cu;/TiO,-400 as the cata-
lyst.”® They found that the flow cell enhanced the urea for-
mation rates compared with the H-cell. The highest rate was
3.36 mmol g~ h™" with a faradaic efficiency of 8.92% at —0.4 V
vs. RHE in the flow cell, while the rate was 0.19 mmol g~* h™*
with a faradaic efficiency of 1.56% at —0.4 V vs. RHE in the
H-cell. However, GDE flooding is a serious problem when
employing large overpotentials. In addition, the manufactur-
ing costs of GDE and carbonate by-product formation also
restrict the large-scale application of the flow cell.

5.3 Membrane electrode assemblies (MEA)

The MEA cell is a promising design for various electrochemical
reduction reactions, since it possesses low ohmic loss and
high energy efficiency. A MEA cell has three main components:
a proton exchange membrane, a catalytic layer, and a gas
diffusion layer."*>'** The proton exchange membrane con-
ducts protons quickly and prevents the crossover of hydrogen,
oxygen, and nitrogen between the cathode and anode. MEA
can facilitate ion transportation and serves as a barrier against
the crossover of gas and electrons. The gas, ions, and electrons
can be gathered at the triple-phase boundary, which is the
catalyst surface, to enhance mass transfer efficiency (Fig. 7c
and f).

As electrocatalytic urea synthesis is currently limited within
laboratory-scale productivity, some key aspects need to be
addressed to attain the standards for practical applications.
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For example, the yield, current density, and faradaic efficiency
correspond to the mass transfer phenomenon. Therefore,
reactor design plays a crucial role in eliminating the limit-
ations of electrocatalytic urea synthesis. From the viewpoint of
building a reactor, H-cells are simple to build and the products
are easy to separate, but it is still difficult to meet the perform-
ance requirements owing to the impacts of concentration
polarization and gas solubility. Flow cells have a relatively
better mass transfer efficiency, while GDE and ion exchange
membranes need to be greatly improved to meet the stability
and mass transfer requirements for practical applications.
MEA reactors can achieve a higher reaction efficiency, but the
liquid products in the system are difficult to collect. Based on
the above three common reactors, the new design of reactors
should be modified accordingly to address the abovemen-
tioned concerns. To achieve a long-term electrolyzer for practi-
cal applications, the impurities of electrolytes, membrane
durability, mass transfer characteristics, and electrothermal
effect that causes temperature changes should be comprehen-
sively considered.’** Particularly, the membrane is the impor-
tant unit for constructing long-term stabilized electrolyzers.
The further improvement of anti-degradation and anti-pol-
lution capabilities will facilitate its practical applications in a
complex reaction environment.

6 Urea identification and
quantification

Product testing is an important step in electrocatalytic urea
synthesis; its accuracy determines the credibility of products.
Various methods have been developed for urea identification
and quantification, being suitable for different reaction con-
ditions. In order to select an optimal method for urea quantifi-
cation, the experimental quantification minimum (EQM) and
the potential interference of the electrocatalytic system are the
key factors that need to be rated."®® So far, four main detection
methods are available for urea testing: the urease method, dia-
cetylmonoxime-thiosemicarbazide =~ method (DAMO-TSC),
'"H-NMR method, and high-performance liquid chromato-
graphy (HPLC) (Fig. 8g).>%%¢:87136

6.1 Urease method

The urease method has been a commonly used method for
detecting urea since 1995. In the presence of urease, the urea
can be decomposed into ammonia and carbon dioxide at the
optimal temperature (37 °C, 40 min)."*” The amount of urea
can be calculated according to the principle of conservation of
nitrogen atoms (7(yrea) = 2 X Aammonia))- Then, indophenol blue
method is used in determining the concentration of ammonia
at 1 = 655 nm (Fig. 8a)."*® An appropriate dilution is essential
for accurate urea quantification, since high concentrations of
urea (>7.0 pg ml™") may deviate from the linear relationship.
However, the activity of urease is affected by various factors
such as temperature, pH and urea concentration. Particularly,
interfering metal ions from electrolyte impurities or catalyst-

