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ABSTRACT: The efficient electrosynthesis of urea from CO,
and NOj™ relies on the suppression of the competitive hydrogen
evolution reaction (HER), especially the Tafel and Heyrovsky
steps. We designed CuNi alloyed structure encapsulated into
nitrogen doped carbon nanotubes (CuNi-NCNT) for superior
urea electrosynthesis. The interstitial Cu atom breaks the
successive hydrogen binding active sites, Ni atoms, as NOj;
and CO, strongly adsorb on Cu sites, hindering the Tafel step of
HER. Besides, due to the steric effect, the Heyrovsky step is
also restrained. Thus, the HER catalysis is well suppressed,
leading to a high Faradaic efficiency (33.6%) of urea
electrochemical synthesis for CuNi-NCNT at -0.4 V vs.
reversible hydrogen electrode (RHE) associated with yielding
rate of 5.3 mmol-h™'-g., ", boosted by factors of 6.7 and 4.4 with
relative to Ni-NCNT and metallic Cu, respectively. The in-situ
Raman spectroscopy and integrated crystal orbital Hamilton
population (ICOHP) theoretical calculation indicate that Ni sites

¢/10.26599/NR.2026.94908834

Proposed C-N coupling in alloy structure
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Urea

strongly adsorb hydrogen atom for hydrogeneration, while

CO, and NO; are electrochemically bound with Cu atoms, synergistically contributing to the efficient urea formation.
Moreover, the in-situ Raman spectroscopy suggests the reaction pathway of urea electrosynthesis via the formation of *NH,

and *CO species from NO;” and CO,. Consequently, a lowered

energy barrier for C—N coupling (0.55 eV) can be achieved

on CuNi compared to Cu(111) and Ni(111). This work offers significant insights into the critical roles of Cu and Ni in urea

electrosynthesis and promotion in catalytic activity in Cu-system.

KEYWORDS: urea electrosynthesis, hydrogen evolution reaction, CuNi alloy, C—N coupling

1 Introduction

Urea is an important fertilizer in modern agriculture, supporting
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the expanding population associated with the growing
requirements of food. Moreover, urea has also been utilized as raw
material for medicines, plastics, textiles, etc. [1-4]. Carbon dioxides
(CO,) and ammonia (NH;) react via Bosch-Meiser process at high
temperature (200 °C) and pressure (200 MPa) to generate urea due
to the difficulty in C-N coupling [5-7]. Additionally, ammonia is
normally synthesized via the energy-consuming Haber-Bosch
process (N, + 3H, > 2NHS,), which also requires harsh conditions
because of the stable N=N bond [8-11]. More recently, the
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electrochemical reduction of nitrate to form ammonia in aqueous
electrolyte was tremendously reported [12-16]. Thus, with the
introduction of CO, into the electrolyte, the urea can be
electrochemically synthesized at ambient condition.

The electrochemical synthesis of urea relies on the C-N coupling
from the reduction of NO,™ to *NO, and CO, to *CO intermediates;
therefore, the hydrogenation of NO,™ and CO, to remove oxygen
atom is highly essential, which demands abundant adsorbed
hydrogen atoms, and the hydrogen evolution reaction (HER)
should be well suppressed [17-19]. Based on the HER catalysis
process, the Volmer step is highly demanded for urea synthesis and
the relative Heyrovsky or Tafel step should be prevented [20]. As
Tafel step is more favorable for HER, breaking the continuous HER
active center is considered as the promising strategy to delay the
HER catalysis [21]. In this aspect, bimetallic materials have been
investigated as high-performance electrocatalyst for urea
electrosynthesis, such as Pd-Cu [22, 23], Ag-Cu [24, 25], Au-Cu
[26, 27], and Cu-Bi [28, 29], due to the high capability of Cu for the
adsorption of NO,™ and CO, [30, 31]; besides, the binding strength
between Cu and hydrogen atom is relatively weak. However, owing
to the limited storage of noble metals, these electrocatalysts are not
economically feasible for real application of urea electrosynthesis;
furthermore, the noble-metals normally exhibit higher HER
activity, resulting in a low Faradaic efficiency (FE) of urea
electrosynthesis [9, 32, 33]. We reported nickel nanoparticle
encapsulated into nitrogen doped carbon nanotubes (Ni-NCNT)
performing superior HER activity due to the favorable hydrogen
binding strength for Ni atom, whose electronic structure was
adjusted by nitrogen and carbon atoms [34, 35]. Therefore, the
introduction of Cu to Ni-NCNT could break the continuous HER
active sites and be potentially utilized as robust electrocatalyst for
urea electrosynthesis.

