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ABSTRACT: The current carbon and nitrogen cycles, as driven by
human activity, are characterized by high energy consumption,
especially in the context of excessive CO2 emissions. To establish a
commercially viable electrochemical coupling of nitrate and CO2 for
urea production, developing a highly selective catalyst is crucial. In
this study, we synthesized a series of ultrafine Cu-M (M = Bi, In, and
Pb) nanoalloy catalysts using electrodeposition. We employed a
phenanthroline-mediated approach to carefully control the dopant
composition and nanoalloy size by regulating the electrodeposition
kinetics. Our ultrafine Cu−Bi0.1 catalyst achieved a significantly
enhanced Faradaic efficiency for urea production of 89.4% at −1.0 V
vs RHE, compared to 41.5% for the Cu control. Operando Raman
and Fourier-transform infrared spectroscopy provided compelling
evidence supporting our catalytic findings. The remarkable selectivity
to urea observed with our Cu−Bi0.1 catalyst originates from the stabilization of *CO and *NO2 intermediates. Through extensive
theoretical calculations, we found that the presence of Bi in the Cu domain enhances urea formation both thermodynamically and
kinetically. This work presents a promising chemical protocol for designing next-generation nanoalloy catalytic materials with
enhanced properties.
KEYWORDS: urea, nitrate reduction, carbon dioxide reduction, Cu−Bi alloy, electrocatalysis, C−N coupling

■ INTRODUCTION
Urea (CO(NH2)2), a crucial nitrogen-based fertilizer, plays a
vital role in bolstering global crop yields and ensuring food
security for humanity.1,2 However, the conventional industrial
manufacturing process for urea, known as the Bosch-Meiser
process, involves combining CO2 and liquid ammonia under
harsh conditions of high temperature (150−200 °C) and
pressure (150−250 bar).3 Additionally, the energy-intensive
Haber-Bosch process, which underpins ammonia synthesis for
urea production, heavily relies on fossil fuels and contributes to
approximately 2% of worldwide natural gas usage and 1% of
global CO2 emissions.4 In light of the mounting pressures for
sustainable development, the current carbon and energy
footprint associated with urea synthesis falls short of social
demands. Thus, the development of sustainable technologies
for producing ‘green urea’ under mild conditions becomes
imperative.

Electrochemical routes offer a promising alternative for the
conversion of feedstocks into valuable chemicals, utilizing
renewable energy sources.5,6 Inspired by the electrochemical
reduction of N2 to ammonia, researchers have pursued a new
avenue for urea electrosynthesis through the coreduction of N2
and CO2 in ambient aqueous solutions.7 However, the direct

activation of N2 coupled with CO2 faces limitations, including
low selectivity (not exceeding 20%) due to the high
overpotential required to dissociate the robust C�O (806
kJ mol−1) and N�N (941 kJ mol−1) bonds, as well as strong
competition from parallel reactions.8,9 In recent studies, the
scientific community has explored the coreduction of CO2 with
nitrate (NO3

−) or nitrite (NO2
−) as a viable approach for urea

electrosynthesis (as shown in Figure 1). This approach offers a
potential solution to the global challenge of nitrate pollution
from sources like agricultural runoff and industrial wastewater,
where traditional treatment technologies are often costly and
can generate secondary pollutants.10−12 Our research innova-
tively converts NO3

− into high-value urea, which not only
provides a new avenue for pollutant resource utilization but
also offers the dual benefits of carbon emission reduction.
However, achieving a breakthrough with a high Faradaic
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efficiency of urea (FEurea) surpassing 75% remains a significant
challenge that greatly limits resource utilization.

The electrochemical reduction process involved in urea
synthesis is remarkably complex, involving a 16-electron
transfer and over 70 intermediate steps.6,13 Despite extensive
research, the scientific community has yet to reach a consensus
on the precise mechanism of urea electrosynthesis. A key area
of debate centers around the coupling of various C- and N-
containing intermediates. The favored mechanism for urea
synthesis is heavily influenced by the specific electrocatalysts
employed and their morphologies.12,14 Cu-based materials
have emerged as particularly promising due to their superior
selectivity in producing C2+ products during CO2 reduc-
tion.15−17 Consequently, Cu-based catalysts have been
frequently explored for the electrochemical coupling of CO2
and nitrate. Different studies proposed distinct coupling
mechanisms based on the catalytic systems used. For example,
Li and co-workers suggested the coupling between *CO and
*NO2 species over a Cu−W bimetallic surface, while Sargent
and co-workers proposed the coupling between *CO2 and
*NO2 on a Cu−Zn hybrid catalyst with a Zn surface.18

Alloying or doping Cu with other metallic elements, such as
Sn, Zn, Bi, In, and Pb, has proven to be an effective strategy for
tuning the adsorption and stabilization of crucial reaction
intermediates. The addition of Sn to the Cu lattice has been
found to preferentially stabilize *CHO intermediates, enhanc-
ing the selectivity toward C2+ products over methane in CO2
reduction.19,20 Moreover, the incorporation of Zn, Bi, In, and
Pb into Cu has demonstrated the ability to strengthen the
binding of *COOH species, which are crucial intermediates in
the electrochemical reduction of CO2 to valuable hydro-
carbons and alcohols.21−24 However, a systematic investigation
of dopant composition and nanoparticle morphology with
subtle control of Cu-based domains has not fully been
explored.

