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Abstract: Urea electrosynthesis from carbon dioxide (CO2) and nitrate (NO3
� ) is an alternative approach to traditional

energy-intensive urea synthesis technology. Herein, we report a CuAu single-atom alloy (SAA) with electronic metal
support interaction (EMSI), achieving a high urea yield rate of 813.6 μgh� 1mgcat

� 1 at � 0.94 V versus reversible hydrogen
electrode (vs. RHE) and a Faradaic efficiency (FE) of 45.2% at � 0.74 V vs. RHE. In situ experiments and theoretical
calculations demonstrated that single-atom Cu sites modulate the adsorption behavior of intermediate species. Bimetallic
sites synergistically accelerate C� N bond formation through spontaneous coupling of *CO and *NO to form *ONCO as
key intermediates. More importantly, electronic metal support interaction between CuAu SAA and CeO2 carrier further
modulates electron structure and interfacial microenvironment, endowing electrocatalysts with superior activity and
durability. This work constructs SAA electrocatalysts with EMSI effect to tailor C� N coupling at the atomic level, which
can provide guidance for the development of C� N coupling systems.

Introduction

Urea (CO(NH2)2), the main component of nitrogen fertil-
izer, is an indispensable nourishment in agricultural fields
for human society.[1,2] At present, urea industrial production
is conducted under high temperature and pressure, consum-
ing massive amounts of fossil energy and releasing excess
greenhouse gases.[3] Compared with traditional industrial
methods, electrochemical methods can generate urea di-
rectly with renewable electricity under mild conditions,
which has been considered as a promising approach to
resolve the looming energy and environmental crises.
Recent advances demonstrate urea electrosynthesis by

coupling carbon dioxide (CO2) and nitrate (NO3
� ) provides

an intriguing approach for direct urea production. Various
electrocatalysts have been reported. For instance, Fe� Ni
pairs act as efficient electrocatalysts for urea synthesis,
achieving a urea yield rate of 1212 μgh� 1mgcat

� 1 with a
corresponding Faradaic efficiency (FE) of 17.8%.[4] In-
(OH)3-S with well-defined (100) facets can enhance the
coupling of *NO2 and *CO2 directly with a urea yield rate of
533.1 μgh� 1mgcat

� 1 and a urea FE of 53.4%,[5] Core-shell
Cu@Zn nanowires can promote urea synthesis with a yield

rate of 556.8 μgh� 1mgcat
� 1 and a urea FE of 7.3%.[6] Besides,

CuWO4,
[7] Bi2Se3 nanosheets,

[8] Cu with an atomic-scale
spacing,[9] and MoOx/C

[10] have also been developed for
electrochemical synthesis of urea from CO2 and NO3

� .
Although great efforts have been made, urea electrochem-
ical synthesis still suffers from predicaments of inescapable
by-products, mainly produced by parallel CO2 reduction
reaction (CO2RR), NO3

� reduction reaction (NO3RR), and
hydrogen evolution reaction (HER). Electrocatalyst design
with high activity and selectivity is of great significance yet
challenging.
Supported metal catalysts have been widely applied in

the field of heterogeneous catalysis. Catalytic properties of
supported metal catalysts might be affected by electronic
perturbations due to electronic metal support interaction
(EMSI), formally put forward by C.T. Campbell in 2012.[11]

EMSI has been considered as the interaction between metal
and transition-metal oxide (e.g. CeO2, TiO2), which can
tailor microenvironments via electron transfer and coordina-
tion structure design, thus directly enhancing intrinsic
catalytic activities. However, little attention has been paid to
taking advantage of EMSI effect for enhancing the electro-
chemical coupling of CO2 and NO3

� . The design of metal-
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based catalysts with EMSI effect for selective urea electro-
synthesis deserves more research.
Single-atom alloys (SAAs), in which one of the active

metals is atomically dispersed onto the surface of another
host metal, combining advantages of bimetallic alloys and
single atoms, have gained ever-rising attention in electro-
catalytic reactions.[12] Its unique electronic structures and
strong bimetallic synergy effects show potentials in breaking
linear scaling relationships, promoting activities and selectiv-
ity in heterogeneous catalysis.[13–15] Besides, metal-metal
bonds and coordination structures in SAAs can modulate
reaction intermediates and reaction pathways. The explora-
tion of transition-metal oxide supported SAAs with EMSI
effect endows enormous opportunities to achieve perform-
ance augment for urea electrosynthesis.
In this work, we design CuAu single-atom alloy (SAA)

on CeO2 nanorods with EMSI effect to serve as efficient
electrocatalysts toward urea synthesis by coupling CO2 and
NO3