In this work, we synthesized CuNi-NCNT electrocatalyst via
pyrolysis method. The HER activity of the constructed CuNi-
NCNT was well suppressed due to the incorporation of Cu atom.
The CO, and NO,™ species were co-adsorbed on the Cu atom; thus,
the continuous hydrogen adsorption sites (Ni) were broken,
preventing Tafel step of HER; moreover, the adsorbed NO,/CO,
on Cu also prohibited the hydrogen adsorption on Ni atom
ascribed to the steric effect, decelerating Heyrovsky step of HER

Metallic Ni
NO;-

Metallic Cu
Cco,
CO,RR

Metallic Cu
Figure1 Scheme of the urea electrosynthesis on CuNi alloy structure.
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shown in Fig. 1. The Faradaic efficiency for urea electrosynthesis
was 33.6% for CuNi-NCNT at —0.40 V vs. RHE and a yielding rate
was 5.3 mmolh™g_, which was boosted by 3.6 and 3.2 times than
Ni-NCNT and metallic Cu, respectively. The in-situ Raman
spectroscopy test and COHP calculation revealed that hydrogen
absorbed on Ni atoms and NO,/CO, strongly adsorbed on Cu
atoms, respectively. Density functional theory (DFT) calculations
further demonstrated the CuNi-NCNT not only suppressed Tafel
and Heyrovsky steps during HER but also promoted the formation
of C-N bond, leading to a robust activity and selectivity towards
urea electrosynthesis.

2 Experimental section

21 Preparation of CuNi-NCNT and Ni-NCNT

electrocatalysts

Firstly, 1 g of copper chloride dihydrate (CuCl,-2H,0, = 99%) and
1 g of nickel chloride hexahydrate (NiCL-6H,O, > 98%) were
weighed and added to 60 mL of a methanol-ethanol mixed solution
(methanol: CH,OH, > 99.5%; ethanol: C,H;OH, > 99.7%). After
complete dissolution, 5 g of melamine (C;H¢N,, content > 99%,
Sinopharm Chemical Reagent Co., Ltd.) was weighed and dispersed
into the solution. The resultant was stirred for 10 h (500 rpm,
80 °C). After complete evaporation, the residue was ground into
powder. Then the powder was calcined in a tube furnace under a
flowing N, atmosphere (first held at 500 °C for 2 h, then held at
800 °C for 2 h, with a heating rate of 5 °C:min™'). The resulting
sample was CuNi-NCNT. The preparation method for the control
sample was identical to the above, except only 1 g of -NiCl-6H,0
was added, yielding Ni-NCNT. NCNT was synthesized with the
nitric acid treatment of CuNi-NCNT to remove CuNi.

2.2 Characterizations

X-ray diffraction (XRD) patterns were recorded using a Bruker D8
Advance diffractometer with Cu-Ka radiation (A = 1.5406 A). The
surface morphology was observed via a scanning electron
microscopy (SEM, SU8010). The elemental information was
determined via X-ray photoelectron spectroscopy (XPS, ESCALB
250) with an Al Ka X-ray source. Transmission electron
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microscopy (TEM) tests were carried out using a Talos F200x
microscope. Raman spectroscopy (i-Raman Plus) was obtained
from BWS465-532H with a 532 nm excitation laser. ASAP 2460
equipment was used for N, adsorption-desorption analysis.