This journal is © The Royal Society of Chemistry 2024
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(a) The conservation principle of nitrogen atoms in the urease method. (b) Illustration of a typical urea colorimetric detection method. (c and

d) Urea processed by the methods of peak heights and peak integrals at low-concentration range. Reproduced from ref. 141, with permission from
Wiley-VCH, copyright 2023. (e) Mass spectrum of unlabeled (*>C) urea in 0.2 M KHCOs. (f) An example of total ion chromatogram (TIC) and extracted
ion chromatograms (EIC) for the 10 ppm urea standard. Reproduced from ref. 142, with permission from Elsevier, copyright 2023. (g) The compari-
son of four detection methods in this study. (h) The proposed photo/electrocatalytic urea synthesis and quantification protocol. Reproduced from

ref. 135, with permission from Wiley-VCH, copyright 2022.

leaching metals cannot be ignored. The presence of Ni**, Cu*",
Zn**, Fe**, and In** ions has a negligible effect on urea detec-
tion, while the presence of Co**, Fe*", and Mn>" ions will
inhibit urease activity, leading to errors in the measure-
ment."*® The restricted reaction temperature, high cost, and
long detection time also limit the operation of the urease
method. Meanwhile, the NH," losses during the heating
process may also contribute to false reporting. Therefore,
adjusting the testing strategy based on the experimental
details is important in the application of the urease method.

6.2 Diacetylmonoxime-thiosemicarbazide method
(DAMO-TSC)

The DAMO-TSC method is another widely used technique for
quantifying urea. It offers several advantages over the tra-
ditional urease decomposition method, including faster detec-
tion and lower detection limit of urea.

During the detection process, DAMO undergoes hydrolysis
under acidic conditions to produce diacetyl. The diacetyl will
react with urea to form a yellow-colored diazine product and
water. Diazine can be stabilized by thiosemicarbazide and con-
verted into a pink complex with enhanced absorbance in the
presence of iron ions, which has a maximum absorption wave-
length of 525 nm (Fig. 8b). Furthermore, by adding a specific
concentration of antipyrine, thiourea, metal ions, and other

This journal is © The Royal Society of Chemistry 2024

substances, the sensitivity of the reaction between urea and
diacetyl can be improved. This addition can also improve the
stability of the color development.

It is noted that the effect on color development by interfer-
ing substances should be considered before detection. The col-
orimetric determination is affected by carbon products (such
as formic acid and isopropanol), nitrogen products (such as
ammonia and hydrazine), and common ionic species (such as
metal cations, NO,~, and NO;")."** Nitrite is the most proble-
matic of these species; when the concentration of NO,~
reaches 10 mmol L™, it interferes with color development due
to its strong oxidizing properties. In addition, a strongly acidic
environment is necessary for color development. For most
electrocatalytic urea synthesis processes, the buffering effect of
KHCO; electrolyte has a minimal tendency of pH shift to alka-
line conditions. However, in higher concentrations KOH elec-
trolytes (>1 M), the pH value of collected electrolytes should be
adjusted to the optimal range before the quantification.

6.3 'H-NMR method

The '"H-NMR method is commended by its simplicity, accu-
racy, and specificity, and the measurements are based on the
instrument selection and parameter settings.”>'*® The quanti-
fication of urea by "H-NMR is minimally affected by changing
the chemical environment of hydrogen atom-influenced pro-
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ducts and metal ions. Noteworthily, most product solutions
from the electrocatalytic C-N coupling process involve huge
amounts of water molecules, and the water suppression may
induce baseline distortions and affect the accuracy of quantifi-
cation. To avoid these disadvantages, the relative intensities
can be calculated by peak integral and peak height methods.
The increased variability of multiple assays is due to the proxi-
mity of the chemical shift of urea to the water peak and its
increased sensitivity to interference from this peak. Therefore,
the peak height method can be used to attenuate the effect of
water peaks (Fig. 8c and d)."**

