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Unveiling Electrochemical Urea Synthesis by Co-Activation of CO,
and N, with Mott-Schottky Heterostructure Catalysts
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Qin Wang, Shuwei Li, Hongyan He, and Guangjin Zhang*

Abstract: Electrocatalytic C—N bond coupling to convert CO,
and N, molecules into urea under ambient conditions is
a promising alternative to harsh industrial processes. However,
the adsorption and activation of inert gas molecules and then
the driving of the C-N coupling reaction is energetically
challenging. Herein, novel Mott-Schottky Bi-BiVO, hetero-
structures are described that realize a remarkable urea yield
rate of 5.91 mmolh™ g™! and a Faradaic efficiency of 12.55 %
at —0.4V vs. RHE. Comprehensive analysis confirms the
emerging space—charge region in the heterostructure interface
not only facilitates the targeted adsorption and activation of
CO, and N, molecules on the generated local nucleophilic and
electrophilic regions, but also effectively suppresses CO
poisoning and the formation of endothermic *NNH inter-
mediates. This guarantees the desired exothermic coupling of
*N=N* intermediates and generated CO to form the urea
precursor, *NCON*.

Introduction

Nitrogen is regarded as an indispensable element for all
life, which accounts for 78 % of the atmosphere but can’t be
directly adopted by plants and animals.! Transforming N,
into valuable fertilizer under mild conditions is highly
anticipated for human beings.”! On the other hand, excessive
carbon dioxide (CO,) emissions have aroused severe environ-
mental concerns.’! Therefore, converting both N, and CO,
into value-added urea molecules via C-N coupling reaction
under ambient conditions is a promising route to achieve both
carbon balance strategy and high-value utilization of CO,."!
Nonetheless, the chemical inert of N, (N=N, 940.95 kJmol ')
and CO, (C=0, 806 kI mol ') inevitably impede the activation

of N,/CO, molecules.” To this end, tremendous efforts have
been devoted to converting N, and CO, to value-added
chemical products and fuels (NH;, N,H,, CH;OH,
CH,COOH, etc.).! Compared with the conventional thermal
catalytic and other hydrogenation processes, the utilization of
the electrochemical approach exhibits great advantages in
atom and energy economies.”l It thus motivates researchers to
construct an electrochemical C—N bond coupling system by
directly using CO, and amine derivatives/nitrogen sources
(nitrate, nitrite, NO, and even N,) as feedstock.®!

When feeding with N, and CO, as the reactant, the
electrochemical C-N coupling reactions can proceed to
produce valuable urea [CO(NH,),] molecules, which is
regarded as one of the most efficient nitrogen fertilizer and
is of great significance to the chemical industry.’] The
industrial urea synthesis is dominated by two consecutive
steps, including N, + H, — NH; and followed by NH; + CO,
— CO(NH,),, which operated at harsh reaction conditions
(350-550°C, 150-350 bar and 150-200°C, 150-250 bar, re-
spectively).'”) Compared with huge energy consumption
industrial processes, the electrochemical urea synthesis pro-
vides an appealing route (N, + CO, + 6H" + 6e —
CO(NH,), + H,0) under mild conditions."! However, the
related catalytic activity and selectivity for electrochemical
urea synthesis are still extremely low. The main challenges can
be ascribed as i) extraordinarily weak chemical adsorption of
inert CO,/N, on the catalysts surface;'" ii) the dissociation of
highly stable C=O bond and N=N bond requires high
overpotential;**'?iii) the parallel CO,/N, reduction reactions
strongly competes with the desired C-N coupling reaction for
urea synthesis and further results in the complex product
distribution.”
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Aiming at this challenging field, Chen et al. reached the
urea production rate of 3.36 mmolg 'h™' and Faradaic
efficiency (FE) of 8.92% at —0.4 V vs. RHE on PdCu/TiO,
hybrids.! Despite the aforementioned noble metal Pd-based
catalysts that can realize urea electrosynthesis, the related
electrocatalytic activity still needs to be improved. Besides,
their real application in large-scale is restricted by high cost
and scarcity. Therefore, it is highly anticipated to develop
earth-abundant alternatives to further improve urea electro-
synthesis performance. The electrochemical C-N coupling
reaction in urea synthesis is strongly dependent on the surface
electronic state of electrocatalysts. Designing the electro-
catalyst to enhance the adsorption and activation of inert gas
molecules can be adopted as a promising strategy to promote
C-N coupling reaction and further urea formation.!® Thus, we
supposed that Mott-Schottky heterostructures may provide
a new possibility to enhance the electrocatalytic capability of
urea synthesis." The reason can be ascribed to the formed
interface can stimulate spontaneous charge transfer and then
generate a special space-charge region to drive the targeted
surface reaction. The band bending at the interface facilitates
the charge redistribution until the electrocatalytic system
reaches a thermal equilibrium state. Then, the oppositely
charged regions arise at the heterointerface and bring about
the alteration of electron density around the interface, which
is favorable for the adsorption of targeted small molecules
(CO,/N,) and the subsequent protonation process.'”! Accord-
ingly, engineering distinct space-charge regions in Mott—
Schottky heterojunction would be the feasible strategy for
remarkable urea electrosynthesis but it hasn’t been inves-
tigated so far.

