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a b s t r a c t

Urea plays a vital role in the sustainable development of mankind as it is one of the most important

nitrogen fertilizers. Conventional synthesis of urea is accompanied by a high level of energy consumption

while electrocatalytic methods suffer from low yields and poor selectivity. Our work achieves efficient

synthesis of urea by designing the graphene-In2O3 electrocatalysts for the co-activated reduction of ni-

trate and carbon dioxide, where the formation rate of urea, Faraday efficiency (FE) and carbon selectivity

at -0.35V vs. RHE can reach 357.47 μg mg−1 h−1, 10.46% and ∼100%, respectively. Herein, the key interme-

diates in the C–N coupling reaction are demonstrated to be ∗NH2 and ∗CO2, which is of novelty compared

to previous reports. This work may provide inspiration for subsequent studies on the reaction mechanism

of the electrochemical synthesis of urea, as well as theoretical guidance for the sustainable synthesis of

some other important chemical substances.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The environmental problems caused by massive CO2 emissions

have forced the implementation of “carbon neutrality” [1], and

with the call of the goal of “carbon neutrality”, the resourceful use

of CO2 (e.g., conversion into higher value-added fuels, vital indus-

trial feedstock or other chemicals) has become an area of great

significance in sustainable development strategies [2,3]. As an in-

dispensable nitrogen fertiliser, urea is essential to meet the needs

of a growing population. However, the traditional industrial syn-

thesis of urea requires extremely harsh conditions (N2 +H2 →NH3,

150–350bar, 350–550 °C, followed by NH3 +CO2 →CO(NH2)2, 150–

250bar, 150–200 °C), which is contrary to the aim of energy saving

and emission reduction. Therefore, a new method of urea synthe-

sis by electrocatalytic C–N coupling has emerged, and the employ-

ment of CO2 as the carbon source for the formation of C–N bond

is undoubtedly the best choice [4]. Recently, D.B. Kayan et al. re-

alized the co-reduction of N2 and CO2 at ultra-low potentials of

−0.165V using the polyaniline (PAni) and polypyrrole (PPy) coated

platinum electrodes, and the main products obtained were urea,

ammonia and formic acid [5]; Wang et al. used PdCu/TiO2 as an

electrocatalyst to directly couple CO2 and N2 to produce urea un-
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der environmental conditions [6], which achieved a high urea for-

mation rate of 3.36mmol g−1 h−1 and a considerable FE of 8.92%;

Zhang et al. successfully achieved high-efficiency synthesis of urea

(the formation rate and FE were 4.94mmol h−1 g−1 and 17.18%, re-

spectively) through the co-activated reduction of N2 and CO2 on

BiFeO3/BiVO4 p-n heterojunction electrocatalysts [7]. Considering

that the wastewater discharged by many industries often contains

a large amount of NO3
−/NO2

−, if they are used as the nitrogen

source for the preparation of urea by C–N coupling reaction, this

could theoretically not only reduce the cost of raw materials, but

also incidentally solve environmental problems such as eutrophi-

cation in water bodies. In such circumstances, the NO3
−/NO2

− re-

duction reaction (NO3
−/NO2

− RR) immediately attracted the atten-

tion of researchers [8]. As early as decades ago, M. Shibata et al.

had discovered that the product of C–N coupling by co-reduction

of CO2 and NO3
− or NO2

− was urea [9–12]. And lately, Yu and co-

workers attained urea production by electrochemically coupling ni-

trate with carbon dioxide on In(OH)3, high average yield (533.1 μg

h−1 mg−1), high FE (53.4%) and high selectivity (C/N-selectivity of

∼100%/82.9%) were achieved at −0.6V vs. RHE [13]; Zhang and co-

workers prepared a self-supported oxygen vacancy-rich zinc oxide

(ZnO-V) porous nanosheets as high performance electrocatalyst for

the synthesis of urea from CO2 and NO2
−, which achieved a FE of

23.26% at −0.79V vs. RHE [14]; Geng and co-workers successfully
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Fig. 1. XRD patterns of graphene-In2O3, graphene and In2O3.

converted CO2 and NO3
− to urea using a symbiotic graphitic car-

bon encapsulated amorphous iron and iron oxide nanoparticles on

carbon nanotubes (Fe(a)@C-Fe3O4/CNTs) with a FE of 16.5% ± 6.1%,

and urea yield of 1341.3± 112.6 μg h−1 mgcat
−1 [15]. Nevertheless,

the successful application of the available research results to in-

dustrial production requires additional efforts due to several rea-

sons: (1) The rate of urea yield and selectivity need to be further

improved; (2) The seeking of active sites for C–N coupling reac-

tions and the suppression of competitive hydrogen evolution reac-

tion (HER) remains a challenge; (3) The mechanism of electrocat-

alytic production of urea is not yet clear, which makes it difficult to

theoretically guide the synthesis of high-efficiency catalysts [4,13].