Despite the promising advances, several challenges remain in
the electrochemical synthesis of urea from CO2 and nitrate.
One of the primary hurdles is the need for highly active and
selective electrocatalysts that can efficiently facilitate the
complex multielectron transfer process. Additionally, the
stability and durability of these catalysts under operating
conditions are crucial for practical applications. Understanding
the fundamental mechanisms underlying the electrochemical
reduction process is essential for designing more effective
catalysts and optimizing reaction conditions. Furthermore, the
economic viability and scalability of the electrochemical route
for urea synthesis need to be carefully assessed. This includes
evaluating the cost of electrocatalysts, the efficiency of the
electrochemical cells, and the overall energy consumption.
Integrating renewable energy sources, such as solar or wind
power, to drive the electrochemical reactions can further
enhance the sustainability of the process.

In this study, we present a robust protocol for developing
Cu-M ultrafine nanoalloys using a modified electrodeposition
approach, which has shown promising catalytic performance in
‘green urea’ electrosynthesis. Unlike previous research that
employed heterostructured or bulk Cu-M phases, our method
produces homogeneous Cu-M nanoalloys (M = Bi, In, and Pb)
with precisely controlled dopant composition, distribution, and
morphology. This synthetic strategy leverages principles of
electrochemistry and coordination chemistry to achieve precise
control over electrodeposition kinetics. This results in
uniformly sized nanoparticles (around 10 nm) with a
homogeneous distribution of M within the Cu domain. Our
Cu−Bi0.1 nanoalloy exhibited outstanding performance,
achieving a Faradaic efficiency for urea (FEurea) of 89.4% at
−1.0 V vs RHE, surpassing the efficiency of our control Cu
sample by more than double. Integrated operando Raman and
infrared spectroscopy studies revealed that the preferential
stabilization of key intermediates *CO and *NO2 on Cu−Bi0.1

Figure 1. Scheme illustrating the synthesis of “gray urea” through conventional industrial approaches compared to the production of “green urea”
via electrochemical coreduction of CO2 and nitrate.
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facilitates C−N bond formation. By leveraging density
functional theory (DFT) calculations, we also elucidated the
thermodynamics and kinetics, demonstrating that alloying Cu
with Bi enhances urea selectivity through several critical
factors: (1) securing *CO binding, (2) efficiently enhancing
*NO2 binding, (3) favoring the subsequent C−N coupling
step, and (4) optimizing *CONO2 binding. By doing so, we
aim to contribute to the development of a sustainable and
economically viable route for the production of ‘green urea’,
aligning with the global imperative for sustainable develop-
ment. This work not only deepens our understanding of the
catalytic mechanisms underlying urea synthesis but also
establishes a foundational blueprint for designing highly
selective and efficient electrocatalysts.

■ RESULTS AND DISCUSSION
The supported ultrafine Cu-M (M = Bi, In, and Pb; with a Cu:
M molar ratio of 10:1) nanoalloys were synthesized using a
modified electrodeposition method by first complexing the
metal cations with 1,10-phenanthroline (‘Phen’), as illustrated
in Figure 2a. We anticipated that the metal complexation with
Phen should regulate the electrochemical reduction kinetics,
which should enable the synthesis of finer and more controlled
nanoparticles. To obtain the Cu-M0.1 nanoalloy, ink mixtures

containing Cu-Phen and M-Phen were loaded onto hydro-
phobic carbon fiber papers. Subsequently, electrochemical
reduction was carried out at −1.5 V vs RHE in 0.5 M KNO3
for 1 h. The electrodeposited carbon fiber paper was
thoroughly washed with deionized water and alcohol to ensure
electrode cleanliness. Detailed experimental procedures for
catalyst preparation can be found in the Method section of the
Supporting Information (SI).

To avoid any experimental error arising from incomplete
complexation of the metal ions, we first investigated the metal
ratio of the catalysts (see Tables S1 and S2 in the SI). The
actual molar ratio between Cu and M has been found close to
the theoretical molar ratio with less than 10% deviation. We
then employed in situ transmission electron microscopy
(TEM) to visualize the electrodeposition process on carbon
fiber paper. As shown in Figure 2b, the in situ TEM
investigation ‘recorded’ the rapid formation of uniformly
dispersed ultrafine Cu−Bi0.1 nanoparticles upon the application
of an external voltage. Continuous formation of these ultrafine
nanoparticles was observed during the first 15 s. Thereafter,
the morphology of the nanoparticles remained unchanged,
with no further aggregation or increase in size noted. The high-
resolution TEM (HRTEM) image in Figure 2c reveals a set of
lattice fringes with a d-spacing of 2.27 Å, which is greater than

Figure 2. (a) Schematic representation of the modified electrodeposition synthesis of ultrafine Cu-M0.1 nanoalloys used in this study. (b) In-situ
TEM images ‘recording’ the electrodeposition process of Cu−Bi0.1. (c) HRTEM image. In-situ Raman spectroscopy studying the electrodeposition
process of (d) Cu and (e) Cu−Bi0.1 on carbon paper from Cu-Phen and Bi-Phen ink mixture.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.5c01960
ACS Catal. 2025, 15, 8966−8978

8968

https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c01960/suppl_file/cs5c01960_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c01960/suppl_file/cs5c01960_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c01960?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c01960?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c01960?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c01960?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.5c01960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the lattice spacing of pure Cu(111) (d = 2.10 Å). This
expansion is primarily caused by the substitution of a portion
of the Cu atoms with Bi, indicating the formation of
nanoparticles that are not pure Cu. We have also employed
in situ Raman spectroscopy to study the electrodeposition
process of Cu and Cu−Bi0.1 on carbon paper (Figure 2d,e).
The Raman peaks characteristic of Phen completely dis-
appeared within 60 s, inferring the formation of nanoalloys in a
reduced form during the electrodeposition process.