3 Results and discussions

3.1 Fundamental characterizations

The as-synthesized electrocatalysts were first characterized via XRD
(Fig. 2(a)) and sharp diffraction peaks were observed,
demonstrating the high crystallinity of the formed Ni-NCNT and
CuNi-NCNT. The diffraction peak at 44.4° was the dominant (111)
facet for metallic Ni from JCPDS No. 01-1258. Compared to Ni-
NCNT, the dominant XRD peak was negatively shifted due to the
different atomic radius, confirming that the alloy formation and
tensile strain were suggested [36]. In comparison, metallic Cu was
also synthesized and confirmed by the diffraction peaks at 43.3°
50.4° and 74.1° from JCPDS No. 04-0836. The molar ratio between
Cu and Ni was 3:1 from inductively coupled plasma-mass
spectrometry (ICP-MS) test. As shown in Fig. S1 in the Electronic
Supplementary Material (ESM), the electronic interaction between
Cu and Ni was further studied by XPS. Initially, the C 1s XPS peak
was deconvoluted to C=N (286.3 eV), C-C (284.8 V), O=C-O
(292.1 eV), and C-N (288.7 eV) species (Fig. S2 in the ESM),
verifying the introduction of nitrogen dopants to carbon skeleton.
Consequently, the fitted N 1s spectra shown in Fig. S3 in the ESM
suggested the presence of oxidized, graphitic, pyrrolic, and pyridinic
N moieties at 407.2, 404.9, 403.8, and 402.0 eV stemming from the
melamine precursor, respectively. As displayed in Fig. 2(b), Ni 2p
XPS peak was mainly composed of Ni 2p,, and Ni 2p,, at 870.1 and
852.5 eV, respectively, while a low percentage of Ni** specie was
present in Ni-NCNT and CuNi-NCNT due to the formation of
Ni-N-C structure at heterointerface between metallic Ni and
NCNT [35]. Importantly, the introduction of Cu atoms showed an

negligible change in Ni** content (Fig. 2(c)) [37]. Additionally, the
Cu 2p peak was also recorded and fitted (Fig. 2(d)) with
predominantly metallic Cu’, similar to that of metallic Cu [38, 39].
Differently, the specific surface areas were 78.8 and 48.5 m>g™ for
CuNi-NCNT and Ni-NCNT, respectively (Fig. 2(e)). The
increment in specific surface area was due to the utilization of
CuCl, as precursor. The generated chlorine during synthesis etched
NCNT, contributing to a higher specific surface area. In order to
confirm this point, the Raman spectroscopy (Fig. 2(f))
demonstrated I,/I; ratio of 0.98 for CuNi-NCNT, which was 1.7-
fold higher than Ni-NCNT (0.59), indicating that more defective
sites were created for CuNi-NCNT. The increased I,/I; ratio of
CuNi-NCNT demonstrated more defects in NCNT, favorable for
the diffusion of reactant and production [40].

As shown in Fig. 3(a), nanotube with diameter of ~ 100 nm was
observed for Ni-NCNT and the formation of NCNT structure
originated from the catalysis of melamine by Ni nanoparticle at
high temperature. With the addition of CuCl,, nanotube was still
observed for CuNi-NCNT shown in Fig. 3(b). Meanwhile, the TEM
images in Figs. 3(c) and 3(d) further confirmed the formation with
CuNi nanoparticles confined inside the nanotubes. The lattice
spacing of CuNi nanoparticle was 0.197 nm for (111) crystal plane
(Fig. 3(e)), which was slightly higher than that of Ni-NCNT shown
in Fig. $4 in the ESM, in line with the XRD measurements. The
lattice spacing of 0.341 nm confirmed the formation of graphitic
carbon and Ni(111) facet was confirmed by lattice spacing of
0.20 nm. It was found that Cu and Ni elements were uniformly
dispersed in CuNi nanoparticle encapsulated into NCNT from the
energy dispersive X-ray spectroscopy (EDS) mapping (Fig. 3(f)).