Herein, as the proof-of-concept catalyst, Mott—Schottky
heterostructural Bi-BiVO, hybrids were prepared by the
NaBH, reduction strategy and ensured spontaneous electron
transfer from BiVO, to Bi. The rationally engineering space-
charge region guarantees the accurate adsorption and activa-
tion of N, and CO, and further promotes the desired
electrochemical C-N coupling reaction in urea synthesis.
Therefore, the as-prepared Mott-Schottky Bi-BiVO, hetero-
structure electrocatalysts deliver a remarkable urea produc-
tion rate of 5.91 mmolh 'g~! with a FE of 12.55% at —0.4 V
(vs. RHE), outperforming those reported best values. This
work underlines the significance of the engineering space-
charge region for enhancing urea synthesis by electrocatalytic
C-N coupling reaction.

Results and Discussion

The pristine BiVO, was directly prepared by reacting
bismuth nitrate with ammonium metavanadate by in situ
redox route. Figure 1a displays the X-ray diffraction (XRD)
patterns of as-prepared pristine BiVO, match well with
monoclinic phase of BiVO, (JCPDS: 83-1700). The corre-
sponding crystal structure contains BiO,, decahedron and
VO, tetrahedron units (Figure S1). When the pristine BiVO,
is partially reduced by the NaBH,, the Bi-BiVO, hybrids were
obtained which only exhibit relatively weak BiVO, diffraction
peaks compared to pristine BiVO, (Figure 1b). The reason
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can be attributed to the reduction by NaBH, that inducing
abundant defect BiO,, decahedron models until the forma-
tion of metallic Bi site. As displayed in the Raman spectrum
(Figure 1¢), the pronounced peaks detected at 327 and
367 cm ! correspond to asymmetric and symmetric stretching
modes of VO,*~ tetrahedron unit in BiVO,. Besides, the short
(B,) and long (A,) asymmetric V-O stretching modes also
appear at 637 and 702 cm.['! The intense Raman peak that
emerged at 826 cm™! can be ascribed to the shorter symmetric
V-O stretching mode (A,)."”! Compared with pristine BiVO,,
the disappearance of the vibration peaks in Bi-BiVO, hybrids
at 367,637, and 702 cm ' results from damages to the inherent
crystal structure of BiVO, by the reaction of NaBH,.
Although the BiO,, decahedron units were undermined and
thus produced Bi site, the XRD diffraction peaks of metallic
Bi can’t be found in Bi-BiVO, hybrids, which can be ascribed
to the high dispersion and low concentration of metallic Bi. To
further certify the existence of metallic Bi, X-ray photo-
electron spectroscopy (XPS) of the hybrids was examined. It
is shown that the metallic Bi® peak can be detected at
162.1 eV for Bi-BiVO, hybrids in the Bi 4f region.'"! Besides,
the characteristic peaks located at 159.3 eV and 164.7 eV can
be assigned to Bi*' 4f,, and Bi’" 4f;,, respectively (Fig-
ure 1d)."™! The V 2p spectrum can be deconvoluted into V**
2p (515.8 eV) peak (Figure 1¢).’] Notably, the Bi** 4f and
V* 2p peaks in Bi-BiVO, hybrids show the negative shift of
0.2 eV and positive shift of 0.2 eV respectively, compared with
pristine BiVO,, originating from the electronic interaction
between metallic Bi’ phase and BiVO,. Mott-Schottky test
was further utilized to reveal the electron transfer in Bi-
BiVO, hybrids (Figure 1 f). BiVO, samples possess a positive
slope, reflecting typical n-type semiconductor characteristics.
Thus, when it was combined with metallic Bi, the unique
Mott-Schottky heterostructure can be formed and the
electrons can transfer from BiVO, to metallic Bi to form
a unique space-charge region (Figure 1g and Figure S2a—c).
The fabricated space-charge region ensures the effective
synthesis of urea at different active sites. Additionally, the
NaBH, reduction strategy also results in the increase of
Brunauer-Emmett-Teller (BET) specific surface area from
14.7 m*g~! (BiVO,) to 30.4 m*’g ' (Bi-BiVO,) (Figure 1h).