The HRTEM images reveal that all Cu-M0.1 samples exhibit
a sphere-like morphology, having an average diameter of
approximately 10 nm (Figure 3). In contrast, the Cu−Bi0.1(no-
Phen) sample synthesized without using the Phen-mediated
approach resulted in much larger nanoparticles with a size of
around 50 nm (refer to Figure S1). This observation suggests
that the modified ‘Phen-mediated’ electrodeposition method
provides much better control and reduction in nanoparticle
size. Additionally, the corresponding EDX spectroscopy
mapping confirms the uniform distribution of Cu, Bi, In, and
Pb throughout the samples.

Our substrate-free cyclic voltammetry (CV) measurements
(Figure S2) confirmed a metallic Cu(0) valence state within
the operation voltage range of interest between −0.8 and −1.4
V vs RHE. However, due to the ultrafine sizes of these
nanoalloys, they are prone to oxidation once the applied
voltage is removed after electrodeposition. Conventional ex-
situ measurements may not be able to accurately reflect the
chemical information about these supported Cu-M nanoalloys,
especially under working electrochemical conditions. Our ex-
situ investigations, using X-ray photoelectron spectroscopy
(Figures S3−S5), X-ray absorption near edge spectroscopy
(Figure S6), extended X-ray absorption fine structure spec-
troscopy (Figures S7−S9), and powder X-ray diffraction
(Figures S10−S13), all show the presence of copper oxides
species.

The electrochemical properties of urea synthesis from NO3
−

and CO2 were assessed using the potentiostatic method in an

H-cell reactor. The anodic and cathodic chambers were
separated by a Nafion 117 membrane. The measurements were
conducted under ambient temperature (24.0 ± 0.5 °C) and
pressure. Throughout the reaction process, high-purity CO2
was continuously supplied to the cathodic chamber electrolyte
(0.1 M KNO3). The flow rate of CO2 was maintained at 50
sccm. Gas chromatography (GC) was utilized to quantify the
products in the gas phase. The majority of the products are
NO2

−, NH3, CO, H2, and urea. Urea, ammonia, and nitrite
were quantified using the modified DAMO-TSC method25,26

and ultrahigh-performance liquid chromatography,1,27 the
indophenol blue method,28 and the N-(1-naphthyl)-ethyl-
enediamine dihydrochloride method,29 respectively.

Figure 4a−d depicts the FEs of the major products at various
working potentials ranging from −0.8 to −1.4 V vs RHE for
Cu, Cu−Bi0.1, Cu−In0.1, and Cu−Pb0.1 catalysts. The FEurea for
all catalysts exhibits a volcano-shaped distribution, with the
highest selectivity observed at −1.0 V vs RHE. Notably, the
Cu−Bi0.1 catalyst demonstrates the highest selectivity, with an
impressive FEurea of 89.4%, surpassing most reported catalysts.
Cu−In0.1 and Cu−Pb0.1 exhibit lower FEurea values of 78.6 and
62.1%. In comparison, it is worth mentioning that the FEurea
over Cu−Bi0.1 is more than doubled that over the pristine Cu
catalyst at −1.0 V vs RHE (cf. FEurea of 41.5%, Figure 4e).
These notable differences indicate that the doping of Bi, In,
and Pb effectively enhances the selectivity of urea during the
electrochemical coreduction of nitrate and CO2. Furthermore,
Cu−Bi0.1 outperforms the analogous Cu−Bi0.1(no-Phen)
catalyst, demonstrating a much higher selectivity by around
30% in FEurea (Figure S14), highlighting the impact of using
finer nanoalloys for catalysis. Additionally, Cu−Bi0.1 achieves
an impressive urea yield of 586.87 μg h−1 mgcat

−1 at −1.2 V vs
RHE, highlighting its potential for further commercialization
and development, such as adopting stack cells for large-scale
urea production.

It is worth noting that the Cu-M samples exhibit notably
lower FENO2− and FENH3 compared to the pristine Cu catalyst,

Figure 3. HRTEM images of Cu−Bi0.1, Cu−In0.1, and Cu−Pb0.1, with a scale bar of 5 nm, and the corresponding TEM-EDX mapping with a scale
bar of 20 nm.
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indicating that more NO2
− reduction intermediates are utilized

for the subsequent formation of urea.10 Throughout the
electrocatalysis process, only CO and H2 were observed as the
gas products. The FEH2 of Cu reaches its highest value of
34.1% at −1.4 V vs RHE, which is significantly higher than the
FEH2 values of the Cu-M samples at all the investigated
potentials. We also conducted GC and NMR measurements to
provide a comprehensive product analysis. Our results indicate
that CO is the sole detected carbonaceous gas product, with a
concentration below 20 ppm, corresponding to a FECO of
1.66% (Figure S15). For liquid-phase analysis, we performed
13C NMR measurements and detected nil carbon-containing
liquid products. Control experiments have been done to
confirm the origin of carbon and nitrogen in the product urea
(Figure S16).

To determine the optimal Cu-to-Bi ratio for urea electro-
synthesis, we conducted measurements on various Cu−Bix
samples with ratios ranging from 100:1 to 100:15 at −1.0 V vs
RHE (Figure 4e). The FEurea for the Cu−Bix catalysts exhibits

a volcano-shaped distribution, with Cu−Bi0.1 demonstrating
the highest FEurea. Importantly, all three Cu-M catalysts exhibit
superior FEurea compared to the pristine Cu catalyst. A
comprehensive comparison with recently reported catalytic
systems is summarized in Figure 4f, highlighting the much
superior properties exhibited by Cu−Bi0.1.