6.4 Liquid chromatography-mass spectrometry (LC-MS)

LC-MS is another method for urea quantification.’” This
method simultaneously possesses the excellent separation
capability of liquid chromatography with the high sensitivity
and selectivity detection capability of mass spectrometry
(Fig. 8e and f).'** According to the differentiated chemical
composition and physical properties of individual com-
ponents, products can be separated by the liquid chromato-
graphy method. The peak intensity is positively correlated to
the concentration of separate products. After solvent evapor-
ation at the interface of the LC and MS module, product
ionization will occur through electrospray ionization (ESI) or
atmospheric pressure chemical ionization (APCI) method.
Next, ions are separated based on their charge-to-mass (m/z)
ratio in the electric field.

Generally, the urease method is poorly reproducible and
susceptible to environmental interference. It is not suitable in
the presence of low urea concentrations with high NH," back-

4922 | Green Chem., 2024, 26, 4908-4933

grounds. The DAMO quantification method is suitable for
most systems, but not for environments with high levels of
NO,~ (>10 mmol L™"). The "H-NMR method is highly resistant
to interference, but is strongly influenced by urea concen-
tration, namely, experimental quantification minima are large
and few studies have used the LC-MS method to quantify urea.
Additionally, the environmental conditions and operating con-
ditions should be strictly controlled during product testing to
improve the accuracy, reliability, and anti-interference ability
(Fig. 8h). To improve the efficiency and accuracy of product
testing, a combination of two or more detection methods is
usually required.

7 Mechanism of urea synthesis
process

Current studies indicate that the intermediates are critical for
a coupling process. However, the exact roles played by these
intermediates are still not clear. Therefore, revealing the reac-
tion mechanism and the formation of the intermediates sheds
light on enhancing the efficiency of the electrocatalytic
systems.’® To date, the mechanism of the urea synthesis
process during electrocatalytic urea synthesis has been investi-
gated by temperature-programmed desorption measurements
(TPD) and extensive in situ spectroscopy characterization
methods, including the in situ Fourier transform infrared spec-
troscopy (in situ FTIR), online differential electrochemical
mass spectrometry (DEMS), and operand Raman spectroscopy.

This journal is © The Royal Society of Chemistry 2024
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7.1 Determination of intermediates

7.1.1 In situ Fourier transform infrared spectroscopy
measurements. The infrared spectrum is widely used to inves-
tigate the “fingerprint of molecules”. It allows the determi-
nation of the spatial configuration and bond length of the
target molecule (Fig. 9a).">> In electrocatalytic urea synthesis,
in situ FTIR is a powerful tool for analyzing the generation and
transformation process of C/N intermediates. Based on the
appearance, enhancement, disappearance, or displacement of
intermediates on the spectra, the possible reaction pathways
can be revealed. In an application scenario, on a ZnO-V cata-
lyst, the characteristic peak of COOH* strengthens gradually at
1360 cm™"' and 1210 em™" when using CO, as the feedstock,
while the NH; signal at 1100 cm™" showed a similar trend by
using KNO, electrolyte (Fig. 9¢).*” Interestingly, when using
CO, and KNO, as feedstocks, the C-N bond at 1440 cm™" is
observed. Meanwhile, the characteristic peak of COOH* dis-
appeared in the spectrum, which suggests COOH* is con-
sumed during urea generation. According to data analysis, the
authors deduced a possible reaction pathway for urea for-
mation: an oxygen atom in NO," fills the oxygen vacancy on
the surface of ZnO-V and undergoes a multi-step proton-
coupled electron transfer process to form the NH,* intermedi-
ate. After a one-step nucleophilic reaction, COOH* is con-
sumed by the attack of NH,* and forms a C-N bond. These
distinctive variations make in situ FTIR measurements an
efficient way to trace the pathway of the C-N coupling process.