� . Systematic characterizations clearly reveal the exis-
tence of EMSI between CuAu SAA and CeO2 support. The
resultant Cu1Au8@CeO2 electrocatalyst has superior urea
selectivity with a Faradaic efficiency (FE) of 45.2% at
� 0.74 V vs. RHE, achieving a urea yield rate of
813.6 μgh� 1mgcat

� 1 at � 0.94 V vs. RHE. Furthermore, in situ
experiments and theoretical calculations indicate Cu� Au
dual sites enhance C� N bond formation through sponta-
neous coupling of *CO and *NO to generate the key
*ONCO intermediate for urea synthesis. Single-atom Cu
sites further regulate adsorption behaviors of intermediate
species. More importantly, EMSI between CuAu SAA and
CeO2 modulates electron structure and interfacial environ-
ment, endowing electrocatalysts with superior activity and
durability. This work constructs SAA electrocatalysts and
further utilizes EMSI to enhance urea synthesis.

Results and Discussion

The synthesis process is described in Figure S1. The contents
of Cu and Au in electrocatalysts were measured by
inductively coupled plasma atomic emission spectroscopy
(ICP-AES), revealing concentrations of 0.9% for Cu and
7.3% for Au, respectively. The obtained electrocatalyst was
denoted as Cu1Au8@CeO2. Cu1Au8@CeO2 was then charac-
terized in detail. Transmission electron microscopy (TEM)
image of Cu1Au8@CeO2 in Figure 1a displays CuAu SAA
nanoparticles (NPs) loaded onto CeO2 nanorods. Mean-
while, Cu@CeO2, Au@CeO2, and CeO2 were prepared as
reference samples, their TEM images are shown in Fig-
ure S2. Aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-
STEM) image (Figure 1b) of Cu1Au8@CeO2 further vali-
dates CuAu SAA with an average size of ~5 nm is well-
anchored onto CeO2. The lattice spacing of 0.326 nm
corresponds to (111) planes of CeO2, and 0.203 nm and
0.235 nm associated with (200) and (111) planes of Au
respectively.[16,17] Corresponding selected-area electron dif-
fraction (SAED) pattern (Figure S3) can be indexed to
crystal planes of Au, implying single-atom Cu sites are

highly disperse over Cu1Au8@CeO2. Randomly magnified
image indicates atomically dispersed Cu sites (marked by
yellow circles, Figure 1c) are isolated by surrounding Au
atoms, which is originated from Au NPs with atomic
vacancies formed by bonding with neighboring Cu atoms.
Corresponding energy-dispersive spectroscopic (EDS) ele-
mental mappings in Figure 1d-1 g illustrate a uniform
distribution of Cu and Au over CeO2. To investigate the
presence of oxygen vacancies (VO) in CeO2, electron para-
magnetic resonance (EPR) spectroscopy is conducted (Fig-
ure 1h), and EPR signal at g=2.0397 indicates the presence
of unpaired electrons, confirming the existence of oxygen
vacancies in Cu1Au8@CeO2.

[18]

X-ray diffraction (XRD) was performed to investigate
phase structures of electrocatalysts in Figure 1i. The peaks
of Au (111) in Au@CeO2 and Cu1Au8@CeO2 are slightly
shifted compared with the standard Au (JCPDS#04–0784), it
further confirms EMSI effect between metal components
and CeO2. No diffraction peaks of Cu or CuO can be found
in Cu1Au8@CeO2, implying a high dispersion degree of Cu
species. X-ray photoelectron spectroscopy (XPS) was em-
ployed to determine surface chemical statuses of
Cu1Au8@CeO2 and Au@CeO2 in Figure 1j–k and Figure S4–
S5. As displayed in Figure 1j, Cu 2p signals can be observed
at 953.6, 934.5, and 933.3 eV, corresponding to Cu 2p1/2 and
Cu 2p3/2,