Figure 4g shows the linear sweep voltammetry (LSV) curves
of Cu, Cu−Bi0.1, Cu−In0.1, and Cu−Pb0.1 catalysts. Upon
switching from Ar to CO2 atmosphere, an increase in the
reduction current density is observed for all four catalysts
within the potential range of 0.2 to −1.5 V vs RHE. This
indicates that the presence of CO2 enhances the catalyst’s
sensitivity and effectively suppresses the competing hydrogen
evolution reaction.9 To investigate the electrochemically active
surface area, CV measurements at different scan rates were
conducted (Figures S17−S20). Figure 4h shows that Cu−Bi0.1
exhibits the highest electrochemical double-layer capacitance
(Cdl) of 0.038 μF cm−2 among the four catalysts. In contrast,
Cu, Cu−Pb0.1, and Cu−In0.1 demonstrate comparable Cdl

Figure 4. Product distribution from the electrochemical reduction of flowing CO2 in 0.1 M KNO3 at various potentials over (a) Cu, (b) Cu−Bi0.1,
(c) Cu−In0.1, and (d) Cu−Pb0.1. (e) FEurea of Cu−Bix with different Cu: Bi ratios, ranging from 1:0.01 to 1:0.15, at an applied voltage of −1.0 V vs
RHE. (f) Comparison of the results of this work with recently published electrocatalysts in terms of applied potential and FEurea. (g) LSV curves of
Cu and Cu-M using CO2 or Ar saturated electrolyte. (h) Quasi-linear relationship between the current densities at 0.4 V vs RHE of different
samples and scan rates. (i) Nyquist plots of Cu and Cu-M obtained at 0 V vs open-circuit potential, covering a frequency range from 0.01 Hz to 100
kHz with an amplitude of 5 mV. The inset shows the equivalent electrical circuit used for the simulation analysis.
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values of approximately 0.027 μF cm−2. This discrepancy
suggests that Cu−Bi0.1 possesses more exposed active sites,
which should lead to facilitated adsorption and activation of
CO2 and NO3

−.30,31

Electrochemical impedance spectroscopy was utilized to
investigate the electron/ion transfer kinetics during the
electrocatalytic process. The Nyquist plots are shown in
Figure 4i. The circuit model includes the electrolyte resistance
(Rs), charge transfer resistance (Rct), constant phase element
(CPE), and Warburg impedance associated with potassium ion

diffusion (W). All four catalysts demonstrated similar Rs values
of approximately 6.5 Ω, indicating that they exhibit comparable
catalytic environments.32 Among the catalysts, Cu−Bi0.1
exhibited the lowest Rct value, suggesting that the coreduction
of CO2 and NO3

− experiences the least resistance at the
electrolyte/catalyst interface.33 This result implies that Cu−
Bi0.1 possesses more favorable electron/ion transfer kinetics
during the electrocatalytic process.

We subsequently assessed the stability of Cu−Bi0.1 through a
long-time measurement at −1.1 V vs RHE in CO2-saturated

Figure 5. Operando ATR-FTIR spectroscopy measurements of (a) Cu−Bi0.1 and (b) Cu, in 0.1 M KNO3 with flowing CO2 under potentials from
−0.4 to −1.6 V vs RHE. Operando Raman spectroscopy measurements of (c) Cu−Bi0.1 and (d) Cu, in 0.1 M KNO3 with flowing CO2 under
potentials ranging from −0.4 to −1.6 V vs RHE. (e) Schematic illustration highlighting some key findings observed from the operando Raman
spectroscopy study. Carbon fiber paper is abbreviated as CFP.
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0.1 M KNO3 for six consecutive reaction cycles (2 h for each
cycle). As illustrated in Figure S21a, the FEurea of Cu−Bi0.1
remained within 85 and 90%, indicating high catalytic stability.
The urea yield fluctuated regularly between 310 and 373 μg
h−1 mgcat

−1, with a slight variation of 63 μg h−1 mgcat
−1. This

narrow-range fluctuation pattern aligned with the stable trend
observed in FEurea. The current density curves in Figure S21b
also echoed these results. The experimental data confirm that
the catalytic system has been effectively preserved under
continuous electrochemical operation. We then conducted a
series of postreaction characterizations to further assess the
structural and chemical stability of the Cu−Bi0.1 sample. As
shown in Figure S22, the HRTEM confirmed that the spherical
nanostructure of the catalyst was maintained throughout the
reaction process with an average diameter of ∼10 nm. EDX
elemental mapping verified the homogeneous distribution of Bi
species within the Cu domain. In addition, postreaction XPS
(Figure S23) and XRD (Figure S24) analyses both reveal no
significant alterations compared to the as-prepared state.

Furthermore, to address concerns regarding potential
catalyst leaching, we performed ICP-OES analysis of the
electrolyte after six electrocatalytic cycles. As shown in Table
S3, nil Bi or Cu was detected, confirming that catalyst leaching
was negligible under the experimental conditions. This result
reinforces the stability of the Cu−Bi0.1 catalyst during
prolonged electrochemical operation.

To investigate the reaction mechanism, operando attenuated
total reflectance Fourier-transform infrared spectroscopy
(ATR-FTIR) was performed on Cu−Bi0.1 and Cu catalysts.