The field-emission scanning electron microscopy (FE-
SEM) image in Figure2a reveals that pristine BiVO,
possesses an average width and length of 400 nm and 1 pm,
respectively. The corresponding EDS mapping confirms the
uniform distribution of Bi, V, and O elements (Figure 2b),
which is consistent with the XPS survey spectrum (Figure 1i).
The lattice spacing (0.312 nm) in high-magnification trans-
mission electron microscopy (HRTEM) corresponds to the
(130) crystal plane of BiVO, (Figure S2d). Figure 2d,e proves
that the Bi-BiVO, hybrids still maintain a similar morphology
and uniform element distribution with pure BiVO,, but the
unique heterostructural interfaces between metallic Bi and
BiVO, can be observed (Figure 2¢ and f). The formation of
such heterojunction creates the unique space-charge region
(Figure S2c) with self-driven charge transfer from BiVO, to
Bi. Thus local electrophilic and nucleophilic regions are
generated.
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Figure 1. XRD patterns of a) BiVO, and b) Bi-BiVO,; c) Raman spectra, d) high-resolution Bi 4f spectra and e) high-resolution V 2p spectra of
BiVO, and Bi-BiVO,; f) Mott-Schottky plots of BiVO,; g) schematic illustration of the charge transfer process in Bi-BiVO,; h) BET specific surface

area and i) XPS survey spectra of BiVO, and Bi-BiVO,.

As for electrocatalytic urea synthesis, N, and CO, as
feeding gas were continuously bubbled into the H-shaped cell,
which is separated by the Nafion 211 membrane and equipped
with a three-electrode system (Figure S3). Linear sweep
voltammetry (LSV) was used to preliminarily evaluate the
potential performance of urea electrosynthesis with Bi-BiVO,
hybrids. As displayed in Figure 3a, the Bi-BiVO, hybrids
exhibit an enhanced current density in mixed gas (N, + CO,)
-saturated 0.1 M KHCO; solution relative to sole gas (N,/
CO,)-saturated electrolyte, indicating the occurrence of
electrocatalytic urea synthesis. It has been reported that the
electrochemical urea production ability of the catalyst was
dominated by effectively coupling carbon dioxide reduction
reaction (CO,RR) with nitrogen reduction reaction (NRR)."
In another word, encouraging electrocatalytic NRR and
CO,RR performance of the Bi-BiVO, hybrids guarantee the

www.angewandte.org
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electrocatalytic production of urea process (Figure 3b,c).
Constant potential electrolysis ranging from —0.3 Vto —0.7 V
vs. RHE were selected to further quantitatively assess urea
electrosynthesis activity. The time-dependent current density
curves recorded for 2 h at various potentials illustrate the
superior stability of Bi-BiVO, hybrids (Figure S4). The
generated urea and by-product NH; were estimated by the
diacetyl monoxime method and indophenol blue method, the
related calibration curves are depicted in Figure S5.”” Be-
sides, the possible gas products such as H, and CO were
monitored by on-line gas chromatography. The calculated
urea yield rate and Faradaic efficiency (FE) in Figure 3d
demonstrate that when the potential reached —0.4V vs.
RHE, the Bi-BiVO, hybrids electrode delivers the maximum
urea yield rate of 5.91 mmolh'g™! and FE of 12.55%. As
listed in Table S1, the electrocatalytic urea synthesis perfor-
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Figure 2. a) SEM image and b) the corresponding element mapping of BiVO,; c) high-magnification TEM image of Bi-BiVO, hybrids and the
dotted line represents the heterointerfaces; d) SEM image and e) the corresponding element mapping of Bi-BiVO, hybrids; f) the well-resolved

lattice fringe of Bi-BiVO, hybrids in (c).

