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synthesis accounts for ≈2% of the global 
energy demands and results in 1.44% of 
global CO2 emissions.[2] Approximately 
80% of the as-synthesized ammonia is 
subjected to a subsequent energy-inten-
sive Bosch–Meiser process to produce 
urea, which is an important nitrogen ferti-
lizer and chemical feedstock, as illustrated 
in Figure S1 (Supporting Information).[3] 
Meanwhile, fertilizer-intensive agriculture 
and industrial emissions lead to the emis-
sion of nitrate pollutants, which pose a 
severe risk to human health and environ-
ment.[4] Although the conversion of nitrate 
to ammonia can be achieved through cata-
lytic reduction reactions driven by renew-
able electricity, further conversion to urea 
is still required by industrial processes.[5] 
Electrocatalytic CN coupling between 
carbon dioxide and nitrate provides a 
promising pathway to reduce the environ-
mental impacts of urea production and to 
valorize waste from various industrial pro-

cesses.[6] However, electrocatalytic urea synthesis is a multistep 
process involving diverse reactants and reactions, and there-
fore, the realization of favorable CN coupling and urea forma-
tion remains a challenge.[7]

Single-atom materials have received significant interest in 
the field of catalysis because of their high atomic utilization 
and activity.[8] The reconstitution of single-atom catalysts may 

Electrocatalytic CN coupling between carbon dioxide and nitrate has 
emerged to meet the comprehensive demands of carbon footprint 
closing, valorization of waste, and sustainable manufacture of urea. How-
ever, the identification of catalytic active sites and the design of efficient 
electrocatalysts remain a challenge. Herein, the synthesis of urea cata-
lyzed by copper single atoms decorated on a CeO2 support (denoted as 
Cu1–CeO2) is reported. The catalyst exhibits an average urea yield rate of 
52.84 mmol h−1 gcat.

−1 at −1.6 V versus reversible hydrogen electrode. Oper-
ando X-ray absorption spectra demonstrate the reconstitution of copper 
single atoms (Cu1) to clusters (Cu4) during electrolysis. These electrochemi-
cally reconstituted Cu4 clusters are real active sites for electrocatalytic urea 
synthesis. Favorable CN coupling reactions and urea formation on Cu4 are 
validated using operando synchrotron-radiation Fourier transform infrared 
spectroscopy and theoretical calculations. Dynamic and reversible transfor-
mations of clusters to single-atom configurations occur when the applied 
potential is switched to an open-circuit potential, endowing the catalyst with 
superior structural and electrochemical stabilities.
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1. Introduction

The increase in population and the industrial synthesis of 
chemical feedstocks have led to significant consumption of 
non-renewable fossil resources, resulting in the emission of 
large amounts of carbon dioxide (CO2) into the atmosphere.[1] 
For example, the Haber–Bosch process for ammonia (NH3) 
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occur during electrolysis, resulting in inconsistencies between 
the real active site and the original catalytic configuration, par-
ticularly for catalysts with copper atoms as the metal center.[9] 
Investigating the dynamic reconstitution of catalysts to identify 
the real active sites of catalytic reactions allows for the design of 
highly active catalysts.[10] Significantly, the dynamic evolution of 
single-atom copper electrocatalysts in electrocatalytic urea syn-
thesis has not been reported thus far.

Here, we fabricated copper single atoms decorated on a 
CeO2 support (Cu1–CeO2). The as-prepared catalyst exhibits an 
average urea yield rate of 52.84 mmol h−1 gcat.

−1 at −1.6 V versus 
reversible hydrogen electrode (RHE), which is the highest value 
that has ever been reported for coupling of carbon dioxide and 
nitrate. Operando X-ray absorption spectroscopy (XAS) dem-
onstrates the reconstitution of single atoms (Cu1) to clusters 
(Cu4) during electrolysis. These electrochemically reconstituted 
Cu4 clusters are genuine active sites for electrocatalytic urea 
synthesis. Favorable CN coupling and urea formation on Cu4 
are validated via operando synchrotron-radiation Fourier trans-
form infrared (SR-FTIR) spectroscopy and density functional 
theory (DFT) calculation. The dynamic and reversible transfor-
mation of clusters to single-atom configurations occurs when 
the applied potential was switched to an open-circuit potential, 
yielding a catalyst with high structural and electrochemical 
stabilities.