[19] while Au 4f peaks locate at 86.7 eV and 82.7 eV
for Au 4f5/2 and Au 4f7/2 respectively. Compared to the
binding energy of Au 4f5/2 (86.5 eV) and Au 4f7/2 (82.7 eV) in
Au@CeO2, the binding energy of Au in Cu1Au8@CeO2 shift
slightly, ascribed to electronic interaction and charge trans-
fer between Au and Cu. Ultraviolet photoelectron spectro-
scopy (UPS) was conducted to identify interactions between
metal components and CeO2 by evaluating work function
(WF) via the Ecut-off

[20] (Figure 1I). WFs of Au@CeO2 and
Cu1Au8@CeO2 were estimated to be 6.72 eV and 3.65 eV
respectively. A smaller WF of Cu1Au8@CeO2 indicates
higher mobility and a lower hurdle for electrons to
participate in surface reactions,[21] suggesting single-atom Cu
sites can enhance EMSI effect between SAA and CeO2.
Surface areas and porosity properties of these electro-
catalysts were investigated by Brunauer–Emmett–Teller
(BET) analysis (Figure S6). Resulting BET plots reveal
specific surface areas of 135.23 m2g� 1, 140.51 m2g� 1 and
127.44 m2g� 1 for Cu1Au8@CeO2, Au@CeO2, and CeO2,
respectively. The increase in specific surface areas can be
attributed to well-dispersed Cu1Au8 SAA NPs anchored
onto CeO2 nanorods.
Valence states and coordination configurations of Cu

and Au sites in Cu1Au8@CeO2 are further validated by
synchrotron-based X-ray absorption spectroscopy (XAS).
X-ray absorption near-edge structure (XANES) and ex-
tended X-ray absorption fine structure (EXAFS) provide a
more detailed understanding of metal atoms. In the XANES
spectra of Cu1Au8@CeO2, the near-edge absorption of the
Cu K-edge (Figure 2a) exhibits a distinct energy absorption
edge profile in comparison with Cu foil, confirming charge
polarization between adjacent Cu atoms and Au atoms. The
modified electronic properties of Cu atoms are expected to
facilitate C� N coupling and modulate binding strength of
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adsorbed intermediates, thus endowing Cu1Au8@CeO2 with
remarkable electrocatalytic activity. According to Fourier
transformed (FT) k3-weighted EXAFS spectra of Cu K-edge
for Cu1Au8@CeO2 in Figure 2b, the dominant peak in the
first coordinated shells (1.50 Å) upon R-space curve of Cu
K-edge originating from the scattering of the first shell
Cu� O path, is almost the same in the position as that of
CuO, indicating an identical coordination environment for
Cu atoms in Cu1Au8@CeO2. Moreover, the second coordina-
tion shell of Cu1Au8@CeO2 splits into two peaks (2.24 Å and
2.80 Å), apparently distinct from Cu foil and CuO, due to
the effect of backscattering of neighboring Au atoms.[22] In
the Au L3-edge XANES spectra (Figure 2c), it is manifest
that white line peak of Au in Cu1Au8@CeO2 situates at
higher energy than that of Au foil, which indicates electron
transfers from Au atoms to surrounding CeO2 and single-

atom Cu, validating EMSI effect in Cu1Au8@CeO2. Fourier
transformation of Au L3-edge spectra is illustrated in
Figure 2d. Au� O path (1.60 Å) verifies bonds between Au
and CeO2. In contrast to Au foil, Cu1Au8@CeO2 sample
indicates distinct peaks of Au� Au, suggesting electronic
interactions between Au and Cu sites. Wavelet transform
(WT)-EXAFS was also conducted to identify Cu� O and Cu-
metal paths in Cu foil, CuO and Cu1Au8@CeO2 (Figure 2g–
i), further confirming atomically dispersed Cu sites. Based
on the fitting results (Figure 2e–f), the coordination number
(CN) of Cu� O, Cu� Au1, and Cu� Au2 were estimated to be
4.0, 6.0 and 4.0 respectively (Table S1). Therefore, these
detailed characterizations demonstrate the formation of
CuAu SAA and EMSI effect between SAA and CeO2.
Electrochemical measurements were carried out in a H-