3.2 Urea electrosynthesis

The performance of urea electrosynthesis was tested in 0.05 M
H,SO, electrolyte with additional KNO, and CO, purging. In Fig. S5
in the ESM, the current density increased after adding KNO, to
electrolyte for metallic Cu due to the capability of nitrate reduction
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Figure2 (a) XRD patterns of metallic Cu, Ni-NCNT, and CuNi-NCNT. (b) Deconvoluted Ni 2p, (c) relative ratios of relevant Ni species, and (d) deconvoluted Cu 2p
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Overlap

Figure3 ((a) and (b)) SEM images of (a) Ni-NCNT and (b) CuNi-NCNT. ((c) and (d)) TEM images at different magnifications and (¢) HR-TEM images of CuNi-
NCNT, along with (f) high-angle annular dark-field (HAADF) and elemental EDS mapping (C, N, Cu, and Ni).

reaction [41, 42]; while, the current density was decreased after
purging with CO, because of the suppression of nitrate reduction
reaction. Similar trends were also found for Ni-NCNT (Fig. 4(a))
and CuNi-NCNT (Fig. 4(b)). As HER is the competitive reaction
for urea electrosynthesis, it was noticed that CuNi-NCNT exhibited
much lower HER performance than metallic Cu and Ni-NCNT in
Fig. S6(a) in the ESM. The introduction of Cu atom to Ni-NCNT
effectively suppressed the HER performance, which was beneficial
for the urea electrosynthesis [43, 44]. The optimized HER
performance of Ni-NCNT suggested that Ni could serve as the
most active centers for hydrogen adsorption, while in the CuNi
alloy structure, the continuous hydrogen adsorption sites from Ni
could be destroyed [35]; therefore, the HER activity of CuNi-NCNT
was well suppressed. As shown in Figs. S6(b) and S6(c) in the ESM,
the HER performance of Ni-NCNT was largely decayed after Cu
incorporation. To reveal the suppresssd HER catalysis,
electrochemical impedance spectroscopy (EIS) has been performed
and fitted. Constant phase angle element (CPE) normally represents
the adsorption of reaction intermediates (H"). It was found the CPE
value decreased from 3.42 to 1.12 mF after the introduction of Cu;
thereby, the Cu atoms in CuNi alloy suppressed the adsorption of
hydrogen ions. As shown in Fig. S7 in the ESM, NCNT exhibited
almost no catalytic activity in CO,-purged 0.05 M H,SO, with
200 ppm KNO,; therefore, the robust performance of urea
electrosynthesis  originated from the inside CuNi alloy.
Furthermore, the current density of CuNi-NCNT increased by
~ 8.5-fold in 0.05 M H,SO, + 200 ppm KNO,; electrolyte at —0.6 V
vs. RHE, suggesting the high activity for nitrate reduction reaction
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on CuNi alloy. With the introduction of CO,, the current density
was seriously decayed for CuNi-NCNT; for instance, the current
density decreased by 35.7% at —0.6 V vs. RHE; however, the values
were only 22.1% and 152% for metallic Cu and Ni-NCNT,
respectively. Thus, CO, reduction was more prone to occur on Cu
atom. In order to confirm this point, the current density was higher
with CO, purging for metallic Cu than Ni-NCNT; thus, CO, was
more susceptible to electrochemical adsorption and conversion on
Cu atoms (Fig. S8 in the ESM). As shown in Fig. S9 in the ESM,
CuNi-NCNT exhibited a comparably lower charge transfer
resistance (R,) than Ni-NCNT, implying its better catalytic activity.
In addition, the double layer capacitance (C,) was evaluated from
cyclic voltammetry curves (Fig. S10 in the ESM). C, value reached
2.1 mF-cm™ for CuNi-NCNT, increased by 31% than Ni-NCNT
(1.6 mF-cm®, Fig. 4(c)), due to the incorporation of Cu atoms
contributing to more electrochemically active sites. To further study
the selectivity towards urea electrosynthesis, the products in
electrolyte were analyzed by ultraviolet-visible (UV-vis)
spectroscopy testing. Initially, the standard calibration curves,
regarding concentration vs. intensity, were established for NH,
(Fig. S11 in the ESM), NO, (Fig. S12 in the ESM), and urea
(Fig. S13 in the ESM). The electrolytes were analyzed after 2 h of
electrolysis at various applied potentials, as shown in Fig. 4(d).
Based on the intensity of UV-vis spectroscopy at 525 nm
(Fig. 4(e)), the FE of urea electrosynthesis reached 33.6% for CuNi-
NCNT at —0.40 V vs. RHE shown in Fig. 4(f), which was boosted
by a factor of 6.7 and 4.4 than Ni-NCNT (Fig. S14 in the ESM) and
metallic Cu (Fig. S15 in the ESM) calculated from UV-vis
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Figure4 ((a) and (b)) Electrochemical performance of (a) Ni-NCNT and (b) CuNi-NCNT in urea synthesis within H-type electrolyzers. (c) The double layer
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electrolyte at 525 nm and (f) measured urea yield and Faraday efficiency. (g) i~t curve (10 h) of CuNi-NCNT at —0.4 V vs. RHE and (h) urea yield and Faradaic efficiency

