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Abstract
Carbon dioxide reduction reaction (CO2RR) is a promising technology for mitigating greenhouse gas
emission and achieving carbon neutrality. However, coupling CO2RR with other reactions to produce high
value-added chemicals remains a challenge. In this work, we report self-assembled nano�bers composed
of ultra-thin AuCu alloy nanowires possessing a Boerdijk-Coxeter structure with (111)-dominant facets for
the electrosynthesis of urea by coupling CO2RR with nitrite reduction reaction (NO2

−RR). The rich
structural defects and AuCu bimetallic alloy composition provide a large number of highly catalytically
active sites. The constructed AuCu nano�bers display excellent urea synthesis performance in the
electrolyte solution containing 0.01 M KNO2 with continuous drumming of CO2, achieving a high urea

yield rate of up to 3889.6 µg h− 1 mg− 1
cat. and a high Faraday e�ciency of 24.7% at -0.9 V. This work

provides a feasible method for the rational design of self-assembled bimetallic nano�bers for
electrosynthesis of urea under ambient conditions.

1. Introduction
Carbon dioxide (CO2) is one of the main gases that contribute to the greenhouse effect.1–5 With the rapid

consumption of fossil fuels, CO2 emissions will continue to increase.6–8 In addition, due to the
intervention of anthropogenic activities (industrial production emissions, over-fertilization), large amounts
of nitrogen pollutants (nitrite (NO2

−) and nitrate (NO3
−)) enter the ground to pollute water sources and

pose a potential threat to the environment and human health.9–13 Therefore, the simultaneous reduction
of CO2 and NOx

− to high value-added products is a renewable and economical promising approach.

Urea (CO(NH2)2) is an essential source of nitrogen for fertilizers and is widely applied as raw material for

pesticides and medicines.14–16 However, the traditional method of synthesizing urea requires to be
carried out under harsh conditions of high temperature and pressure and consumes large amounts of
fossil fuels.17,18 Therefore, much effort has been devoted to explore green and sustainable strategies for
urea synthesis.19–21 Recently, Wang and co-authors prepared urea by electrochemical method coupling
the N2 reduction reaction with the CO2 reduction reaction (CO2RR).22 Nevertheless, the limited solubility of
N2 in water and the high activation energy barrier of N ≡ N lead to a low urea yield rate (rurea) and the

corresponding poor Faraday e�ciency (FE). Compared with N2, the high solubility of NO2
− in water and

its low activation energy barrier make the utilization of NO2
− as a nitrogen source for electrochemical

reduction reaction coupled with CO2RR to produce urea is more attractive.23 For instance, Zhang and co-

authors synthesized urea by coupling CO2RR with NO2
− reduction reaction (NO2

−RR) on oxygen vacancy-

rich ZnO porous nanosheets.24 However, this strategy has parallel CO2RR and the NO2
−RR, which will

generate complex product distribution, thus reducing the FE of the urea and increasing the di�culty of
separating urea from the product.25,26 Therefore, the design and construction of electrocatalysts with
high catalytic activity and selectivity are essential for the electrochemical synthesis of urea.
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Cu-based catalysts have been proven to be highly e�cient electrocatalysts for driving CO2RR and

NO2
−RR, but achieving highly selective synthesis of urea remains challenging.27–32 The design and

preparation of Cu-based catalysts with unique morphology, structure, and composition is a feasible
approach to signi�cantly improve catalytic activity and selectivity.33–38 Considering from the aspect of
compositional engineering, alloying Cu with Au or other metals with high CO selectivity to CO2RR could
change the coordination structure and electronic structure of Cu atoms, enhance the adsorption and
activation of CO2, and increase the catalytic selectivity to reduce the types of products.39–41 From the
perspective of structural design, one-dimensional (1D) nanoarchitectures have unique structural features
such as anisotropy, high �exibility, high aspect ratio, and low aggregation, etc., which have wide
applications in the �eld of electrocatalysis.42–46 Among them, the construction of self-assembled
nano�bers by ultra�ne 1D nanowires could provide a large surface area, a large number of exposed
surface atomic active sites and excellent electron transport capacity. Despite the effort has been devoted
to the self-assembly of nanowire, until now there has been no simple and effective method to self-
assemble nanowires into nano�bers.47,48 Based on the above considerations, it is highly desired to
develop an effective strategy to prepare AuCu alloyed nano�brous catalysts for electrocatalytic coupling
of urea synthesis.