The operando ATR-FTIR spectra were collected in the range of
1000−2500 cm−1 under the negative scan mode, ranging from
−0.4 to−1.6 V vs RHE, as shown in Figure 5a,b. The IR signals
at 1175, 1295, and 1625 cm−1 can be attributed to the rocking,
wagging, and bending modes of−NH2 in urea.18,34,35 In
addition to the −NH2 bands, characteristic IR signals of the
C−N bond were also observed on the catalysts when negative
potentials were applied, showing at 1400, 1420, and 1450
cm−1.36 Specifically, the wavenumbers of the C−N bond
signals slightly differed between Cu (1420 cm−1; coordinated
urea37) and Cu−Bi0.1 (1450 cm−1; physisorbed urea38). This
difference can be attributed to a stronger binding of urea on
the Cu surface when compared with that on the Cu−Bi0.1
surface, which can potentially promote catalysis by facilitating a
more rapid release of the urea molecule once it is formed. IR
peaks characteristic of C�O was found at 1640 cm−1 over
both catalysts.36,39 Furthermore, we observed an IR peak at
1694 cm−1 only on Cu−Bi0.1, which can be attributed to the
C�O stretch in *CONH.40 The observation of this peak can
suggest a stronger stabilization of *CONH on the catalyst
surface, which is a key intermediate after the C−N coupling
step in the urea synthesis process.41

To provide more evidence on the detection of these
intermediate species, we have conducted additional in situ
ATR-FTIR measurements using isotopically labeled K14NO3
and K15NO3 as the nitrogen source, as shown in Figure S25.
Upon replacing the original 0.1 M K14NO3 electrolyte with 0.1
M K15NO3, the characteristic C−N stretching peak exhibits a
redshift of ∼27 cm−1, consistent with the kinetic isotope

Figure 6. Calculated Gibbs free energy changes (ΔG) for 18 C−N coupling pathways on (a) pristine Cu (111) and (b) Bi-doped Cu (111)
surfaces.
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effect.42 In contrast, the C�O stretching peak at 1640 cm−1

remains unchanged, suggesting that the observed shift is
specific to the C−N bond formation. This result provides
strong evidence that the C−N coupling reaction occurs on the
catalyst surface and verifies that the N element in the
electrosynthesized urea originates from the electrolyte.
Operando Raman spectroscopy was employed to further

investigate the enhanced urea selectivity exhibited by Cu−Bi0.1
compared to pristine Cu (Figure 5c,d). Cu displayed a Raman
peak at 282 cm−1, characteristic of head-on *CO adsorption on
the catalyst surface.43 In contrast, Cu−Bi0.1 exhibited a peak at
330 cm−1, characteristic of adsorbed hollow *CO species on
the surface.44 The *CO signals became stronger as the applied
potential became more negative, peaking at −1.0 V vs RHE.
We also observed a Raman signal at 1211 cm−1 corresponding
to the symmetric mode of CO2

−.45 The Raman signals at 1049
and 1300 cm−1 can be attributed to the vibrations of free NO3

−

and bidentate adsorbed NO3
− species.46 These NO3

− signals
began to decrease at more negative potentials, consistent with
the facile electrochemical reduction of NO3

−. Some Raman
peaks characteristic of adsorbate *CO and NO3

− reduction
products were also observed, including NH3 in both Cu and
Cu−Bi0.1 and bridging *NO2 at 1428 cm−1,9 which was only
found in Cu−Bi0.1.

Excitingly, we observed a notable dynamic change in the set
of Raman peaks in Cu−Bi0.1. At more negative potentials,
along with the fading of *NO2 and *CO (completely
disappeared at −1.0 V vs RHE), we noted a gradual emergence
of a Raman signal at 1540 cm−1, which is characteristic of the
C�O stretching of urea.27 It should be noted that this
dynamic change was not noticeable in Cu, suggesting that Cu−
Bi0.1 can better promote the electrochemical coupling of
surface *NO2 and *CO. Figure 5e highlights some key findings
observed from the operando Raman spectroscopy investigation.
This intriguing finding provides insights into the reaction
mechanism that contributes to the superior FEurea observed in
Cu−Bi0.1 during the electrochemical coreduction of CO2 and
nitrate.

Density function theory (DFT) calculations were conducted
to elucidate the mechanism underlying the superior selectivity
observed in Cu-M catalysts in the electrosynthesis of urea.
Given the complexity of urea synthesis, which involves
multiple plausible C−N coupling pathways, we systematically
examined 18 C−N coupling pathways on pristine Cu and Bi-
doped Cu(111) surfaces, considering *CO2, *CO and
*COOH as the C sources and *NO2, *NO, *NOH, *N,
*NH, *NH2 as the N sources (Figure 6). Our results indicate
that, compared to pristine Cu, the Bi-doped Cu surface can
effectively promote the C−N coupling by shifting thermody-
namically unfavorable reactions (Gibbs free energy changes,
ΔG > 0) into favorable reactions (ΔG < 0) or further reducing
the negative ΔG. Among the examined pathways, the coupling
between *CO and *N exhibits the most exergonic, exhibiting
ΔG of −3.90 eV. It is noteworthy that our operando studies
provide compelling evidence for two key observations: (1) a
consistently enhanced *CO adsorption, and (2) a decrease of
*NO2 accompanied by a concurrent increase of C−N, likely
indicating the direct consumption of *CO and *NO2 for C−N
bond formation over Cu−Bi0.1 surface. These findings align
well with the proposed mechanism in previous studies.47−49

Therefore, we adopt the coupling between *NO2 and *CO to
form *CONO2 as the initial C−N bond formation step in
constructing the postulated reaction pathway.