mance of Bi-BiVO, hybrids is superior to the highest values
reported so far. However, as the potential shifted below
—0.4 'V, the excessive release of CO occupied the adsorption
sites for CO, and N, result in dramatically reduced urea yield
and FE and further bring about the diversified reduction
products distribution (Figure 3¢). Note that Bi-BiVO, hy-
brids deliver the highest FE (15.33%) and NH; yield rate
(7.07 mmolh'g") at —0.4 V vs. RHE during NRR, which are
higher than that of the electrocatalytic urea synthesis process
(Figure 3b). The reason can be attributed to the modulated
reaction pathways to promote electrochemical C-N coupling
reaction and further generate urea, which will be further
revealed by DFT calculations. Furthermore, a 10 h chro-
noamperometry test (Figure S6) and cycling experiments
(Figure S7) were utilized to evaluate the durability of Bi-
BiVO, hybrids. Negligible degradation in current density and
electrocatalytic activity indicates the desirable stability of Bi-
BiVO, hybrids. The related characterizations also prove that
the obtained Bi-BiVO, hybrids still maintain their original
morphology, chemical state, and crystal phase after 10h
continuous electrolysis (Figure S8). Besides, benefiting from
the enhanced solubility of CO, in ionic liquid (IL, 1-butyl-3-
methylimidazolium tetrafluoroborate),*! the IL-KHCO, was
used as the electrolyte and the system exhibited the urea yield
rate of 6.64 mmolh 'g ' and FE of 15.8% at —0.4 V vs. RHE,
which are higher than that in pure KHCO; solution (Fig-
ure S9a).

Since adventitious NO, is inevitably present in the
environment and chemicals which may lead to false-positive
results, a series of control experiments were conducted to
further verify the generated urea comes from the simulta-
neous reduction of CO, and N, rather than contaminants
(Scheme 1 and Figure S9b). Additionally, the capability of Bi-
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BiVO, hybrids to synergistically activate CO, and N,
molecules was further proved by isotope labeling experi-
ments. No distinguished CO(NH,), signal was observed when
utilizing N, and CO, as the feeding gas, only CO(*NH,),
signal was detected in the reacted electrolyte, confirming that
urea was generated by simultaneous reduction of CO, and N,
(Figure 3 f). Besides, the concentration of CO('*NH,), after
2 h electrolysis was also quantitatively detected based on the
peak area of 'HNMR (Figure 3g,h). As expected, the
calculated CO("*'NH,), concentration is in good accordance
with that detected by the diacetyl monoxime method (Fig-
ure 3i). All these results convincingly confirm the reduction
of both N, and CO, into urea was catalyzed by Bi-BiVO,
hybrids.

To uncover the contribution of engineering space-charge
region on the enhancement of Bi-BiVO, hybrids perfor-
mance, the electrochemical properties of pristine BiVO, were
also investigated. As expected, it can be seen in Figure 4 a that
pristine BiVO, displays remarkably decreased urea yield and
FE in comparison with Bi-BiVO, hybrids. In Figure 4b and
Figure S10, the Bi-BiVO, hybrids also exhibit a larger electro-
chemical active surface area (ECSA) than that of pristine
BiVO,, illustrating that the designed space-charge region is
favorable for the exposure of more active sites.””! Further-
more, the electrochemical impedance spectroscopy (EIS) of
the Bi-BiVO, hybrids delivers smaller semicircle and higher
slope compared with that of pristine BiVO,, which verify that
Bi-BiVO, hybrids coupled with space-charge region facilitate
the effective charge transfer and thus endow the Bi and
BiVO, surface with a local nucleophilic and electrophilic
region (Figure 4¢).*! As the chemisorption of N, and CO, are
regarded as the initial step towards urea electrosynthesis, it is
critical to promote the chemisorption ability of N, and CO, on
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Figure 3. a) LSV curves of Bi-BiVO, hybrids at N,, CO,, and N,+ CO, saturated electrolyte; b) NH; synthesis with N, as the feeding gas and c) CO
generation with CO, as the feeding gas at various potentials for Bi-BiVO, hybrids; d) the urea yield rate and Faradic efficiencies and e) the
corresponding product distribution of H, (purple), CO (cyan-blue), NH; (blue), and urea (red) with N, and CO, as the feeding gas at various
potentials for Bi-BiVO, hybrids; f) "H NMR spectra of electrolyte saturated with *N, + CO, / "N, + CO, after 2 h electrolysis and standard
’NH,CO"NH,/"*NH,CO"NH, solution; g) "H NMR spectra of standard *"NH,CO"*NH, solution with various concentrations of 0.2-0.5 ugmL™";
h) integral area ("NH,CO"NH,/C,H,0,) concentration linear relation calibrated using standard "NH,CO'"*NH, solution; i) the urea yield of Bi-
BiVO, hybrids after 2 h electrolysis detected by UV/Vis and 'H NMR spectroscopy.