7.1.2 Online differential electrochemical mass spec-
trometry. The DEMS method combines an electrochemical
reaction cell with a mass spectrometer (MS). The cell has a
non-wetting porous electrode, which is connected to a porous
membrane that leads to the ionization chamber of the MS. It

This journal is © The Royal Society of Chemistry 2024

can detect the gases and volatile intermediates consumed or
produced at the electrochemical reaction interface in real time
(Fig. 9b)."°%'>” As another useful tool to reveal the presence/
disappearance of the intermediates during the electrocatalytic
processes, DEMS spectroscopy is promising for parsing the
pathway of urea synthesis (Fig. 9f)."*®'*® Also, the online
DEMS spectroscopy can reveal the relationship between inde-
pendent reactions in the system, which makes the entire reac-
tion process more explicit.

7.1.3 Operando Raman spectroscopy. Raman spectroscopy
can characterize the rotational, vibrational, and other low-fre-
quency modes of a sample based on its high selectivity and
availability."® With great potential for detecting surface
changes of catalysts (especially metal oxides), the combination
of operational Raman spectroscopy and electrochemistry is
popular for analyzing the mechanism of electrocatalysis
(Fig. 9c¢). Like the in situ FTIR, operando Raman spectroscopy
can provide valuable information about reaction intermedi-
ates. For example, Qin and coworkers clarified the reaction
pathway using of Ru-Cu CF as a catalyst, which delivers a high
urea yield of 151.6 pg h™" em™ and a high FE of 25.4% at a
low onset potential of 0.13 V vs. RHE."*® They noted that the
vibration band at 545 cm™" showed increased intensity in the
Raman spectra due to the evolution of the 5(NCN) and §(NCO)
bending vibrations in the nucleation process of urea, which
indicate the C-N coupling (Fig. 92).

7.1.4 Temperature-programmed  desorption
ments. TPD test is a dynamic analytical process in which a

measure-

specific amount of adsorbent adheres to the catalyst surface
and is then heated at a controlled rate with inert gas
(Fig. 9d)."®° Changes in the composition and concentration of
the effluent gas can be detected. Subsequently, the adsorption
centers, the active composition, and the reduction properties
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of the catalyst can be evaluated. TPD is frequently employed
when N, is used as a nitrogen source for urea synthesis. For
instance, TPD can report the adsorption sequence of N, and
CO, on Bi-BiVO, hybrids.”* The TPD results show that the N,
peak appears at a higher temperature compared with CO,,
suggesting that nitrogen is more likely to be adsorbed onto the
catalyst surface (Fig. 9h).

In situ analyses provide solutions to monitor the generation
of intermediates, bond formation, and reaction dynamics,
which can provide new insights for catalyst optimization.
However, in situ analyses can only detect a few key intermedi-
ate reactions, making it difficult to provide a full picture of the
complex reaction system. Further exploration is needed to
understand the reaction mechanism of electrochemical urea
synthesis by using in situ measurements. Therefore, character-
ization such as in situ spectroscopic techniques (especially syn-

4924 | Green Chem., 2024, 26, 4908-4933

chrotron radiation-Fourier transform infrared spectroscopy)
and theoretical calculations will maintain their popularity in
catalytic urea synthesis research.

7.2 Key intermediates in electrocatalytic urea synthesis

Generally, catalysts with the ability to simultaneously catalyze
both CO,RR and NRR are more likely to carry out urea electro-
catalytic production. With employing differentiated catalysts,
the corresponding mechanism and pathways will be changed
owing to the production of different C/N intermediates. In
recent studies, theoretical calculations (density functional
theory and ab initio molecular dynamics) have been used to
uncover the formation steps of C-N bond. To make the
internal relationship easier to understand, we have summar-
ized the formation pathways of different intermediates with C-
N bonds in this section, also displayed in Fig. 10.