Compared to currently available methods in industry, the elec-

trocatalytic co-reduction of CO2 and NO3
− for the synthesis of

urea has economic and environmental advantages and is more in

line with the requirements of sustainable development: (1) Wide

source of raw materials (CO2-fossil fuel combustion, NO3
−- indus-

trial waste water discharge). It is a win-win strategy for both the

environment and the economy by turning waste into treasure and

reducing environmental pressure simultaneously; (2) The reaction

requires no high temperature or pressure and can be completed at

room temperature, which is an energy-saving strategy. The Haber-

Bosch process consumes 2% of the world’s energy, and approxi-

mately 80% of the ammonia synthesized by this process is used

in the synthesis of urea.

Hereby, the graphene-In2O3 electrocatalysts were meticulously

designed and synthesized for the co-activation reduction of CO2

and NO3
− to generate urea with high efficiency. On the one hand,

graphene acts as a support and has an excellent dispersion effect

to the In2O3 nanoparticles, allowing more exposure of the active

sites, which maximizes the intrinsic activity of In2O3. On the other

hand, experiments and theoretical calculations together reveal that

the key intermediates in the C–N coupling reaction here are most

likely to be ∗NH2 and ∗CO2, between which the coupling reac-

tion has a rather low activation energy barrier of 0.12 eV and is

a thermodynamically spontaneous exothermic process. As a result,

graphene-In2O3 exhibits superior electrocatalytic performance for

the generation of urea. This work provides a revelation for sub-

sequent researches that the mechanism of C–N coupling reactions

may not be uniformly absolute, and may be flexible depending on

the catalysts.

The cubic phase In2O3 with space group of la-3 (206) (a = b =
c = 10.118 Å, Z = 16) were prepared by hydrothermal method and

subsequent calcination [16]. As shown in Fig. 1, the X-ray diffrac-

tion pattern (XRD) of the prepared In2O3 is completely consistent

with the standard card result (JCPDS No. 06–0416), and no other

impurity peaks are observed. The cell parameters of In2O3 were

calculated as a = b = c = 10.079 Å according to the measured

XRD data, which is in agreement with the theoretical values and

again demonstrates the high purity of the prepared In2O3 [17]. Af-

ter the introduction of graphene (graphene-In2O3, graphene sheets

were used as the catalyst supports), the XRD pattern of the sam-

ple shows only two additional C-peak as expected (marked by red

hearts in Fig. 1), and the energy dispersive spectrum (EDS) in Fig.

S2 (Supporting information) also demonstrates the successful syn-

thesis of graphene-In2O3 (where Cu, Si, and some of C originate

from the substrate). In particular, the characterization results of

scanning electron microscopy (SEM) in Fig. 2a and Figs. S3b and

c (Supporting information) reveal that the In2O3 nanoparticles are

uniformly loaded on the graphene sheets.

Transmission electron microscopy (TEM) characterizations were

used to further dissect the microstructure of graphene-In2O3, for

which the images of TEM, high magnification TEM, nanoparticle

distribution, high-resolution TEM (HRTEM) and selected area elec-

tron diffraction (SAED) are shown in Figs. 2b-f, respectively. Ob-

servationally, In2O3 nanoparticles with an average particle size of

17.8 nm (Figs. 2c and d) are indeed homogeneously loaded on

graphene sheets (Figs. 2a and b). The HRTEM (Fig. 2e) collected

on the sample surface (the area circled with a red box in Fig. 2c)

shows lattice stripes in three directions with lattice spacing of d

= 0.292, 0.253 and 0.179nm (Fig. S4b in Supporting information),

which correspond to the (111), (100) and (110) crystal planes of cu-

bic phase In2O3, respectively. The exposed facets of red box area

were also investigated by SAED (Fig. 2f), and the circular sym-

metrical SAED pattern consistently shows relatively clear diffrac-

tion rings of (111), (100) and (110) lattice planes of In2O3 (Fig. 2f).