at different time points during the process.

spectroscopy, respectively. Besides, the urea yielding rates were 5.3,
147, and 1.67 mmolh™g,™ for CuNi-NCNT, Ni-NCNT, and
metallic Cu, respectively. It was reasonable that Ni-NCNT exhibited
an ultralow FE for urea electrosynthesis because of lower capability
for CO, reduction of Ni. In case of metallic Cu, due to its
considerable HER performance, the FE for urea electrosynthesis
was also suppressed. To show the importance of CuNi alloy
structure, the physically mixed electrocatalyst, denoted as Cu + Ni-
NCNT, was tested. As shown in Fig. S16 in the ESM, the FE value
of Cu + Ni-NCNT was lower than the counterpart of CuNi-NCNT,
implying the importance of CuNi alloy structure. Since the nitrate
can be electrochemically converted to ammonia and NO,, the FE
of ammonia was also calculated. Based on the UV-vis spectroscopy
at 655 nm (Fig. S17 in the ESM), the FEs for ammonia were
calculated to 23.2%, 10.2%, and 72.7% at —0.40 V vs. RHE for CuNi-
NCNT, Ni-NCNT, and metallic Cu, respectively (Fig. S18 in the
ESM). Similarly, the NO,™ concentration was also tested by UV-vis
spectroscopy (540 nm, Fig. S19 in the ESM) and the corresponding
FE values were 1.57%, 0.72%, and 1.89% for CuNi-NCNT, Ni-
NCNT, and metallic Cu, respectively (Fig. S20 in the ESM). The
stability was also estimated and stable current density was obtained
during 10 h (Fig. 4(g)). The electrolyte was tested with UV-vis
spectroscopy every 2 h (Fig. S21 in the ESM). From the TEM test
shown in Fig. S22 in the ESM, the superior structural stability was
confirmed for CuNi-NCNT. Based on the UV spectroscopy, the FE
and urea production rate were 34.1% and 5.25 mmolh™g.* for
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CuNi-NCNT shown in Fig. 4(h), respectively, illustrating the
robustness in urea electrosynthesis. Compared to recently reported
electrocatalysts (Table S1 in the ESM), CuNi-NCNT showed a high
FE during urea electrosynthesis.