This journal is © The Royal Society of Chemistry 2024
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7.2.1 *NCON* and *NHCOHN*. When using N, as the
nitrogen source, the key intermediate of the reaction is
*NCON*. Specifically, once the CO is released from the CO,
reduction process, the *N=N* shows a strong attraction to the
CO due to the matched molecular orbitals. The tower-like urea
precursor *NCON* is formed after CO binding with *N=N*
(Fig. 11a).%® Jit Mukherjee and coworker synthesized copper
phthalocyanine nanotubes (CuPc NTs) with multiple active
sites, and predicted that the rate-determining step is CO* +
*NN* — *NCON*."** The *NCON* would be further hydrogen-
ated to urea molecules (Fig. 11c and d). Another key intermedi-
ate is *XNHCOHN*, which originated from the electrocatalytic
process by using MoP-(101) (Fig. 11b).’°® Theoretical calcu-
lation results showed that *N,H reacts with *CO and is more
favorable in kinetics and thermodynamics (Fig. 11e and f).

This journal is © The Royal Society of Chemistry 2024

Reaction Coordinates

(a) *CO and *NH, intermediates pathway for urea synthesis. (b) *CO and *NH,OH intermediates pathway for urea synthesis. (c) CNT struc-

CNT active sites. Reproduced from ref. 108, with permission from Springer
on Au, AuPd, and Pd. (f) The C-N coupling pathway on AuPd. Reproduced

Subsequently, the *NHCOHN* intermediate can be formed by
the combination of hydrogenated *N,H, with *CO.

7.2.2 *CONH, and *CONH. In the case of the reaction
system from co-reduction of NO/NO, /NO;~ and CO,, *CONH,,
is one of the identified intermediates in the C-N coupling
process (Fig. 12a). The critical step for F-doped CNT is the
*CONH, formation by coupling *CO with *NH, (Fig. 12c¢ and
d).'°® On the other hand, the *CONH, can be synthesized on
XC72R-AuPd through the combination of *CO and *NH,OH
(Fig. 12e and f).*° In addition, Liu and coworkers used
ab initio molecular dynamics simulations (AIMD) to investigate
the reaction pathway of urea generation on the surface of Cu
(100) in neutral solutions.>® They pointed out that urea was
generated through the formation of *CONH intermediate
(Fig. 12b). They summarized the reaction potential barrier
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values of the different intermediates and further concluded
that *NOH and *NH, C-N coupling was easier than protona-
tion reactions. Meanwhile, *N-CO and *NH-CO were difficult
to hydrogenate at this potential value due to the large reaction
potential barrier, which made *NH couple with *NH-CO to
form *NH-CO-NH, followed by a protonation reaction to
produce urea.

7.2.3 *OCNO. The *OCNO is also a key intermediate in
electrocatalytic urea synthesis (Fig. 13a). It was found that the
*NO intermediate can be adsorbed onto the V, sites of the
catalyst. On the V, sites, the subsequent coupling process
between *NO with *CO is more favorable than the hydrogen-
ation reaction, and C-N coupling is thermodynamically and
kinetically favorable. In addition, the m-Cu,O catalyst exhibits

4926 | Green Chem., 2024, 26, 4908-4933

remarkable applicability for electrochemical urea synthesis
activity, including the high urea yield rate of 29.2 mmol h™'g™*
and corresponding FE of 9.43% at —1.3 V vs. RHE. The authors
indicated that CO, and NO;~ were reduced to form *CO and
*NO, respectively.'*® Then, the asymmetric coupling between
the in situ-formed *CO and *NO finally induced the generation
of *ONCO and the urea products (Fig. 13d, g and h). DFT cal-
culation also confirmed that the coupling of *CO and *NO was
thermodynamically and kinetically favored by the rationally
designed Cu’-Cu’site, and finally boosted the urea production.