2. Results and Discussion

2.1. Preparation and Characterization of Electrocatalysts

Cu–CeO2 samples were synthesized through wet impreg-
nation and calcination and were labeled as L-Cu1–CeO2 or 
H-Cu–CeO2 based on the low or high concentration of impreg-
nated copper, respectively (unless stated otherwise, Cu1–CeO2 
represents L-Cu1–CeO2). The detailed synthetic methods are 
summarized in Supporting Information. The Cu concentra-
tion in L-Cu1–CeO2 and H-Cu–CeO2 was determined to be 
3.99 and 10.13 wt% respectively using inductively coupled-
plasma optical emission spectroscopy (ICP-OES, Table S2, Sup-
porting Information). Scanning electron microscopy (SEM) in 
Figure S2 (Supporting Information) and transmission electron 
microscopy (TEM) images in Figure S3 (Supporting Informa-
tion) show that the majority of L-Cu1–CeO2 and H-Cu–CeO2 
samples exhibit a nanorod morphology. However, numerous 
particles are distributed around the nanorods of H-Cu–CeO2, 
which can be copper clusters or nanoparticles. The atomi-
cally dispersed copper in L-Cu1–CeO2 is shown in the aberra-
tion-corrected transmission electron microscopy (AC-TEM) 
image in Figure 1a. The aberration-corrected high-angle 
annular dark-field scanning transmission electron micros-
copy (AC-HAADF-STEM) image of L-Cu1–CeO2 in Figure  1b 
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Figure 1.  a) Aberration-corrected transmission electron microscopy (AC-TEM) image and b) aberration-corrected high-angle annular dark-field 
scanning transmission electron microscopy (AC-HAADF-STEM) image of L-Cu1–CeO2. c–f) Elemental mappings of copper, cerium, and oxygen of 
L-Cu1–CeO2. g) Cu K-edge X-ray absorption near-edge structure (XANES) spectra and h) Cu R-space extended X-ray absorption fine structure (EXAFS) 
spectra of L-Cu1–CeO2, H-Cu–CeO2 and reference samples including Cu foil, Cu2O, and CuO. i) X-ray diffraction (XRD) patterns of L-Cu1–CeO2 and 
H-Cu–CeO2.
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reveals the lattice fringes with spacings of 0.312, 0.272, and 
0.195  nm, corresponding to the (111), (200) and (220) lattice 
planes of cubic CeO2, respectively.[11] The elemental mappings 
in Figures 1c–f and energy-dispersive spectroscopy (EDS) map-
ping in Figure S4 (Supporting Information) reveal the uniform 
distribution of Cu, Ce, and O in L-Cu1–CeO2.

Cu K-edge X-ray absorption near-edge structure (XANES) 
spectra (Figure 1g) show that copper species in L-Cu1–CeO2 and 
H-Cu–CeO2 are cationic, with an oxidation state close to that of 
CuO. The absence of CuCu scattering paths in the Cu R-space 
extended X-ray adsorption fine structure (EXAFS) spectrum of 
L-Cu1–CeO2 (Figure 1h) indicates that copper species are atomi-
cally dispersed, and the bonding distance of CuO is 1.54 Å.[12] 
The presence of CuCu bonds with a length of 2.21 Å is deter-
mined using the EXAFS spectrum of H-Cu–CeO2, suggesting 
the existence of Cu clusters or nanoparticles in H-Cu–CeO2. 
The X-ray photoelectron spectroscopy (XPS) profile of Cu 
2p3/2 is deconvoluted into two peaks located at ≈933.6 eV, cor-
responding to Cu2+, and 932.5  eV, which is attributed to Cu0 
or Cu1+.[13] A significant enhancement in the area of the peak 
at 932.5  eV is observed for H-Cu–CeO2 compared to that of 
L-Cu1–CeO2 owing to Cu agglomeration (Figure S5, Supporting 

Information). As depicted in Figure 1i, no characteristic diffrac-
tion peaks of Cu (PDF No.#04-0836) are observed in the X-ray 
diffraction (XRD) pattern of L-Cu1–CeO2, and all the diffraction 
peaks are indexed to the fluorite structure of CeO2 (PDF No. 
34–0394). However, characteristic peaks of Cu were observed in 
the H-Cu–CeO2 spectrum. This demonstrates that Cu clusters 
or nanoparticles form in H-Cu–CeO2 with an increase in the 
Cu content.