As shown in Figure 7, Bi doping significantly enhances
*NO2 adsorption by lowering the energy for *NO3 → *NO2

conversion from −1.36 to −2.05 eV, thereby facilitating C−N
coupling. This effect is evident from the Gibbs free energy
changes in the first and second C−N bond formation steps.
For the initial coupling step (*CO + *NO2 → *CONO2), Bi-
doping reduces the Gibbs free energy change from 0.38 eV on
pristine Cu (111) to −0.38 eV on Bi-doped Cu (111),
transforming the reaction from nonspontaneous to sponta-
neous. Similarly, for the second coupling step, Bi-doped Cu
(111) reduces the Gibbs free energy change to −0.36 eV,
compared to 0.23 eV on pristine Cu, further confirming its role
in promoting C−N bond formation. Beyond facilitating C−N
coupling, Bi doping stabilizes key intermediates and reduces
the energy barriers for subsequent hydrogenation steps (e.g.,
*CONO2 → *CONOH → *CONH → *CONH2). Notably,
Bi-doping shifts the potential determining step (PDS) from the
hydroxylation of *CONO2 on pristine Cu (111) to *COOH
formation on the modified surface, effectively lowering the
energy barrier from 1.88 to 1.46 eV. This step is the only one
involving a positive ΔG, while the rest of the reaction pathway
remains thermodynamically favorable, indicating a significantly
facilitated urea production process. Overall, these results
collectively demonstrate that Bi-doping enhances urea
formation on Cu (111) both thermodynamically and kineti-
cally.

■ CONCLUSIONS
In this study, we first presented a robust protocol for
synthesizing ultrafine nanoparticles for both pure metals and
bimetallic alloys, offering high control over particle size and
dopant distribution. The ultrafine nanoparticles generally
enhance urea selectivity through facilitated intermediate
adsorption and activation, providing a robust guideline for
designing high-performance catalysts for urea electrosynthesis.
Specifically, our Cu−Bi0.1 sample achieves a high FEurea of
89.4% at −1.0 V vs RHE. This showcases a notable
enhancement in catalytic properties through a combination
of ‘size effect’ and ‘dopant effect’ modifications.

Integrated operando spectroscopic evidence has revealed the
preferential stabilization of the *CO and *NO2 intermediates
on the Cu−Bi0.1 surface. Importantly, this research offers a
promising integrated theory-experiment approach to guide the
selection of new-generation Cu-based nanoalloys for the
electrochemical coreduction of CO2 and nitrate to produce
urea selectively. It is anticipated that this rational design

Figure 7. Gibbs free energy diagram for urea production on pristine
Cu (111) and Bi-doped Cu (111) surfaces.
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methodology can be transferred to the development of other
high-performance catalytic systems.

■ EXPERIMENTAL METHODS
Chemicals. Copper(II) chloride dihydrate (CuCl2·2H2O;

≥99%); bismuth nitrate pentahydrate (Bi(NO3)3·5H2O;
≥99.0%); nickel(II) nitrate hexahydrate (Ni(NO3)2·6H2O;
99.99%); lead(II) nitrate (Pb(NO3)2; ≥99.0%); 1,10-phenan-
throline (C12H8N2; ≥99.0%; ‘Phen’); Nafion 117 solution (5
wt %); isopropyl alcohol ((CH3)2CHOH; 99.7%); sodium
citrate (C6H5Na3O7; ≥99.0%); potassium nitrate (KNO3;
≥99.0%); sulfuric acid (H2SO4; 98%); phosphoric acid
(H3PO4; 85%); salicylic acid (2-(HO)C6H4CO2H; ≥99.0%);
ferric chloride (FeCl3; ≥99.9%) were purchased from Sigma-
Aldrich. Thiosemicarbazide (CH5N3S; ≥98.0%); diacetyl
monoxime (C4H7NO2; ≥98.0%); urea (CH4N2O; ≥99.0%);
N-(1-Naphthyl)ethylenediamine dihydrochloride (C12H14N2·
2HCl; ≥99.0%) were purchased from TCI. Sodium nitro-
ferricyanide dihydrate (C5H4FeN6Na2O3; ≥98.5%); and
sulfanilamide (C6H8N2O2S; ≥99.8%) were purchased from
Shanghai Yuanye. All reagents were used as purchased and
used without any further purification.

Synthesis of Metal-Phen Precursor. The synthesis of the
precursors was conducted according to the previous
literature.50 To prepare ‘Cu-Phen’, 0.5 mmol of copper(II)
chloride dihydrate and 1.0 mmol of 1,10-phenanthroline
(‘Phen’) were added to a flask containing 30 mL isopropanol.
The mixture was then heated to 80 °C and kept stirring
overnight. After thorough evaporation of isopropanol, the
green powder was obtained. To remove free Cu2+ and Phen,
the powder was washed with a mixture of water and
isopropanol several times. In synthesizing Cu−Bi0.1-Phen,
Cu−In0.1-Phen, and Cu−Pb0.1-Phen precursors, the second
metal-Phen was physically mixed with the Cu-Phen to form an
ink mixture.

Working Electrode Preparation. For the preparation of
the precursor ink, 10 mg of Cu-M0.1-Phen was mixed with 900
μL of isopropanol and 100 μL of 5 wt % Nafion solution. After
sonication for 30 min, a homogeneously dispersed ink with a
concentration of 10 mg mL−1 was obtained. In the preparation
of the working electrode, we deposited 50 μL (equivalent to
0.5 mg) of the Cu-M0.1-Phen ink onto carbon paper. Following
this, we proceeded to dry the electrode at 60 °C for 8 h to
ensure all isopropanol was removed from the working
electrode.