7.2.4 *CO NO, and *CO, NO,. The formation of C-N bonds
is typically completed through the nucleophilic attack by
nucleophilic nitrogen intermediates. In some specific scen-
arios, the C-N coupling can also be facilitated by chemical

This journal is © The Royal Society of Chemistry 2024
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steps that do not require a nucleophile attack (Fig. 13b and c).
CuWO, catalyst with the native bimetallic site can achieve
remarkable urea faradaic efficiency of 70.1% at —0.2 V vs.
RHE.'?> On the active sites of CuWO,, the formation of
*CONO, is the rate-determining step. The coupling of *NO,
and *CO reduces the possibility of desorption of intermediates
from complex elementary reactions before C-N formation,
which inhibits other side reactions (Fig. 13e and j).
Additionally, the Vo-In(OOH) catalyst can produce urea by
forming *CO, and *NO, during the electrocatalytic process.
The direct C-N coupling at an early stage of the reaction signa-
ture by inhibiting the formation of by-products thus also
enhances the urea yield. DFT calculation illustrates that the
surface of the Vi-In(OOH) is fully covered by *NO,, which
leads to the inhibition of CO, reduction (Fig. 13f and i). On
the In atoms, the catalyst enables C-N coupling to form the
*CO,NO, intermediate. After *CO,NO, intermediate is formed,
this compound undergoes continuous protonation, and urea
can thus be synthesized in the proposed system.

In line with the experimental and theoretical results, a
better catalyst should have moderate hydrogen adsorption
strength to accomplish the intermediates’ hydrogenation
rather than a strong hydrogen evolution. Meanwhile, a strong
oxygen adsorption may induce the feedstocks and oxygenated
intermediates to adsorb on the reactive sites, which dominate
the direction of reactions. On the other hand, the energy
barrier is an important determinant of the reaction. The low
energy barrier of the C-N coupling step is more beneficial for
the generation of urea and other organonitrogens. This is
another determining fact that influences the effectiveness of
urea production in the existing studies.

8 Summary and outlooks

Electrochemical C-N coupling presents a viable approach for
the environmentally friendly and sustainable synthesis of
high-value urea under mild conditions. This review aims to
provide a deeper understanding of C-N coupling synthesis
technology by reviewing catalyst design, characterization, elec-
trolytic cell types, urea quantifications, and mechanistic
investigations. We summarize various strategies for catalyst
design, including atomic-scale modulation, vacancy engineer-
ing, heteroatom doping, alloying, crystal surface modulation,
and heterostructure modification. Furthermore, the advan-
tages and shortcomings of H-cells, flow cells, and MEAs are
also concluded. Additionally, this review encapsulates four
prevalent techniques for urea detection, outlining their
respective application contexts.

8.1 Develop superior electrocatalysts

The development of high-quality electrocatalysts with high
activity and selectivity is crucial in electrocatalytic urea syn-
thesis."®" Several factors are important in designing efficient
catalysts: firstly, the ability to adsorb and activate CO, and
nitrogenous species. On catalysts, the physical adsorption of

This journal is © The Royal Society of Chemistry 2024
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CO, is more favorable than the chemical adsorption. For
instance, Mo, Co, Rh, and Ir exhibit a more stable chemisorp-
tion of CO,, rendering them unsuitable as catalysts for urea
production, while Zn, Cd, and In display a stronger physical
adsorption capacity of CO, and have been identified to possess
superior ability in urea production.'®*'®® Additionally, the
catalyst should also have sufficient active sites to enable the
simultaneous reduction of various reactants. The efficiency of
a catalyst can be maximized by adjusting the density of active
sites on its surface, which can be achieved by alloying, defect
formation, coordination, and doping methods. The modifi-
cation of electrocatalysts with multiple active centers is crucial
for the simultaneous reduction of carbon and nitrogen-con-
taining species. Lastly, the stability of catalysts plays the key
role in determining the feasibility of scaled-up urea synthesis.
Catalyst poisoning, aggregation, sintering and dissolution
always lead to the inactivation of electrocatalysts during the
electrocatalytic process. From the perspective of catalyst
design, a catalyst carrier with high specific surface area, chemi-
cal stability and thermal stability is beneficial for improving
the stability and reactivity of proposed electrocatalysts.
Meanwhile, surface modification can effectively optimize the
electronic structure of electrocatalysts, which can lead to an
adjustment of adsorption properties of intermediates and
minimize the production of unwanted byproducts (especially
CO).164