2.2. Electrochemical Performance of Catalysts for Application  
in Urea Synthesis

The electrocatalytic activity of catalysts toward C−N coupling 
was investigated in an H-type cell using a potentiostat 
(Figure S7, Supporting Information) by applying potentials 
ranging from −1.7 to −1.2  V vs RHE. CO2-saturated-0.1  m 
KHCO3 containing 50 mm KNO3 was chosen as the electrolyte 
with a continuous influx of CO2. The urea was quantified using 
the urease decomposition method based on the indophenol 
blue spectrophotometric method (Supporting Information).[5,14] 
As illustrated in Figure 2a, the urea yield rate of Cu1–CeO2 is 
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Figure 2.  a) The urea yield rates of CeO2, L-Cu1–CeO2, H-Cu–CeO2, and CuO–CeO2 catalysts at different applied potentials. b) The urea yield rates of 
M1–CeO2 (M represents different metals) at an applied potential of −1.6 V vs RHE. c) Stability test results of L-Cu1–CeO2 and CuO–CeO2 catalysts.
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significantly improved and reaches 52.84  mmol h−1 gcat.
−1 at 

−1.6  V vs RHE, representing a more than three-fold increase 
compared with that of CeO2. The enhanced peaks of Cu1–CeO2 
observed at higher temperatures in the CO2 temperature-pro-
grammed desorption (CO2-TPD) indicate the Cu1–CeO2 cata-
lyst exhibits superior chemisorption capacity toward CO2 than 
CeO2 (Figure S9, Supporting Information). Additionally, CH4, 
CO, and C2H4 are detected during the CO2 reduction process 
of Cu1–CeO2 (Figure S10, Supporting Information). Further-
more, the nitrate reduction ability of Cu1–CeO2 is considerably 
improved (Figure S13, Supporting Information). These results 
suggest that the introduction of copper species promotes the 
adsorption and activation of CO2 and nitrate.

To further explore whether the increase in the urea yield rate 
after the introduction of copper species is due to the electronic 
structure changes of CeO2 or copper acting as the active site, 
various M1–CeO2 catalysts (M = different metals) were also 
investigated. Studies were conducted to determine whether 
other metals exhibit similar electronic regulatory advantages as 
those of copper. The urea yield rates of M1–CeO2 were tested 
at −1.6  V vs RHE (Figure S17, Supporting Information). As 
depicted in Figure 2b, the urea yield rate of Cu1–CeO2 is signifi-
cantly higher than that of other M1–CeO2 catalysts. To validate 
the experimental results, DFT calculations were performed to 
investigate the activation capacity of four typical M1–CeO2 cata-
lysts (M = Cu, Fe, Sn, and Ir) toward nitrate and CO2.[15] The 
adsorption and activation of NO3

− on the surfaces of Cu1–CeO2 
and Fe1–CeO2 occur spontaneously without requiring external 
energy (Figure S18, Supporting Information). Moreover, NO 
bonds in NO3

− on the surfaces of Cu1–CeO2 (1.502 Å) and 
Fe1–CeO2 (1.737 Å) are significantly elongated (Figure S19, Sup-
porting Information). This implies strong activation between 
NO3

− and Cu1–CeO2 or Fe1–CeO2, which is consistent with the 
experimental results (Figure S20, Supporting Information). 
Among the four catalysts, Cu1–CeO2 exhibits the lowest adsorp-
tion energy toward CO2, and the OCO bond angle changes 
from 180° to 124.4° on the Cu1–CeO2 surface (Figure S21, Sup-
porting Information). Such occurrences of bond bending rep-
resent the destabilization of the CO2 electron cloud owing to 
strong interactions between O atoms in CO2 and copper sites 
as well as C atoms in CO2 and O atoms in CeO2.[16] The high-
coordinated Ce atoms are replaced by the low-coordinated Cu 
atoms. This leads to the transformation of the original tightly 
bound CeO configuration into a loosely bound CuO con-
figuration with a longer bond length, further forming CuO 
frustrated Lewis Pairs and eventually resulting in the efficient 
activation of CO2.[17] Moreover, the projected density of states 
(PDOS) of adsorbed NO3