Meanwhile, the relevant elemental mapping analysis was carried

out (Fig. S4a in Supporting information) and the distribution of C,

In and O is relatively homogeneous, which also provides a support

for the aforementioned conclusion that the In2O3 nanoparticles are

uniformly loaded on graphene.

TG analysis was performed (50–600 °C) to investigate the ther-

mal stability of graphene-In2O3 (Fig. S5 in Supporting information).

The minor mass loss below 100 °C is due to the release of adsorbed

water and the mass loss from 100 °C to 200 °C is mainly due to

the pyrolysis of the oxygen containing groups. Subsequently, the

weight loss slows down and becomes constant as the temperature

continued to rise, indicating that the samples are thermally stable.

Fig. S6 (Supporting information) displays the nitrogen gas adsorp-

tion isotherms of graphene and graphene-In2O3 (Fig. S6a), together

with the corresponding pore size distribution (Fig. S6b). The BET

specific surface area of graphene-In2O3 is 27.60 m2/g, which is sig-

nificantly larger than that of In2O3 (8.82 m2/g). Graphene-In2O3

displays exactly the same type of isotherm with graphene, indicat-

ing that their pore size distributions are close to each other. Cor-

respondingly, both graphene and graphene-In2O3 show mesopores

in the range of 2–50nm.

X-ray photoelectron spectroscopy (XPS) characterization was

performed to further understand the surface chemical state of

graphene-In2O3. The survey spectra of graphene&In2O3 (denotes

a physical mixture of graphene and In2O3), graphene, graphene-

In2O3 and In2O3 show no impurity peaks other than In, O, and

C (Fig. S7 in Supporting information). Fig. 3a shows the high-

resolution XPS spectra of In 3d core-level, two peaks at 444.4 and

452eV are well-observed, which can be explained by the char-

acteristic spin-orbit split 3d5/2 and 3d3/2, respectively, indicating

the In3+ state [18,19]. A slight upward shift in the binding energy

of In to 444.72 and 452.32 eV can be observed in the graphene-

In2O3 structure. In the meantime, the binding energies of O shift

slightly downward from 531.48 eV to 529.9 eV (where the peak at

high binding energy of 531.48 eV corresponds to the oxygen vacan-
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Fig. 2. (a) SEM, (b) TEM, (c) high-magnification TEM, (d) nanoparticle distribution, (e) HRTEM and (f) SAED images of graphene-In2O3.

Fig. 3. High-resolution spectra of (a) In 3d and (b) O 1s.

cies in the matrix of metal oxide and the peak at low binding en-

ergy of 529.9 eV is attributed to the oxygen bond of In-O-In [20])

to 531.2 and 529.62 eV (Fig. 3b). It has been shown that the num-

ber of oxygen vacancies here is very small and does not contribute

significantly to the properties of the material (Figs. S8 and S9 in

Supporting information). In addition, the peak at 533.2 eV of the

graphene sample is attributed to hydroxyl oxygen on its surface

[21]. High-resolution spectra of C 1s of graphene-In2O3, graphene

and graphene & In2O3 were fitted to identify the carbon binding

states (Fig. S10 in Supporting information), and four fitted peaks at

284.2, 284.8, 286.1 and 290.6 eV are obtained for all three samples,

which are attributed to C–C, C=O, C–O and π-π ∗ interactions, re-

spectively [22].