type configuration with three electrodes. Linear sweep

Figure 1. a) Transmission electron microscopy image of Cu1Au8@CeO2. b,c) Aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy images of Cu1Au8@CeO2. d–g) Corresponding energy-dispersive spectroscopic elemental mappings for Cu, Au,
Ce, and all of them in Cu1Au8@CeO2. h) Electron paramagnetic resonance spectroscopy of Cu1Au8@CeO2, Au@CeO2, and CeO2. i) X-ray diffraction
patterns of Cu1Au8@CeO2, Au@CeO2 and CeO2. j,k) X-ray photoelectron spectroscopy spectra of Cu1Au8@CeO2. l) Ultraviolet photoelectron
spectroscopy images of Cu1Au8@CeO2 and Au@CeO2.
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voltammetry (LSV) tests were performed to evaluate
electrochemical activity of Cu1Au8@CeO2 (Figure 3a). Nota-
bly, current density over Cu1Au8@CeO2 in Ar-saturated
0.1 M KNO3 is higher than that in Ar-saturated 0.1 M
K2SO4, implying NO3

� reduction reactions may occur.
Current density over Cu1Au8@CeO2 in CO2-saturated 0.1 M
KNO3 is higher than that in Ar-saturated 0.1 M KNO3,
demonstrating synergistic reduction reaction of C-species
and N- species, which is beneficial for subsequent C� N
coupling. Meanwhile, Cu1Au8@CeO2 exhibits the highest
total current densities among reference catalysts (Figure S7),
attributed to its unique atomic regulation and interfacial
interaction.
Urea electrosynthesis was performed under ambient

conditions. Its concentration was quantified by ultraviolet-
visible spectroscopy (UV/Vis, diacetyl monoxime method)
(Figure S8).[4,5,23] Urea yield rates and FEs were investigated
in CO2-saturated 0.1 M KNO3 within a potential range from
� 0.54 to � 1.04 V vs. RHE (Figure 3b–c). Cu1Au8@CeO2

displayed the highest urea yield rate (813.6 μgh� 1mgcat
� 1 at

� 0.94 V vs. RHE) and FE (45.2% at � 0.74 V vs. RHE)
among those samples. Cu@CeO2, Au@CeO2, and CeO2
exhibited the highest urea FEs of 18.8% (� 0.94 V vs.
RHE), 11.5% (� 0.94 V vs. RHE) and 4.1% (� 0.85 V vs.
RHE) respectively. Urea yield rates and FEs of
Cu1Au8@CeO2 decreased after � 1.04 V vs. RHE, primarily
due to competitive hydrogen evolution reaction (HER) was
gradually gaining ground. FEs and yield rates for urea in
this work are compared with those of previous works
(Table S2), it indicates Cu1Au8@CeO2 catalyst has favorable
activity and yield rate simultaneously. To explore the effect
of Cu/Au ratio on electrocatalytic performance, a series
reference catalysts (CuxAuy@CeO2) were synthesized. These
catalysts are denoted as Cu1Au1@CeO2, Cu1Au5@CeO2, and
Cu1Au14@CeO2, based on the results of ICP-AES. TEM
images and XRD patterns (Figure S9–S10) confirm success-
ful loading of CuAu NPs onto CeO2 nanorods. Electro-
chemical performances were then investigated (Figure S11).

Figure 2. a) The Cu K-edge XANES spectra. b) Fourier transform extended X-ray absorption fine structure (FT-EXAFS) spectra of samples. c) The Au
L3-edge XANES spectra of samples. d) FT-EXAFS spectra of samples. e,f) EXAFS fitting plots of Cu1Au8@CeO2. g–i) Wavelet transform (WT)-EXAFS
plots of Cu foil, CuO, and Cu1Au8@CeO2.