the electrocatalysts. In this work, engineering space-charge
regions would be served as a promising strategy toward
significantly enhancing the chemisorption capability of inert
N, and CO, molecules. As revealed by theoretical simulations,
the electron-rich N atom in N, and electron-deficient C atom
in CO, (Figure 4d) will target adsorb on the generated
electrophilic and nucleophilic regions in Bi-BiVO, hybrids
due to electronic interaction.?” As shown in Figure 4e,f, both
the N,- and CO,-TPD spectrum of Bi-BiVO, hybrids display
the stronger binding strength and larger adsorption peak as
compared to that of pristine BiVO,, verifying the enhance-
ment of the adsorption capacity for both N, and CO,
molecules on Bi-BiVO, hybrids.*
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The density functional theory (DFT) calculations were
further carried out to corroborate the contribution of the
space-charge region to adsorb and activate inert gas mole-
cules. To this end, the adsorption behavior of reactant
molecules on the two different optimized structures was
firstly investigated. As revealed by Bader charge analysis
(Figure 5a), the presence of space-charge region in Bi-BiVO,
hybrids guarantees the spontaneous electron transfer from
BiVO, to Bi (1.21¢"), in agreement with the above XPS and
Raman characterizations. The corresponding charge accumu-
lation and depletion endows the Bi and BiVO, interface with
the local nucleophilic and electrophilic region, which achieves
the targeted adsorption of gas molecules by the electrostatic
interaction. As expected, the adsorption energies of both N,
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and CO, on the pristine BiVO, model are much higher than
that of Bi-BiVO, hybrids (Figure 5b,c), attesting to the
critical role of the space-charge region in promoting the gas
adsorption, which coincides well with the aforementioned
TPD results.

Although the rationally designed space-charge region
accelerates the adsorption of inert gas molecules, it is essential
to explore the adsorption sequence of N, and CO, on the
active sites to reveal the reaction mechanism. Compared with
CO,-TPD results, the peaks in the N,-TPD spectrum emerge
at a higher temperature and display the enhanced intensity,
ensuring that N, gas preferentially adsorbs on the Bi-BiVO,
hybrids than that of CO, molecule (Figure 4e.f).! Notably,
the bonded N, on the local electrophilic BiVO, region can be
further activated by energetically preferred side-on config-
uration rather than end-on configuration (Figure 5d and
Figure S11). It should be pointed out that the activation of the
N, molecule needs to follow the previously reported “accept-
ance-donation” process. Herein, the empty e, orbitals of V
sites in VO, tetrahedron unit firstly accept the electrons from
occupied o orbitals of N, molecules, then the filled e, orbitals
of V sites donate their electrons to N, empty mt* orbitals,
achieving the effective activation of N, molecule on the
surface of the electrocatalyst (Figure 5e).

When comparing the Gibbs free energy (AG) of CO,RR
with and without the participation of N,, one can conclude
that the adsorbed N, molecule facilitates the reduction of CO,
to CO (Figure 5 f). Due to the *N=N* possesses the matched
molecule orbitals with the released CO, the corresponding
AG indicates that the formation of *NCON¥* intermediate is

Angew. Chem. Int. Ed. 2021, 60, 10910-10918
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exothermic (Figure 5g). Subsequently, the multi-step proton-
coupled electron transfer process follows the two different
pathways that is, distal pathway and alternating pathway. As
shown in Figure 5g and Figure S12, for the case of distal
mechanism, the (H" + e7) continues to attack the distal N
atom, while the (H" + e7) alternatively reacts with N atoms
on both sides when following the alternating mechanism. The
potential-determining step during urea electrosynthesis is the
generation of *NHCONH intermediate (*NCONH + H* +
e~ — *NHCONH, AG =0.48 ¢V) in the alternating pathway,
whereas the reductive protonation of *NCONH into
*NCONH, requires the highest AG value of 0.59 eV for the
distal pathway. Thus, the hydrogenation of formed *NCON*
will subsequently undergo the thermodynamically feasible
alternating pathway until the release of the urea molecule.