− and CO2 on the four M1–CeO2 
catalysts were analyzed. As plotted in Figure S22a,b (Sup-
porting Information), new adsorption hybridization orbitals of 
Cu1–CeO2 with NO3

− and CO2 are observed between the con-
duction band and valence band edges.[18] The generation of 
these orbitals facilitates electron migration in Cu1–CeO2 and 
provides new channels for electron exchange between NO3

− or 
CO2 and Cu1–CeO2. The PDOS results of other M1–CeO2 cata-
lysts are discussed in the Supporting Information. In sum-
mary, we propose that only CuO bonds formed by Cu atoms 
that replace Ce atoms offer uniquely hindered Lewis acid-base 
active sites, probably because of the unique CuOCe moiety 

in Cu1–CeO2.[19] Additionally, copper species strengthen the 
adsorption and activation of CO2 and NO3

−, resulting in effi-
cient urea synthesis on Cu1–CeO2.

2.3. Reversible Reconstitution between Copper Single-Atoms 
and Clusters

Stability is an important parameter that determines the per-
formance of electrocatalysts. The stability of Cu1–CeO2 was 
evaluated by performing 8 continuous cycles at an applied 
potential of −1.6  V vs RHE. The urea yield rates remain at 
≈52.84 mmol h−1 gcat.

−1 for 8 cycles (Figure 2c), demonstrating 
the excellent electrocatalytic stability of Cu1–CeO2. However, the 
urea yield rate of the CuO–CeO2 catalyst decreases rapidly from 
37.23 to 24.40 mmol h−1 gcat.

−1 at the second cycle, and further 
decreases to 7.23 mmol h−1 gcat.

−1 in the subsequent cycles. The 
structures of Cu1–CeO2 and CuO–CeO2 after electrolysis were 
analyzed by high-resolution transmission electron microscopy 
(HRTEM). In the HRTEM image of Cu1–CeO2 obtained after 
electrolysis, only the lattice fringes corresponding to CeO2 are 
observed, which are similar to those observed in the initial 
Cu1–CeO2 image (Figure S26a,b, Supporting Information). 
However, the Cu (111) plane is detected in the HRTEM image 
of CuO–CeO2 after electrolysis (Figures S26c,d, Supporting 
Information). Therefore, the reconfiguration of copper spe-
cies to copper clusters or nanoparticles during electrochemical 
processes may be the reason for the significant decrease in 
CuO–CeO2 stability. We speculate that a similar reconfigura-
tion might have occurred during the electrolytic process with 
Cu1–CeO2. However, in contrast to that of CuO–CeO2, the 
reconfiguration of Cu1–CeO2 was reversible, and the electrocat-
alyst returned to its initial configuration when an open-circuit 
potential was applied, providing the catalyst with superior 
structural and electrochemical stabilities.

To monitor the structural evolution of Cu1–CeO2 with vari-
ations in the applied potential, operando XAS experiments 
were performed. As depicted in Figure 3a and Figure S30a 
(Supporting Information), the Cu K-edge XANES spectra 
of Cu1–CeO2 under reducing potentials exhibit normalized 
adsorption signals of Cu (0) and Cu (I) located at the lower edge 
energy than those of the Cu1–CeO2 catalyst under the open-
circuit voltage (OCV) condition. Additionally, these normal-
ized adsorption signals disappear when Cu1–CeO2 returns to 
OCV-2 condition. The Cu R-space EXAFS spectra in Figure 3b 
and Figure S30b (Supporting Information) show that the Cu 
first shell coordination evolves from CuO to mainly CuCu 
bonding, and the CuCu bond strengthens as the cathode 
potential increases to a coordination number of 7 at −1.6 V vs 
RHE, indicating the formation of copper clusters (Figure S31, 
detailed best-fit EXAFS parameters are listed in Table S3, Sup-
porting Information).[20] Meanwhile, the structural evolution 
of Cu1–CeO2 at −1.6 V vs RHE for different durations of elec-
trolysis was monitored using operando XAS. Even when the 
duration is extended to 50  min, atomically dispersed copper 
can only aggregate to Cu4 clusters but copper nanoparticles 
(Figures S30c,d, Supporting Information). The aforemen-
tioned results indicate the dynamic reconstitution of a copper 
single atom (Cu1) to clusters (Cu4) during CN coupling. 