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2024, 63, e202409019 (4 of 9) © 2024 Wiley-VCH GmbH



As the Cu/Au ratio decreased, the urea yield rates and FEs
increased. The maximum was achieved at a ratio of 1 :8
attributed to CuAu SAA formation. Further reduction in
the ratio led to a decrease in FE and yield rate, probably
due to a decrease of single-atom Cu active sites.
Other potential by-products, including ammonia (NH3),

hydrazine (N2H4), C1 products, and C2 products were
investigated (Figure 3d and S12). NH3, CO, and H2 were
detected as by-products, indicating Cu1Au8@CeO2 exhibits
excellent activity for both CO2RR and NO3RR, which is a
prerequisite for efficient C� N coupling. NH3 yield rates and
FEs are illuminated in Figure S13. The highest NH3 yield
rate over Cu1Au8@CeO2 reached 484.3 μgh� 1mgcat

� 1 at
� 0.84 V vs. RHE, the FE of NH3 was up to 36.9%. The total
[N] Faraday efficiency was evaluated to reach 91.1% at
� 0.74 V vs. RHE (Figure S14), and the total Faradaic
efficiencies for all products exceeded 97%, subsequent
product analyses of relevant reactions over Cu@CeO2,
Au@CeO2, and CeO2 are shown in Figure S15. Current
densities for urea production (jurea) over Cu1Au8@CeO2,
Cu@CeO2, Au@CeO2, and CeO2 are presented in Fig-
ure S16. At each applied potential, jurea over Cu1Au8@CeO2
was higher than those of other reference samples, suggesting
isolated Cu sites and EMSI effect between SAA and CeO2
can simultaneously promoting electrocatalytic performance.
To identify nitrogen source in urea production, isotope

labeling experiments were performed by using 15NO3
� as the

N source at � 0.94 V vs. RHE. In Figure 3e, the signals of
15N-labeled 15NH2CO

15NH2 exhibit two typical peaks at 5.73
and 5.50 ppm, in contrast to the single peak of
14NH2CO

14NH2 at 5.62 ppm, confirming nitrate ions in the

electrolyte serve as the N source in urea production.[5]

Meanwhile, no urea was detected neither in CO2-saturated
K2SO4 electrolyte or Ar-saturated KNO3 electrolyte, further
confirming the produced urea is not from foreign impurities.
To investigate the durability of Cu1Au8@CeO2 toward

urea production, consecutive test cycles were performed at
� 0.74 V and � 0.94 V vs. RHE (Figure 3f and S17), respec-
tively. Each test involves a 2-hour reaction. After each test,
the electrode was treated instantly with deionized water and
vacuum drying. After recycling at � 0.74 V vs. RHE for 15
times, the final FE and yield rate of urea remained 41.3%
and 653.2 μgh� 1mgcat

� 1, respectively. It decreased slightly
compared with the initial the FE of 45.2% and yield rate of
690.9 μgh� 1mgcat

� 1, attributed to the exfoliation of electro-
catalysts from electrode surface.[24] The performance of the
recycled Cu1Au8@CeO2 catalyst at � 0.94 V vs. RHE also
remains stable. Additionally, no appreciable morphology
and crystal structure changes were observed for the recycled
Cu1Au8@CeO2 (Figure S18–S20). These findings prove sat-
isfactory stability of the electrocatalyst.
Electrochemical impedance spectroscopy (EIS) was

conducted to analyze kinetic properties of electrocatalysts
(Figure S21a). Compared with CeO2 and Au@CeO2,
Cu1Au8@CeO2 exhibited the smallest charge-transfer resist-
ance (Rct), indicating the introduction of single-atom Cu
sites and EMSI between SAA and CeO2 can reduce charge
transfer barrier during the reaction. To examine electro-
chemical active surface area (ECSA), the electrochemical
double-layer capacitance (Cdl) of Cu1Au8@CeO2, Au@CeO2,
and CeO2 were measured (Figure S21b). The ECSA for
Cu1Au8@CeO2 was larger than those of CeO2 and Au@-

Figure 3. a) LSV curves over Cu1Au8@CeO2 catalyst in different electrolytes. b) Yield rates of urea for Cu1Au8@CeO2 and reference catalysts. c)
Faradaic efficiencies of urea for Cu1Au8@CeO2 and reference catalysts. d) Faradaic efficiencies for all products over Cu1Au8@CeO2 catalyst. e)

1H
NMR spectra of electrolytes after electrolysis in 0.1 M 15N- and 14N-labeled KNO3. f) The durability of Cu1Au8@CeO2 for urea production at � 0.74 V
vs. RHE.
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CeO2, suggesting the atomic dispersion of Cu in
Cu1Au8@CeO2 enhances intrinsic activity.
In situ Raman spectroscopy was then conducted to track

surface-adsorbed intermediates during the reaction (Fig-
ure S22). At open circuit potential (OCP) in Figure 4a,
peaks at 459 and 600 cm� 1 represented CeO2 and Cu oxides,
while adsorbed species of NO3

� appeared at 1045 cm� 1.[25]

The Cu oxide peak decreased with negative potentials,
confirming the reduction of CuO to Cu2O.