8.2 Control the reaction environment

Generally, urea synthesis from carbon dioxide and nitrogenous
molecules co-reduction occurs predominantly at the region of
the reaction interface between the liquid electrolyte, the
gaseous reactants, and the solid electrocatalysts. In this reac-
tion environment, electrocatalyst-level, electrolyte-level, and
electrochemical cells should be carefully considered.
Improving the affinity of catalysts to reactants and enhancing
their hydrophobicity could potentially stabilize key intermedi-
ates. The anode ions (such as OH™, HCO;~, CO;>", or NO;")
and the cathode ions (such as OH™, HCO;~, CO5>~, or NO;3")
have a significant impact on the local pH value, electro-
chemical double layer, and distribution of the electric
field.'31%16¢ The structure of the device influences the flow
rates of mass and the pressures within the gas and liquid
phases, thereby governing the stability and selectivity of the
coupling reaction products.

8.3 Inhibit side reactions

Side reactions lower faradaic efficiency and may affect product
separation. Any irrelevant hydrogenation reactions like CO,RR,
NRR, and HER should be suppressed. Meanwhile, the C-N
coupling reaction should always be confined to a narrow
potential window since the C/N-intermediates tend to form C-
N bonds in the low overpotential region. The urea synthesis
reaction requires the coupling of preferred C-intermediates/
N-intermediate pairs, such as *CO/*NH,, *COOH/*NH,, and
*CO,/*NO,. In addition, the over-hydrogenation of C/N sources
will inhibit the necessary C-N coupling process. Moreover, the
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HER can have a significant impact on the formation of C/N
intermediates, which will interfere with the operation of the
entire system by impeding the electron transfer during urea
synthesis.'®”

8.3.1 Inhibition of by-product formation from C and
N-intermediates. CO and NH; are the main by-products in the
C-N coupling reactions.'®® To minimize the production of
unexpected CO, it is crucial to enhance the adsorption energy
between *CO and active sites, thus facilitating the C-N coup-
ling steps. However, caution should be taken to avoid the over-
strong *CO adsorption binding capacity, since it will result in
catalyst poisoning, thus impeding subsequent related reac-
tions. Therefore, a suitable *CO binding energy is vital to
inhibit by-products and optimize the efficiency of the C-N
coupling process. For the adsorbing *CO intermediates on the
catalyst, it is possible to accept N intermediates from the adja-
cent free state and catalytic site, while transferring *CO to the
adjacent active sites to accomplish the C-N coupling reaction.
Hence, the active sites play a crucial role in the C-N coupling
process. On the other hand, over-hydrogenation of
N-intermediates also brings serious implications to the C-N
coupling reaction. Once N-species are hydrogenated to NHj,
the production efficiency of urea will be extremely inhibited. It
is thus vital to prevent any further hydrogenation of
N-intermediates that leads to NH; formation.

8.3.2 Inhibition of HER. In aqueous reactions, HER has
always been carried out with target reactions due to the proxi-
mity of their potential window, which will significantly reduce
the product yield.**'®® HER usually happens by the Volmer-
Heyrosky and Volmer-Tafel pathways."””® The adsorbed
hydrated protons (H;0) are reduced to produce H* (intermedi-
ate) via a Volmer step. In the Heyrosky route, the adsorbed H*
combines with the hydrated proton to form H,. In addition,
two H* combine to form H, through the Tafel route. To sup-
press the HER, increasing the pH of the electrolyte to decrease
the proton concentration and the use of single-atom catalysts
are feasible ways. Moreover, surface modification of the cata-
lysts is another efficient way to suppress the HER by adjusting
related energy barriers and binding energy.