Adv. Mater. 2023, 35, 2300020
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Furthermore, the dynamic and reversible transformation of 
Cu4 to Cu1 configurations occurs when the applied poten-
tial is switched to the open-circuit potential, as depicted in 
Figure  3c. The copper concentrations in the electrolyte before 
and after electrolysis quantified using ICP-OES are listed in 
Table S4 (Supporting Information). The copper concentration 
in electrolytes after electrolysis does not increase significantly, 
which indicates that the transformation of Cu4 to Cu1 after the 
removal of voltage is not due to the dissolution of copper.[21] The 
electrochemical CN coupling performance of H-Cu–CeO2 was 
also investigated to compare the difference between the copper 
clusters that exist during catalyst synthesis and those generated 
during electrolysis. H-Cu–CeO2 exhibits poor CN coupling 
activity when compared with Cu1–CeO2 (Figure 2a), indicating 
that the copper clusters existing during catalyst synthesis are 
not conducive to urea formation. However, they increase the 
yield of the by-product NH3 (Figure S13, Supporting Informa-
tion), which is consistent with the reports in the literature.[9,22] 
In conclusion, electrochemically reconstituted Cu4 clusters act 
as active sites for CN coupling.

2.4. Mechanistic Studies

The evolution of the bond structure of reaction interme-
diate species during the electrocatalytic CN coupling of the 
Cu1–CeO2 electrocatalyst was monitored via cutting-edge 
operando SR-FTIR measurements. The infrared signals were 
collected from 1000 to 4000 cm−1 during a scan from −1.2 to 
−1.7  V vs RHE. As presented in Figure 4a, *OCNO and CN 
vibration bands are located at ≈2100 and ≈1449 cm−1, and the 
peak intensities reach a maximum of -1.6  V vs RHE.[23] The 
variation law of these characteristic peaks at different applied 
potentials is consistent with that of the urea yield rate with the 
applied potential, suggesting that urea formation is derived 

from the crucial *OCNO intermediate species. Furthermore, 
high potentials promote the adsorption and activation of CO2 
and NO3

− on Cu1–CeO2, which is beneficial to CN coupling. 
Isotope-labeling operando SR-FTIR experiments were per-
formed using 15NO3

− instead of NO3
− to determine nitrogen 

source of urea. All nitrogen-related absorption peaks, including 
those of *OC15NO, C15N, 15NH, and 15NH2 shift to lower 
wavelengths owing to isotopic effects,[24] demonstrating that the 
produced urea originates from the co-electrolysis of 15NO3

− and 
CO2 (Figure S32a, Supporting Information). Produced urea was 
also detected using nuclear magnetic resonance (NMR) spec-
troscopy. CO(14NH2)2 produced by 14NO3

− and CO2 appears as a 
triple coupling NMR peak, whereas that produced by 15NO3

− and 
CO2 exhibits a double coupling NMR peak at different chem-
ical shifts. (Figure S33, Supporting Information). Moreover, 
the increase in the integral area of the NH4

+ peak after urease 
decomposition is due to the additional NH4

+ derived by urea. 
The adsorption peaks of CN and *OCNO are not observed in 
the operando SR-FTIR spectra obtained during controlled elec-
trolysis experiments, including Ar + NO3

− and CO2 + KHCO3 
(Figure S32b,c, Supporting Information). Urea is not detected 
in these control experiments (Figure S34, Supporting Informa-
tion). The aforementioned results confirm that *OCNO is the 
pivotal intermediate in urea formation, and the carbon and 
nitrogen sources of urea are CO2 and NO3