[19] Surface Cu–
CO species (280 and 381 cm� 1) intensified with higher
potentials, promoting C� N coupling and urea production.[26]

NO3
� reduction intermediates manifested at 797, 1089, 1444,

and 1581 cm� 1, corresponding to the bending vibration of
NO2

� (δNO2� ), symmetrical vibration of NO2� (νsNO2� ),
symmetrical bending vibration of NH3

+ (δsNH3+), and
δasNH2 of NH3, respectively. Additionally, δ(CN) and νs(CN)
bonds appeared at 565 and 1024 cm� 1, indicating urea
formation.[27]

In situ Fourier transform infrared spectroscopy (FTIR)
was performed over Cu1Au8@CeO2 to monitor the bonding
structure of intermediate species. In Figure 4a, infrared
signals were collected from 1000 to 4000 cm� 1 within the
potential range from � 0.54 V to � 1.04 V vs. RHE. There
are infrared bands situating at 2917,1625 and 1171 cm� 1,

Figure 4. a) In situ Raman spectra of Cu1Au8@CeO2 at different potentials. b) Three-dimensional in situ FTIR spectra in the range of 1000–
4000 cm� 1. Infrared signal in the range of c) 2500–4000 cm� 1 and d) 1000–2500 cm� 1 under various potentials over Cu1Au8@CeO2.

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2024, 63, e202409019 (6 of 9) © 2024 Wiley-VCH GmbH



corresponding to the stretching, bending, and rocking modes
of � NH2 in urea.

[28] The peak at 1888 cm� 1 is assigned to the
accumulation of *NO,[29] suggesting the moderated adsorp-
tion of *NO on Cu1Au8@CeO2. The band at 1694 cm

� 1 can
be assigned to C=O,[30] implying the formation of *CO
intermediate species. The characteristic peak at 2175 cm� 1 is
assigned to *ONCO intermediate species, implying subse-
quent C� N coupling process.[18] The band at 1450 cm� 1 is
attributed to the C� N stretching of free urea.[31] Meantime,
the stretching mode of C� N can also be observed at
1410 cm� 1, demonstrating a part of urea can be coordinated
with electrocatalysts.[32] On this basis, we hypothesize that
the coupling of *NO with *CO plays a pivotal role in the
first C� N bond formation of *ONCO and is conducive to
urea production. Besides, peaks at about 1845, 2317, and
2366 cm� 1 originated from water HOH bending, adsorbed
CO2, and residual gaseous CO2, respectively.

[18] The relative
intensity of *ONCO varied with applied potentials, reaching
its maximum at � 0.94 V vs. RHE, consistent with the change
in urea yield rates with charged potentials. This insight into
urea synthesis mechanisms confirms the generation of
*ONCO intermediate is a crucial step in urea production,
and atomically dispersed Cu atoms in Cu1Au8@CeO2
catalyst remarkably stabilize these intermediates, promoting
C� N coupling and enhancing urea selectivity.
Density functional theory (DFT) calculations were

further investigated to elucidate the mechanism of C� N
coupling and parallel proton-coupling electron-transfer
(PCET) processes (Figure S23–S25). Projected density of