In this work, we successfully fabricate a novel type of AuCu self-assembled nano�bers (AuCu SANFs) for
the electrosynthesis of urea by coupling CO2RR with NO2

−RR. With the assistance of 4-aminopyridine,
AuCu nano�bers are self-assembled from AuCu ultra�ne nanowires with (111)-dominant facets and
Boerdijk-Coxeter structure. When used for electrochemical urea production, the prepared AuCu SANFs
exhibit excellent rurea (3889.6 µg h− 1 mg− 1

cat.) and high FE (24.7%) in electrolyte with continuous
drumming of CO2. The excellent urea synthesis activity and stability of AuCu SANFs could be attributed
to the 1D parallel nanowire �brous structure and AuCu bimetallic composition. This work provides an
effective strategy for the simple preparation of nano�brous structure and expands the application of
CO2RR to successfully prepare urea with high added value.

2. Results

2.1 Materials characterization
The preparation process of the AuCu SANFs is illustrated in Scheme 1. AuCu SANFs are self-assembled
from ultrathin AuCu alloy nanowires (AuCu NWs) with the assistance of 4-aminopyridine in a water bath
at 20°C. The morphology and microstructural of the AuCu SANFs are investigated by scanning electron
microscopy (SEM), high-angle annular dark-�eld scanning TEM (HAADF-STEM) and transmission
electron microscopy (TEM). The typical SEM image of the AuCu SANFs displays a 1D curved nano�bers
architecture with a high yield (Fig. 1a). HAADF-STEM and TEM images further con�rm the formation of
uniform anisotropic nano�brous structures, consistent with the SEM observation results (Figs. 1b and
1c). Focusing on a single 1D nano�ber it can be clearly observed that a nano�ber is self-assembled from
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numerous ultrathin nanowires parallel to each other (Fig. 1d). As revealed by the HAADF-STEM image
and the corresponding energy dispersive X-ray (EDX) elemental mapping, Au and Cu elements are
uniformly distributed in the nano�bers, supporting the formation of AuCu alloys (Fig. 1e-1f). The EDX
analysis of AuCu SANFs indicates the atomic ratio of Au/Cu is approximately 1/1 (Fig. S1).

The selected area electron diffraction (SAED) pattern strongly evidences the polycrystalline features of
the AuCu SANFs (Fig. 2a). The high-resolution TEM (HRTEM) images show an average diameter of 2.71 
± 0.02 nm for the individual nanowire with the lattice spacing (0.236 nm) is indexed to the (111) plane of
face-centered-cubic (fcc) AuCu alloy (Figs. 2b and 2c). Moreover, a representative set of HRTEM images
of the individual AuCu NW further reveal the domains of nanocrystal facets along the longitudinal
direction of the nanowire (Figs. 2d-2f). The average value of the lattice stripe spacing from the different
domains of AuCu NW is about 0.236 nm. Furthermore, AuCu NWs exhibit abundant twin boundaries (red
arrows), stacking faults (blue arrows) and atomic steps (circles), which could be used as high catalysis
active sites (Figs. 2d-2f). 49–51 More importantly, the individual AuCu NWs that make up the nano�bers
are all Boerdijk-Coxeter type helix (Fig. 2g) and mostly terminated by (111)-type planes. The obtained
Boerdijk-Coxeter type helix of AuCu NWs are similar to the helix that appears in Au52, AuPt47 and AuAg53

nanowires.

The X-ray diffraction (XRD) pattern is employed to investigate the crystal structure of the prepared
nano�bers. The XRD pattern of AuCu SANFs exhibits typical diffraction peaks of the metallic fcc
structure (Fig. S2). It is noteworthy that the diffraction peaks of AuCu SANFs in the XRD pattern are
located between the diffraction peaks of standard fcc Au (JCPDS-65-8601) and Cu (JCPDS-04-0836),
further indicating the formation of AuCu alloys. The surface electronic states and the chemical
composition of AuCu SANFs are further investigated by X-ray photoelectron spectroscopy (XPS). In the
XPS spectrum of Au 4f, the typical peaks with binding energies at 87.4 eV could be indexed to Au 4f5/2,
while that at 83.7 eV could be indexed to Au 4f7/2 (Fig. 3a). In the high-resolution Cu 2p XPS spectrum,
two major peaks at 951.3 eV and 931.6 eV could be assigned to Cu(0) 2p1/2 and Cu(0) 2p3/2, respectively
(Fig. 3b). The observed a low content of Cu(II) species appearing at 953.7 eV and 933.8 eV are attributed
to Cu(II) 2p1/2 and Cu(II) 2p3/2, probably owing to the oxidation of AuCu SANFs in air.40,54 In addition, the
peaks located at 962.1 eV and 942.5 eV could be corresponding to the satellite peaks of Cu 2p1/2 and Cu
2p3/2, respectively.