The Fourier transform infrared spectrum (FTIR) results are

shown in Fig. S11 (Supporting information), several peaks in the

range of 1650–1500 cm−1 together with 2800–2900 cm−1 are clas-

sified as the adsorbed water molecules; two peaks around 2300

cm−1 are attributed to the intercalated CO2 and the peak around

3400 cm−1 are caused by the O–H stretching vibrations [23]. While

the presence of an absorption peak observed in the medium fre-

quency area at 1045.42 cm−1 can be attributed to the stretching

vibration of C–O bonds [21]. The peaks in the range of 600–400

cm−1 corresponding to the In-O phonon vibration are observed,

which is the characteristic peak of the cubic In2O3 [23,24]. Notice-

ably, both samples have three peaks at 540.06, 563.21 and 597.93

cm−1, where 540.06 cm−1 is caused by In-O stretching vibrations

and 563.21 as well as 597.93 cm−1 are attributed to bending vi-

brations of In-O [16,25]. Interestingly, the introduction of graphene

resulted in two additional peaks (408.91 and 428.19 cm−1) in the

infrared spectrum of the sample attributed to the bending vibra-

tions of In-O [24], indicating that In2O3 was successfully immo-

bilised on graphene, which explains the good dispersion of In2O3

on the graphene surface to a certain extent. Worthwhile, the In2O3

nanoparticles are anchored by In-O (surface O of graphene) rather

than In-C (not detected), which together with the XPS results (O

and In shifted respectively in the direction of low/high binding

energies, while the binding energy of C showed no significant

shift) suggests a weak electronic interaction between In2O3 and

graphene. The Raman test was also performed (Fig. S12 in Sup-

porting information), both samples show five peaks at 138, 314,

373, 503 and 635 cm−1, which are considered to be typical spec-

trum of cubic In2O3 [18,26]. Of all the peaks, the peak at 138 and

373 cm−1 are individually attributed to the In-O vibration of InO6

structural units and the stretching vibrations of In-O-In, the peak

at 314 and 503/635 cm−1 are usually interpreted as the bend-

ing vibration δ(InO6) and the stretching vibrations ν(InO6) of oc-

tahedrons, respectively [27–29]. Obviously, after the introduction

of graphene, the In-O vibration is significantly enhanced, which is

consistent with the results of FTIR.

The performance of electrocatalytic urea synthesis of graphene-

In2O3 was investigated in a gas-tight H-type electrolytic cell reac-

tor using the Chrono-amperometry (CA) method at a range of fixed

potentials (−0.15 ∼ −0.55V vs. RHE) in a mixed electrolyte of 5mL

0.1mol/L KNO3 and 15mL 0.1mol/L KHCO3 with a continuous feed

of CO2 (see Methods in Supporting information). The quantifica-

tion of each species was carried out by on-line gas chromatogra-

phy (e.g., CO and H2) [19]. or the colorimetric methods (e.g., urea,

NH3, and NO2
−) (Figs. S13-S15 and Methods in Supporting infor-
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Fig. 4. (a) Urea yields and (b) FE at different potentials (−0.15 ∼ −0.55V vs. RHE) in a mixed electrolyte of 5mL 0.1mol/L KNO3 and 15mL 0.1mol/L KHCO3 with a continuous

feed of CO2. (c)
1H NMR spectra of electrolyte before and after electrolysis performance. (d) The FE for each product at different potentials (−0.15 ∼ −0.55V vs. RHE).

mation) [30]. The UV–vis spectrum as well as CA results (diacetyl-

monoxime method) for electrocatalytic urea synthesis (three times

in all) are shown in Fig. S16 (Supporting information), where it

can be noticed that a double peak phenomenon is evident com-

pared to the standard peak (Fig. S13). According to the literature,

this is most likely caused by the presence of NO2
−, which not only

distorts the peak but also brings about false positives. On the one

hand, pure NO2
− treated by the diacetylmonoxime method gives

spectral results similar to those of urea; on the other hand, NO2
−

in coexistence with urea significantly increases the intensity of the

spectrum of urea (Fig. S17 in Supporting information) [31]. Thus

we used the urease method for a more accurate determination of

urea concentration (Fig. S18 and Methods in Supporting informa-

tion). Conspicuously, the average formation rate of urea and the FE

reach the optimal values at −0.35V vs. RHE, which are 357.47μg

mg−1 h−1 and 10.46%, respectively (Figs. 4a and b). It is noteworthy

that the formation rate and FE only start to deteriorate slowly af-

ter six successive runs at the optimum potential (Figs. S19 and S20

in Supporting information). A long-term CA test (Fig. S21 in Sup-

porting information) was also performed and the graphene-In2O3

is found to remain relative stability over a period of 40h, as evi-

denced by the XRD and SEM results before and after the tests (Figs.

S22 and S23 in Supporting information).

The 1H NMR signals of the electrolyte before and after the elec-

trocatalytic reaction suggests that urea is indeed produced by the

electrocatalytic co-reduction of CO2 and NO3
− (Fig. 4c). In addition

to NH3, the NO2
− by-product derived from NO3

− were also identi-

fied (Figs. S24 and S25 in Supporting information), along with H2

production detected by gas chromatography (GC), and no other by-

products (e.g., NH2OH, CO, N2) (Fig. S26 in Supporting information)

were produced as probed by on-line gas chromatography and col-

orimetric methods. Based on the above results, the FE of each de-

tected electrocatalytic product at different potentials is shown in

Fig. 4d.