The selectivity of the electrocatalytic urea production is
closely associated with the formation of *NCON* species. At
this stage, the possible N, reduction or the excessive release of
CO would result in diverse product distribution and further
reduce the selectivity of urea electrosynthesis. On the one
hand, the competitive conversion of *N, into *NNH is
inactive on the Bi-BiVO, hybrids, as shown in Figure S13.
As seen, this process prefers to undergo at the pristine BiVO,
model, which corroborates that the rationally designed space-
charge region suppresses the NRR to some extent, let alone
the generation of side product NH;. On the other hand, the
amount of CO should be well controlled. Once the active sites
are strongly bonded with CO, which makes it difficult to
couple with the adsorbed N, and thus retards the formation of
*NCON* species. As exhibited in Figure S14, the correspond-
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Figure 5. a) Top: Planar average charge density difference along the z-direction for the Bi-BiVO, heterojunction; bottom: charge density difference
of the Bi-BiVO, heterojunction, yellow and cyan indicate electron accumulation and depletion, respectively, with isosurface values of 0.002 e A=,
Free energy diagrams for b) N, and c) CO, adsorption on BiVO, and Bi-BiVO,, the bottom figures are the corresponding calculation models;

d) N, adsorbed on the Bi-BiVO, by different configurations; e) simplified schematic of N, bonding to V center; f) free energy diagrams for CO,
reduction with and without N, adsorption on Bi-BiVO, hybrids; g) electrolytic urea production via the alternating mechanism; h) mechanism of

the electrocatalytic urea synthesis based on synergistic effects of the Bi-BiVO, Mott—Schottky heterostructure.

ing electrochemical CO-stripping experiment results demon-
strate that the CO-stripping peak of Bi-BiVO, hybrids

(0.258 V vs. RHE) displays the negatively shift compared
with that of pristine BiVO, counterparts (0.345 V vs. RHE),
10916 www.angewandte.org
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indicating the higher stability of Bi-BiVO, hybrids against CO
poisoning, which is owing to the elimination of the part of
strong adsorption sites by the presence of space-charge
region.”! Conversely, the excessive release of CO is also
not conducive to the urea electrosynthesis process. As shown
in Figure 3e, beyond the applied potential of —0.4V, the
significantly reduced electrocatalytic urea production perfor-
mance of the Bi-BiVO, hybrids can be ascribed to the
occupation of the adsorption sites for N, and CO, by excessive
release of CO.

By combining the aforementioned experimental results
and computational simulations, the overall urea electrosyn-
thesis process in Bi-BiVO, hybrids can be summarized as
follows: (i) the spontaneous charge transfer at the hetero-
interfaces promotes the formation of space-charge region, (ii)
N,/CO, molecules are firstly targeted adsorbed on the
generated electrophilic/nucleophilic regions by electrostatic
interaction, (iii) the adsorbed *N, can promote CO, reduction
to form CO, and then the generated CO will further react with
*N, to produce the desirable *NCON* intermediate via
thermodynamically feasible electrochemical C-N coupling
reaction, (iv) the subsequent protonation process preferen-
tially undergoes the alternating mechanism until the forma-
tion of urea (Figure 5h).

Conclusion

In summary, the NaBH, reduction strategy was proposed
to elaborately integrate metallic Bi and semiconductor BiVO,
to form the Mott-Schottky heterojunction. The fabricated Bi-
BiVO, hybrids achieve the maximum urea yield rate of
5.91 mmolh'g ™! and Faradaic efficiency of 12.55% in 0.1 M
KHCO; at —0.4 V vs. RHE. The space-charge region at the
heterointerfaces induced by the self-driven charge transfer
promotes the targeted adsorption and activation of inert N,
and CO, molecules on generated local electrophilic and
nucleophilic regions. Furthermore, the designed space-charge
region also facilitates the electrocatalytic kinetics and enhan-
ces the full exposure of active sites, which contribute to the
thermodynamically feasible coupling of the C—N bond and
produce the desired *NCON¥* intermediate. Further explora-
tion of the space-charge region may promote the fabricated
electrocatalysts with the high urea electrosynthesis perfor-
mance.
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