8.4 Challenges for industrialized applications

To evaluate the potential for industrializing C-N coupled urea
technology, a thorough techno-economic analysis (TEA) is
necessary. This analysis should determine the costs of an
electrochemical urea synthesis strategy, including feedstock
costs, energy costs, and operation costs. In operation costs, the
byproduct separation cost holds an important position in
determining the comprehensive costs. The side production is
a key factor affecting the feasibility of scaled-up urea electro-
synthesis. A complicated product separation process is needed
when various products including urea, nitrite, ammonia, and
other organonitrogen products are produced in the C-N coup-
ling system. In contrast, to develop efficient separation
methods, a high-performance urea synthesis method is more
suitable to reduce separation costs. Despite the increasing
maturity of electrocatalytic urea synthesis technology, the
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electrochemical process must achieve a Faraday efficiency of at
least 73.24% at a given electricity price of 0.03 kW h™" to be
competitive with current urea production.’”’ Therefore, it is
critical to develop catalysts with excellent product yield and
selectivity at industrial-scale current densities (>100 mA cm™?).
It is necessary to recognize that the current density, Faraday
efficiency, and yield are not solely influenced by the electroca-
talyst but also by the architecture of the electrochemical
reactor. The structure of the electrode has a direct implication
on charge transfer, gas conversion, and mass diffusion, which
can significantly affect reaction kinetics. An ideal electro-
catalytic reactor should effectively facilitate electron transfer,
ion transport, and controlled gas diffusion while preventing
the mixing of anode and cathode electrolytes.

With the maturity of electrocatalytic technology, energy
sources will be the last issue to hinder large-scale application
of electrosynthesis. The revolution of renewable energy is
becoming essential to solve the release of greenhouse gases
and fossil fuel shortages in future decades."”””'”® Among the
current candidates, solar-fueled photovoltaic technology is one
of the most promising energy sources around the world. On
the technological basis of silicon and thin-film solar cells, the
photoconversion efficiencies of dye-sensitized, perovskite,
organic, and quantum dot-sensitized solar cells are greatly
improved.'”* Particularly, the greatly developed perovskite
tandem solar cell provides an opportunity to further improve
the photoconversion efficiency.'”>"'”® With the optimization of
solar cell stability and operating costs, photovoltaic power
supply facilities could be a strategy option for the synthesis of
green urea.

8.5 Machine learning in assisting electrocatalytic urea
synthesis

Electrocatalytic synthesis of urea necessitates the formation of
C-N bonds, requiring catalysts that concurrently facilitate
carbon dioxide reduction and nitrogen reduction reactions.
However, during the urea formation process, the desorption of
the intermediate *CO and further hydrogenation of *NH, can
lead to the formation of CO and NH; by-products, interfering
with the reaction. Therefore, appropriate binding energies for
intermediates are also crucial. Nevertheless, traditional
methods of synthesizing electrocatalysts are complex and time-
consuming, which often results in a long trial-and-error
process to successfully design an effective catalyst. Machine
learning (ML) techniques, particularly deep learning and
reinforcement learning, can be employed to predict and opti-
mize the performance of new catalysts, addressing the bottle-
necks in electrocatalytic urea synthesis."””'”® By selecting suit-
able descriptors and algorithms to build ML models, we can
rapidly screen for catalysts rich in active sites, capable of both
CO,RR and NRR, and where reaction intermediates can timely
couple at active sites to form C-N bonds while suppressing the
HER. With the development of “big data” and mechanistic
investigation, we believe that novel designed catalysts will be
increasingly applicable for developing sustainable and econ-
omically friendly urea synthesis.

This journal is © The Royal Society of Chemistry 2024
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