To confirm the superior catalytic activity towards urea
electrosynthesis, the catalysis was measured with and without CO,
[45]. From the UV-vis spectroscopy (Fig. S23 in the ESM), a
similar intensity was observed for the blank sample and the
electrolyte without CO,, indicating the solid demand for CO, for
the urea electrosynthesis. Additionally, the isotope experiment was
carried out. As shown in Fig. 5(a), two nuclear magnetic resonance
(NMR) peaks at 5.62 and 5.79 ppm were observed using K“NO; as
nitrogen source; however, only one intensity peak at 5.70 ppm was
detected with K“NO,, highlighting that KNO, was the nitrogen
source for urea electrosynthesis. Not surprisingly, the generated
NH,' also showed similar phenomena (Fig. 5(b)), confirming that
KNO; was the unique nitrogen source. The operando EIS was
applied to reveal the superb activity towards urea electrosynthesis.
As shown in Figs. 5(c) and 5(d), the relative Bode plots of Ni-
NCNT and CuNi-NCNT showed an intensive peak at low
frequency, corresponding to the urea electrosynthesis. The Bode
difference between —0.1 and —0.4 V vs. RHE was larger for CuNi-
NCNT than the counterpart of Ni-NCNT, underlining the excellent
catalytic activity; besides, the R, of CuNi-NCNT was lower than Ni-
NCNT (Fig. S24 in the ESM). The in-situ Raman spectroscopy of
CuNi-NCNT shown in Fig. 5(e) indicated that the Ni-H bond was
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Figure5 ((a) and (b)) 'H NMR spectra of (a) urea and (b) NH," synthesized from "N- and “N-labeled KNO.. ((c) and (d)) In-situ EIS of (c) CuNi-NCNT and (d) Ni-
NCNT. ((e) and (f)) In-situ Raman spectra of CuNi-NCNT under (e) different voltages and (f) reaction times.

detected at 830 cm™ with the increment in applied potential,
suggesting that Ni atoms were active for hydrogen adsorption [46].
Cu-N bond was detected at 689 cm™, suggesting the
electrochemical adsorption of NO,™ on Cu atoms [47]. In addition,
the Cu=C bond was detected at 414 cm™, implying the CO,
adsorbed on Cu atoms [48]. The NO; and dissolved CO,* were
detected at 1042 and 1076 cm™, respectively. It was noticed that the
NO;™ was reduced to NH,, evidenced by Raman peak at 1437 cm™
[49]; consequently, the CO, was deoxygenated to CO detected at
1752 cm™. Therefore, the C-N coupling occurred and N-C-N
structure was found at 1107 cm™, which was not observed for CuNi-
NCNT [24]. Moreover, the C=0 bond originated from urea was
also detected at 1549 cm™, implying the C-N coupling during
electrocatalysis [50, 51]. Additionally, the Raman spectroscopy was
recorded after various durations (Fig. 5(f)). It was found that the
intensity of C=0 bond was increased due to the accumulation in
urea; additionally, the signal of *NH, and *CO also became strong,
indicating the simultaneous formation of NH, and CO contributing
to a robust urea electrosynthesis [19]. The Raman spectroscopy
revealed that hydrogen atoms and CO,/NO,” were prone to be
adsorbed on Ni and Cu sites, respectively, leading to a superior
capability for urea electrosynthesis.

3.3 Theoretical calculation

DFT calculations were further employed to elucidate the
mechanism. As shown in Fig. 6(a), total density of state (TDOS) of
Ni(111), Cu(111), and CuNi was calculated and the corresponding
d-band center is displayed in Fig. 6(b). It was noticed that the d-
band center of Cu was upshifted for CuNi with relative to Cu(111),
demonstrating that the NO,™ and CO, adsorption was enhanced on
Cu sites; in contrast, a downshift was found for d-band center of Ni
in CuNi with relative to Ni(111), indicating weakened binding
strength with hydrogen atom to hydrogenate the adsorbed NO,"
and CO, on adjacent Cu. During urea electrosynthesis, the electron
would transfer from the d.. . orbital of the active site to reactant.