To further investigate the sources of elemental N and C in urea,

a series of controlled experiments were carried out (Fig. S27 in

Supporting information), and urea is found to be undetectable in

the absence of either NO3
− or HCO3

−. Furthermore, the isotope-

labeling electrocatalysis experiments were also performed in a

mixed electrolyte of 5mL 0.1mol/L K15NO3 and 15mL 0.1mol/L

KHCO3 with a continuous feed of CO2, and the peaks of 15N-

labelled urea and NH3 were detected in the 1H NMR spectrum (Fig.

S28 in Supporting information). Hence, the origin of C and N el-

ements in urea are indeed derived from NO3
− and HCO3

−. Next,
comparative experiments were launched based on the desire to

understand the characteristics of the catalyst. Firstly, a verification

experiment that carbon paper alone has no catalytic activity was

performed (Fig. S29 in Supporting information), then the catalytic

performance of graphene, In2O3, graphene-In2O3 and graphene &

In2O3 for urea synthesis at −0.35V vs. RHE in a mixed electrolyte

of 5mL 0.1mol/L KNO3 and 15mL 0.1mol/L KHCO3 with a con-

tinuous feed of CO2 were investigated (Fig. S30 in Supporting in-

formation). Notably, the activity of graphene-In2O3 is much bet-

ter than the other three for the electrocatalytic synthesis of urea,

whereas In2O3 alone has observable activity and graphene alone is

inactive. Considering the function of graphene as a promising car-

rier material that can improve the utilization of materials by in-

creasing the specific surface area and dispersibility of the catalyst

[32], together with the previous XPS discussion, it can be specu-

lated that graphene enhances the activity of In2O3 mainly by ho-

mogeneous dispersion. However, the role of electron modulation

cannot be completely ruled out. For this purpose, a comparative

experiment was carried out to verify the speculated conclusions,

and similar XPS results were obtained (Figs. S31-S36 in Supporting

information) by replacing graphene with graphite (as evidenced by

peak shifts in the high-resolution spectra of In 3d and O 1s), while

graphite-In2O3 exhibits poorer catalytic performance due to the

agglomeration of In2O3, which further illustrates that the graphene

in graphene-In2O3 primarily exhibit the function of support and

dispersant, thereby improving the adsorption behavior of the ac-

tive sites in the electrocatalytic synthesis of urea. Additionally, the

SEM results in Fig. S3 (Supporting information) also provide sup-

port for this conclusion. As shown in Fig. S3a, the separate In2O3

nanoparticles are heavily agglomerated, which greatly reduced the
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Fig. 5. Two possible urea synthesis paths from CO2 and NO3
− on graphene-In2O3

speculated by the experimental results and available literatures.

exposure of the active sites, resulting in low catalytic activity (crys-

tals with smaller particle size tend to have larger surface energy,

and in the absence of dispersing carrier, crystals with smaller par-

ticle sizes tend to aggregate, resulting in the occurrence of ag-

glomeration). For graphene&In2O3, instead of being properly dis-

persed, the In2O3 are partially encapsulated by graphene (Figs. S3a

and d), which further weakens the activity of the catalyst. Overall,

graphene enhances catalytic activity by homogeneously dispersing

In2O3 to increase the exposure of active sites, where the dispersion

effect plays a key role.

Subsequently, the mechanism of the C–N coupling reaction

over graphene-In2O3 catalysts has been analysed. Various cou-

pling mechanisms have been reported, such as ∗CO+ ∗NH2,
∗COOH+ ∗NH2,

∗CO2 + ∗NO2 and ∗CO+ ∗N2 [12–17]. Worthwhile,

NO2
− and NH3 were detected in this work (Fig. 4d, Figs.

S18 and 24), while no CO, N2 and NH2OH (Fig. S26) were

detected during the entire reaction. In addition, the elec-

trochemical reaction of NO3
− to NH3 was represented by

∗NO3
−→ ∗NO2 → ∗NO→ ∗N→ ∗NH→ ∗NH2 → ∗NH3 or ∗NO3

−→
∗NO2 → ∗NO→ ∗NOH→ ∗HNOH→ ∗NH2OH→ ∗NH2 → ∗NH3 accord-

ing to some previous reports [8,33-35]. Since no production of

NH2OH and CO were detected in the experiment, two possible

reaction pathways are tentatively assumed from above analysis

and available literatures [1,8,13,36], either NO3
− is first reduced to

NO2
− and further reduced to produce the key intermediate ∗NH2,

which coupled directly with ∗CO2 to produce urea and the remain-

der combines with ∗H to produce NH3, or the ∗NO2 obtained from

the reduction of NO3
− coupled directly with ∗CO2 to produce urea

(Fig. 5).