Controlled Electrodeposition. We conducted the elec-
trodeposition in a standard H-cell electrochemical reactor
equipped with a three-electrode configuration. The reference
electrode was KCl-saturated Ag/AgCl, while 1 × 1 cm2 Pt
mesh was used as the counter electrode. 0.5 M KNO3 solution
was used as the electrolyte for the electrodeposition process.
Under controlled conditions, the electrodeposition treatment
was carried out for 1 h at a potential of −1.5 V vs RHE.
Throughout this process, Phen was eliminated, resulting in the
formation of Cu-M0.1 nanoalloy.

Electrochemical Measurements. A standard three-
electrode H-cell reactor was employed to conduct the
electrocatalytic measurements. The electrochemical measure-
ments were conducted by CHI 760E Electrochemical Work-
station. KCl-saturated Ag/AgCl and 1 × 1 cm2 Pt foil were
used as the reference electrode and counter electrode,
respectively. A Nafion membrane was employed to separate
the cathode and anode chambers of the H-Cell. Each chamber

was filled with 50 mL of 0.1 M KNO3 solution, serving as the
electrolyte for the electrochemical experiment. Before initiating
the electrochemical experiment, the cathode chamber under-
went a pretreatment step. To ensure the CO2 atmosphere
during the whole reaction process, a high-purity CO2 gas
(99.999%) was purged into the cathode chamber via bubbling
at a controlled flow rate of 50 sccm for 30 min. This purging
process was continued until the pretreatment procedure was
completed. In addition, we also set the stirring at a constant
rate at 400 rpm to ensure the electrolyte and reactants
exchange efficiency. All potentials were converted to the
reference scale of the reversible hydrogen electrode (RHE)
using the following equation:

E E E 0.0591 pH(vs RHE) (vs Ag/AgCl)
0

Ag/AgCl= + + × (1)

In the given equation, E(vs RHE) represents the potential in V
vs RHE. E(vs Ag/AgCl) denotes the potential measured for the
reference electrode Ag/AgCl. Furthermore, E0

Ag/AgCl corre-
sponds to the potential of the Ag/AgCl reference electrode,
which is determined in an H2-saturated 0.1 M HClO4 solution
with a pH of 1.1.10

The electrochemical active surface area of the electro-
catalysts was determined by measuring the electrochemical
double-layer capacitance (Cdl). To measure Cdl, we selected a
potential window ranging from 0.3 to 0.5 V vs RHE where no
Faradaic reactions were observed. CV measurements were
recorded at different scan rates. The difference between the
anodic and cathodic currents at 0.4 V vs RHE was plotted
against the corresponding scan rates. The resulting linear slope
of this plot corresponds to twice the value of the Cdl. Nafion
117 membrane was used as the proton exchange membrane to
separate the cathode and anode compartments. CO2-saturated
KNO3 was used as the electrolyte.

Quantitative Analysis of Gas and Liquid-Phase
Products. The gas products were analyzed by gas chromatog-
raphy (GC) equipped with both a flame ionization detector
(FID) and a thermal conductivity detector (TCD). We used
high-purity nitrogen gas (99.99%, Linde) as the carrier gas. To
determine the CO concentration, we used an FID with a TDX-
01 column for CO measurement and a TCD with 6-foot
MolSieve 5A mesh columns to detect the concentration of H2.
Furthermore, the column oven temperature was set at 70 °C.
The relative liquid products were detected by using 13C NMR
(Bruker Avance NEO 500 NMR Spectrometer).

Faradaic Efficiency and Yield Calculation. The average
yield rate of urea was calculated using the following equation:

C V
t m

Yieldurea
urea=

×
× (2)

where Curea is the measured concentration of urea (μg mL−1),
V is the total volume of cathode electrolyte (mL), t is time (h)
for electrocatalysis during the time and m is the loadings
weight of catalysts (mg).

The FE for liquid products was calculated using the
following equation:

N F m
Q

FE = × ×
(3)

where N is the number of electron transfers, F is the Faraday’s
constant (96,485.3 C mol−1), m is the total moles of products
and Q is the total charge passed through.
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The FE of gas products was calculated using the following
formula:

zFG
V i

FE (%) 100gas
m total

=
×

×
(4)

where Z is the number of electrons transferred, F is Faraday’s
constant, G is the flow rate of gas (20 sccm), ρ is the molar
fraction of the product, Vm is the standard gas molar volume
(24 L mol−1), and itotal is the total current.

Urea Measurement by the Modified DAMO-TSC
Method. An acid-ferric solution was prepared by combining
100 mL of concentrated phosphoric acid, 300 mL of
concentrated sulfuric acid, 600 mL of deionized water, and
100 mg of ferric chloride. To prepare the DAMO-TSC
solution, 5 g of DAMO and 100 mg of TSC were mixed and
dissolved in 1000 mL of deionized water. After the
electrocatalytic measurements, a subsequent step involved
the mixing of 1 mL of the electrolyte, 2 mL of the acid-ferric
solution, and 1 mL of the DAMO-TSC solution. The resulting
mixture was boiled in a metal bath for 30 min. After cooling
down to room temperature, the absorbance of the solution was
measured at a wavelength of 518 nm using a UV−vis
spectrophotometer. The concentration-absorbance calibration
curve was obtained by plotting the absorbance of standard
solutions, as illustrated in Figure S26.

Urea Measurement by UPLC. Urea was quantified using
ultrahigh-performance liquid chromatography (UPLC) on an
Agilent 1290 Infinity II system equipment with a Polaris NH2
column (4.6 mm × 250 mm). An acetonitrile−water mobile
phase (80:20) was used at a flow rate of 0.1 mL min−1, and
urea absorbance was obtained at 195 nm using a diode array
detector. Before the UPLC analysis, the electrolyte was filtered
through a 0.22 μm membrane to eliminate potential
contaminants. A calibration curve relating urea concentration
to absorbance was generated using a standard solution (Figure
S27) and independently validated.