CuNi than Ni(111) and Cu(111); as a result, the electron was more
prone to transfer to the reactant to accelerate the reaction kinetics
[52]. In addition, HER catalysis is the competitive reaction in urea
electrosynthesis. The Gibbs free energy for hydrogen (AG,;:.) value
was —0.40 and —0.21 eV for Ni(111) and Cu(111), respectively
(Fig. 6(d)). To verify the steric effect on HER catalysis, the AGy.
values were calculated for the CuNi structure, in which Cu
adsorbed NO,™ and CO,. It was found that hydrogen atom was
difficult to adsorb on Ni site. Due to the shift in d-band center, Cu
and Ni atoms performed AGy. values of —0.26 and —0.33 €V,
respectively. However, the binding strength between Cu and NO,
was stronger with formation energy of —0.37 V. Thus, the HER
catalysis was suppressed for CuNi during urea electrosynthesis.
Crystal orbital Hamilton population (COHP) can reveal bonding
strength. As shown in Fig. $25 in the ESM, the -ICOHP values of
Ni(111), Cu(111), and CuNi were 0.18, 0.14, and 0.15 €V,
respectively. The Cu-Ni bond was stronger than Cu—-Cu bond. As
shown in Fig. 6(e), higher -ICOHP values were found for Cu-N
and Cu-C than Cu-H in CuNj, indicating that NO; was more
prone to adsorb on Cu; moreover, the —-ICOHP values were
decreased for Ni atom in CuNi structure (Fig. 6(f)), strongly
supporting the hydrogen atom adsorbed on Ni atom [53]. The
reaction intermediates on active sites for urea electrosynthesis are
displayed in Fig. S26 in the ESM. As shown in Fig. 6(g), the rate
limiting step involved the coupling of C-N bond, and the energy
barrier for Cu(111), Ni(111), and CuNi was 1.16, 1.14, and 0.55 eV
in urea synthesis, respectively. Therefore, a robust catalytic activity
towards urea electrosynthesis was achieved for CuNi due to the
broken continuous hydrogen adsorption sites, in which hydrogen
atom and NO;™ were prone to electrochemically adsorb on Ni and
Cu atoms.

4 Conclusions

In summary, we designed and synthesized CuNi alloy nanoparticles

As shown in Fig. 6(c), the width of d,._ . orbital was higher for encapsulated into nitrogen doped carbon nanotubes for
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Figure 6 (a) Density of state, (b) d-band center, and (c) d,. . orbital of Cu(111), Ni(111), and CuNi. (d) Comparison of AG;;. adsorption on different sites. ((e) and (f))
Comparison of COHP for CO,, NO;, and H on (e) Cu and (f) Ni atoms in CuNi. (g) Step diagrams of CuNi, Cu(111), and Ni(111) in the electrochemical synthesis of

urea from NO, and CO,.

electrochemical synthesis of urea. The introduction of Cu efficiently
hindered the continuous hydrogen adsorption sites, blocking Tafel
slope of HER; moreover, the adsorbed NO,/CO, on Cu atom
restrained the Heyrovsky step on Ni atoms via steric effect;
therefore, the competitive HER catalysis was well suppressed. More
importantly, the Cu sites adsorbed NO;™ favorably, contributing to a
robust catalytic activity toward urea electrosynthesis with Faradaic
efficiency of 33.6%. The in-situ Raman spectroscopy detected
Ni-H, Cu=C, and Cu-N bonds at 830, 689, and 414 cm™, strongly
witnessing the electrochemical adsorptions of hydrogen atom and
CO,/NO; on Ni and Cu, respectively. The COHP also suggested
the separative adsorption of hydrogen and CO,/NO,™ in CuNi alloy
structure, triggering a lowered energy barrier for C-N coupling.

Electronic Supplementary Material: Supplementary material
(TEM images of Ni-NCNT, cyclic voltammetry curves of Ni-
NCNT and CuNi-NCNT, and UV-vis spectroscopies of Ni-NCNT
and CuNi-NCNT) is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908834.
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