Next, density functional theory (DFT) calculations were per-

formed to further identify which of the inferred reaction mecha-

nisms is responsible for the C–N coupling reaction on graphene-

In2O3 electrocatalysis, and In2O3 (111) slab was modeled and cal-

culated based on experimental and optimal adsorption configura-

tion (Figs. 1 and 2e, Table S1 in Supporting information). The judg-

mental steps for urea production in the two alternative pathways

are the coupling of ∗CO2 with ∗NH2 or ∗NO2, and the energies of

their initial, final and transition states were separately calculated.

Fig. 6 shows separately the energy barriers in the C–N coupling

pathways for the key intermediates and the corresponding transi-

tion state structures, the coupling reactions of ∗CO2 with ∗NH2 or
∗NO2 are both thermodynamically spontaneous processes with ac-

companying heat release values of −0.81 eV and −0.31 eV respec-

tively. And the significant difference is reflected in the fact that the
∗CO2 + ∗NH2 →∗CO2NH2 has a fairly low activation energy barrier

of just 0.12 eV, while ∗CO2 + ∗NO2 → ∗CO2NO2 has an activation en-

ergy barrier of 0.48 eV, implying the possibility of direct coupling

of ∗CO2 with ∗NH2 to produce urea over graphene-In2O3 catalysts

is far more likely than that of ∗CO2 with ∗NO2.

In order to demonstrate that ∗NH2 is the most probable key in-

termediate of the coupling reaction, a series of calculations were

Fig. 6. (a) Energy barriers in the C–N coupling pathway of key intermediates. (b)

The transition state structure for the ∗CO2 and ∗NH2 or ∗CO2 and ∗NO2 coupling.

carried out. As shown in Figs. S37 and S38 (Supporting informa-

tion), the energy barrier for direct coupling of ∗CO2 with ∗NOOH,
∗NO, ∗NOH, ∗N and ∗NH are respectively 0.38, 0.28, 0.24, 0.19 and

0.15 eV, which are all higher than that of ∗NH2 (0.12 eV), so CO2

should preferentially couple to NH2. Summarily, the C–N coupling

reaction is more easily achieved in the ∗CO2 + ∗NH2 → ∗CO2NH2

process, i.e., here ∗CO2 and ∗NH2 act as key intermediates are cou-

pled directly, a coupling mechanism that has not been reported

previously. And the possible reaction pathway for co-reduction of

carbon dioxide and nitrate to urea on graphene-In2O3 is proposed

and illustrated in Fig. S39 (Supporting information). Thus, in com-

bination with the experimental results of this work and what has

been reported, we suggest that the key intermediates and reaction

mechanisms for the C–N coupling reaction may vary flexibly with

the catalysts.

In general, an eco-friendly and sustainable route for the high-

efficiency production of urea has been developed in this work,

and the designed graphene-loaded catalyst (graphene-In2O3) ex-

hibits superior electrocatalytic performance for the generation of

urea, with formation rate of 357.47μg mg−1 h−1 and FE of 10.46%

at −0.35V vs. RHE. The functionality of graphene introduced dur-

ing the catalyst synthesis has been analysed with the advantage

of TEM and XPS based on a series of comparative experiments

that were carried out, and the vigorous enhancement of the cat-

alytic activity of In2O3 is primarily related to the dispersion ef-

fect of graphene, which fully exposes the active site of In2O3, fa-

cilitating the adsorption of CO2 and the reduction of NO3
−, accel-

erating the electrocatalytic kinetics and promoting the formation

of C–N bonds. Theoretical calculations and experiments synergisti-

cally demonstrate that the direct coupling of ∗CO2 and ∗NH2 in the

C–N coupling reaction here possess an ultra-low energy barrier of

0.12 eV This work achieves a new way of thinking about the poten-

tial flexibility of key intermediates and reaction paths with changes

in catalysts, which will be instructive for subsequent researches on

electrocatalytic C–N coupling of urea and other important chemi-

cals.
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