− respectively.
DFT calculations were performed to further explore the 

microscopic mechanism of enhancement in the urea synthesis 
performance on Cu4 clusters. We constructed the Cu4–CeO2 
with a Cu4 cluster placed on a 2 × 3 CeO2 (110) superlattice. 
The urea synthesis starts with *NO adsorption. In the case 
of pure CeO2, the interaction between Ce and *NO is weak 
(ΔEad  =  −0.04  eV). The *NO can be chemically absorbed on 
coordinate unsaturated Cu4 cluster with a stronger adsorption 
energy of −0.61  eV. After *NO adsorption, a fast and efficient 
CN coupling between *NO and *CO is a prerequisite for the 
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Figure 3.  a) Cu K-edge XANES spectra of Cu1–CeO2 recorded at different cathodic potentials during CN coupling. b) Cu R-space EXAFS spectra of 
Cu1–CeO2 recorded at different cathodic potentials during CN coupling. c) Schematic diagram of reconstitution of copper single-atoms to clusters 
suggested by the operando XAS measurements.
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smooth formation of urea. Notably, *OCNO intermediate spe-
cies are formed through the Eley–Raideal (ER) mechanism, 
and *CO can attach to N atoms in *NO. The free energy of this 
process is calculated to be −0.29 and +0.33  eV for Cu4–CeO2 
and CeO2, respectively. The kinetic energy barriers of *CO and 
*NO coupling presented in Figure 4b indicate that the coupling 
barrier is moderate and surmountable in the case of Cu4–CeO2 
(+0.34  eV) during the experiment. However, the energy bar-
rier is +0.93 eV for CeO2, prohibiting effective CN coupling. 
Cu effectively alters the electronic state of CeO2, enhances 
*NO adsorption and activation, and promotes CN coupling. 
To synthesize urea, a second *NO species should be added to 
the *OCNO system. The formation of *ONCONO releases a 
free energy of −0.16 eV, and the energy barrier of this process 
is +0.49  eV for Cu4–CeO2, which are quite easy to overcome. 
The free energy diagram of each elementary reaction during 
the formation of urea on Cu4–CeO2 is presented in Figure 4c. 
The *ONCONO intermediate species are reduced to urea 
through eight electron-proton-transfer steps. The active Cu 
atom of Cu4–CeO2 is free-standing, consequently, *ONCONO 

can be stabilized on Cu4–CeO2. Therefore, the formation of 
*HONCONO is the potential limiting step, and an energy 
input of +0.58  eV is required to drive this reaction. After the 
formation of the tower-like *NCON, the subsequent multiple 
electron-coupled-proton transfer processes are exothermic until 
the formation of *HNCONH2 (+0.13  eV). The moderate lim-
iting potential and CN coupling energy barrier in this mecha-
nism indicate a high catalytic performance of the free-standing 
Cu4–CeO2 system.

3. Conclusion

The direct co-electrolysis of nitrate and CO2 is a sustainable 
strategy for industrial urea synthesis. Additionally, accurate 
identification of active sites under working conditions is a 
prerequisite for the development of an efficient electrocata-
lytic urea synthesis process. In this study, the operando XAS 
technique was applied to monitor the structural evolution of 
Cu1–CeO2 catalyst during CN coupling. Cu2+ was gradually 

Figure 4.  a) Operando SR-FTIR spectroscopy measurements under various applied potentials for Cu1–CeO2 during the electrocoupling of NO3
− and 

CO2. b) Comparison of kinetic barriers of *OCNO and *ONCONO on CeO2 and Cu4–CeO2. c) Free-energy profiles and optimized geometric structure 
schematic of CN coupling process on Cu4–CeO2 sample. Cu, Ce, O, N, C, and H atoms are labeled as pink, light yellow, red, blue, gray, and white 
spheres in the optimized geometric structure schematic, respectively.
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reduced to Cu+ and Cu0, then formed Cu4 clusters under 
reducing potentials. When switching the applied potential to an 
open-circuit potential, Cu4 clusters are reversibly deconstructed 
into single atoms. Considering the experimental and DFT cal-
culation results, we propose that electrochemically reconsti-
tuted Cu4 clusters are genuine active sites for CN coupling 
and urea formation. The urea yield rate reaches a maximum 
of 52.84 mmol h−1 gcat.

−1 at −1.6 V vs RHE, which is the highest 
value among those reported for the coupling of carbon dioxide 
and nitrate (Table S5, Supporting Information). This study pro-
vides significant insights into the reaction mechanism of urea 
synthesis, and the findings are expected to guide the rational 
design and development of CN coupling systems in future.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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