states (PDOS) plots in Figure S26 indicate higher-energy
distribution of Au 5d states in CuAu@CeO2 above the
Fermi level, granting surface Au sites a stronger bonding
ability for *ONCO intermediate stabilization.[33] In Figure 5a
and Figure S27, energy barriers for C� N coupling of four N-
containing intermediates are lower than those for corre-
sponding hydrogenation reactions with Cu1Au8@CeO2 serv-
ing as the catalyst, indicating kinetic favorability of C� N
coupling on Cu1Au8@CeO2 catalyst. Notably, a mere 0.17 eV
energy barrier is required to initiate the coupling reaction of
*NO with *CO, suggesting a preference for *OCNO
formation over *OCNH2 (1.14 eV), *OCNH (1.21 eV), or
*OCN (1.55 eV). Conversely, energy barrier for the coupling
reaction of *NO with *CO on Au@CeO2 catalyst is higher at
0.51 eV (Figure 5b). Additionally, energy barriers for hydro-
genation reactions over Au@CeO2 catalyst remain higher
than those for C� N coupling of four N-containing intermedi-
ates, affirming Au@CeO2 catalyst shares the same catalytic
pathway for C� N coupling as Cu1Au8@CeO2 catalyst.
Reaction energy paths for all steps on Cu1Au8@CeO2

and Au@CeO2 are shown in Figure 5c and Figure S28.
Corresponding atomic configurations of each step on
electrocatalysts are illustrated in Figure S29 and S30. Urea
synthesis over Cu1Au8@CeO2 starts with thermodynamically
spontaneous reduction of NO3

� to *NO2 intermediate. The
surface of electrocatalysts is fully covered by *NO2 to inhibit
excessive CO2 reduction. Subsequently, the hydrogenation
of *CO2 and *NO2 on Cu1Au8@CeO2 go uphill with free
energies of 0.28 eV and 0.37 eV, respectively. As a contrast,

Figure 5. Comparison of coupling energy barrier for *NO, *N, *NH, and *NH2 with *CO and protonation, on a) Cu1Au8@CeO2 and b) Au@CeO2

catalyst. c) Free-energy diagram for urea production over Cu1Au8@CeO2, insets are potential states for the first and second C� N coupling paths.
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the hydrogenation of *CO2 and *NO2 on Au@CeO2 are
0.49 eV and 0.42 eV, which are higher than those of
Cu1Au8@CeO2, indicating adsorption behaviors of inter-
mediate species can be significantly modulated by the
introduction of single-atom Cu sites. Noted that as *CO
forms, the combination of *NO and *CO is more favorable,
leading to the formation of *ONCO intermediate via Eley-
Rideal (ER) mechanism,[34] with an energy barrier of
� 0.57 eV. This contrasts with the reduction to *NHO
(� 0.22 eV), *NOH (� 0.21 eV), or CO (g, � 1.52 eV), NO (g,
� 1.71 eV) intermediates (Figure S20 and Figure S22a). In
the second C� N coupling, only an energy barrier of
� 1.17 eV is required to overcome in the coupling reaction of
*ONCO with *NO, indicating a propensity for *ONCONO
formation over *ONCONHO (0.24 eV), *ONCONOH (–
0.87 eV), or *ONHCO (� 0.12 eV) (Figure S21 and Fig-
ure S22b). Thereafter, *ONCONO intermediate species are
reduced to urea through eight electro-proton-transfer steps.
Subsequent multiple electro-coupled-proton transfer proc-
esses are exothermic until the formation of *HONCONH2.
The above results indicate urea formation is thermodynami-
cally and kinetically preferred on Cu1Au8@CeO2, which is
consistent with experimental observations.

Conclusions

In this work, Cu1Au8@CeO2 with EMSI effect has been
reported as an efficient electrocatalyst for co-reduction of
NO3

� and CO2 to synthesize urea. The resultant
Cu1Au8@CeO2 achieved a high urea yield rate of
813.6 μgh� 1mgcat

� 1 at � 0.94 V vs. RHE and a urea FE of
45.2% at � 0.74 V vs. RHE. Furthermore, in situ experi-
ments and theoretical calculations indicate single-atom Cu
sites can regulate the adsorption behavior of intermediate
species. Cu� Au bimetallic sites synergistically promote the
formation of C� N bond through spontaneous coupling of
*CO and *NO to generate the key intermediate of *ONCO.
More importantly, EMSI between CuAu SAA and CeO2
carrier further modulate electron structure, endowing elec-
trocatalysts with superior activity and durability. This work
fabricates SAA electrocatalysts with EMSI effect to tailor
C� N coupling at the atomic level, and the findings are
expected to guide the development of C� N coupling systems
in the future.
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