Ammonia Measurement. We utilized the indophenol
blue method to determine the concentration of ammonia.28

This involved adding 2 mL of the sample electrolyte to 2 mL of
1.0 M NaOH solution containing 5 wt % salicylic acid, 5 wt %
sodium citrate, 1 mL of 0.05 M NaClO, and 0.2 mL of 1 wt %
sodium nitroferricyanide. After keeping the mixture at room
temperature for 2 h, the absorbance spectrum was collected at
657 nm using a UV−vis spectrophotometer. The calibration
curve of concentration-absorbance was plotted with the
absorbance of standard ammonia solutions, as shown in Figure
S28.

Nitrite Measurement. We employed a modified spec-
trophotometric method using N-(1-naphthyl)-ethylenediamine
dihydrochloride to determine the concentration of nitrite.51

After the electrocatalysis 2 mL of the electrolyte was mixed
with 0.1 mL of a 4-aminobenzenesulfonamide aqueous
solution, followed by a reaction for 8 min. Subsequently, 0.1
mL of N-(1-naphthyl) ethylenediamine dihydrochloride
aqueous solution, with a concentration of 1 g L−1, was added
to the above mixture. After the further reaction for 10 min in
the dark, the absorbance was acquired at 540 nm using a UV−
vis spectrophotometer. The calibration curve of concentration-
absorbance was plotted with the absorbance of standard
NaNO2 solutions, as shown in Figure S29.

XAFS Measurement. X-ray absorption spectroscopy data
using the fluorescence mode was collected on Beamline 01C1
at Taiwan Light Source. For energy calibration, a Cu foil was

employed, and the fluorescence X-ray intensity was monitored
using a Lytle-type detector. To calibrate the acquired X-ray
absorption fine structure data, we utilized the Athena software
to calibrate the background, pre-edge line, and postedge line of
the X-ray absorption spectra.52 Additionally, the absorption
data was Fourier transformed using a k-range of 3.0 to 11 Å−1

and an R-range of 1.0 to 3.5 Å−1. To calculate the simulated
scattering paths, models of Cu, CuO, and the actual samples
were used. The parameters, including coordination number
(CN), bond length (R), Debye−Waller factor (δ2), and
standard potential (E0) shift (ΔE0), were fitted with partial
constraints to ensure the accuracy of results.

Operando Raman Spectroscopy. Operando Raman
measurements were performed using a three-electrode flow
cell acquired from Gaoss Union. The setup included a carbon
paper working electrode, a Pt mesh counter electrode, and an
Ag/AgCl reference electrode immersed in saturated KCl.
Electrochemical assessments were executed in a CO2-saturated
0.1 M KNO3 electrolyte employing the potentiostat method at
−1.0 V vs RHE. High-purity CO2 gas was consistently
introduced into the electrolyte at a flow rate of 50 sccm
regulated by a mass flow controller. The electrolyte circulated
through the cell continuously at a rate of 1 mL min−1. Raman
spectroscopy was conducted via a Renishaw Micro-Raman
Spectroscopy System with an Intertec λ = 532 nm laser source
operating at 5% power. The Raman probe was precisely
targeted at the electrode/electrolyte interface via a quartz
window.

■ OPERANDO ATR-FTIR SPECTROSCOPY
For operando ATR-FTIR measurements, a THERMO Nicolet
6700 spectrometer equipped with a liquid nitrogen-cooled
MCT detector was used. The measurements were conducted
with an applied voltage set at −1.0 V vs RHE. A glassy carbon
electrode coated with a catalyst (1 mg cm−2) was used as the
working electrode. An Ag/AgCl electrode was used as the
reference electrode, while a carbon electrode functioned as the
counter electrode. Furthermore, a Si facet crystal positioned at
an incident angle of 60° was employed as the reflective
element. The electrolyte used was a 0.1 M CO2-saturated
KNO3 solution. The isotope labeling experiment is consistent
with the above results except that K14NO3 was replaced by
K15NO3.

Computational Methods. The density functional theory
(DFT) calculations were performed using the projector-
augmented wave method as implemented in the Vienna Ab
initio Simulation Package (VASP). The generalized gradient
approximation (GGA) with the Perdew−Burke−Ernzerhof
(PBE) exchange-correlation functional was used. A uniform 6
× 6 × 6 k-mesh grid in the Brillouin zone was employed to
optimize the crystal structure of bulk Cu. The Cu slab model
with five atomic layers had a (2 × 2) lateral periodicity with
(111) exposed surface, and the slab replica was separated by
∼20 Å of vacuum. The Bi-doped Cu slab models were built by
replacing a surface Cu atom with Bi metal atoms. A uniform 2
× 2 × 2 k-mesh grid in the Brillouin zone was used to optimize
the slab structures of Cu and Bi-doped Cu without and with
molecular adsorption. The kinetic energy cutoff for the wave
functions was set at 450 eV. All the atomic positions of the Cu
and Bi-doped Cu without and with molecular adsorption were
relaxed until the forces on each atom were less than 0.01 eV/Å.
The Gibbs free energy change (ΔG) was calculated by the
computational hydrogen electrode (CHE) model as follows:
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G E E T SDFT ZPE= +

where ΔEDFT represents the reaction energy, determined as the
total energy difference between the reactant and product
molecules absorbed on the catalyst surface; ΔEZPE is the zero-
point energy correction to the Gibbs free energy; ΔS is the
entropy change with each reaction; and T corresponds to room
temperature (298.15 K).
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