A series of controlled experiments are carried out to explore the mechanism of the formation of AuCu
SANFs. In the absence of 4-aminopyridine, irregularly agglomerated nanoparticles are formed, while the
excess of 4-aminopyridine causes the nano�bers to stack together (Fig. S3). 4-Aminopyridine acts as a
structure-directing agent in the synthesis system, and appropriate amount of 4-aminopyridine is essential
for the successful preparation of nano�bers. Replacing 4-aminopyridine with other structure-directing
agents (F127, DM970, PVP, CTAB) fails to form unique nano�bers (Fig. S4). As shown in Fig. S5, when AA
is replaced with more reductive reagents, the faster reduction rates lead to the formation of bimetallic
AuCu alloys with 1D nanowire structures. Nanowires with uneven thickness are obtained by using N2H4



Page 5/18

as a reducing agent (Fig. S5a). HCOOH as a reducing agent turns the prepared AuCu SANFs into a
mixture of nanoparticles and nanowires (Fig. S5b). The worm-like nanowires are obtained using the more
reducing NaBH4 (Fig. S5c). These results indicate that the choice of AA with moderate reducing kinetics
as a reducing agent is crucial for the formation of AuCu SANFs. Interestingly, we �nd that controlling the
reaction temperature could achieve self-assembly and disassembly of nano�bers (Fig. S6). With the
gradual increase of the reaction temperature, the nano�bers are gradually disassembled. When the
temperature is increased to 100°C, the nano�bers are completely disassembled into uniform 1D ultra�ne
nanowires (Fig. S6f). The results reveal that lower reaction temperature could slow down the reduction
ability of AA, which is more favorable to the formation of AuCu SANFs.

The potential formation mechanism of AuCu SANFs could be acquired from the results of the above
research. First, the metal precursors (HAuCl4, CuCl2) are rapidly adsorbed by 4-aminopyridine at 20°C.
After the addition of AA, the precursors are slowly reduced to Au and Cu atoms. As the reaction
progresses, the metal atoms form AuCu cores through Ostwald maturation assembly, which reduces the
total surface free energy in the system.55,56 Then, with the assistance of 4-aminopyridine, ultra�ne AuCu
NWs are formed by anisotropic epitaxial growth. Final, in order to minimize the total surface free energy,
the ultra�ne AuCu NWs with abundant structural defects undergo strong cohesive interactions when in
contact with each other and further self-assemble into AuCu SANFs under the constraint of 4-
aminopyridine.47

2.2 Electrocatalytic performances for CO2RR
AuCu SANFs were conducive to the adsorption and activation of the CO2, NO2

− species due to their 1D

self-assembled nano�ber structure and the synergistic effects between Au and Cu elements.30,39,57 Urea
electrosynthesis by coupling CO2RR with NO2

−RR was evaluated by the potentiostatic method using H-

type electrolytic cells at ambient temperature and pressure (Fig. S7). First, the CO2RR and NO2
−RR

properties of AuCu SANFs were investigated. Figure 4a shows the LSV curves of AuCu SANFs measured
in Ar-saturated and CO2-saturated 0.5 M KHCO3 solutions. It is obvious that the speci�c current densities
of AuCu SANFs in CO2-saturated 0.5 M KHCO3 solution is much higher than that in Ar-saturated 0.5 M
KHCO3 solution, indicating that an effective electrocatalytic CO2RR occurs on AuCu SANFs. Then, CO2 is

passed into the 0.5 M KHCO3 solution at a �ow rate of 20 mL min− 1 and electrolyzed at the selected
potential. All the curves have no signi�cantly change, indicating that the AuCu SANFs possess excellent
catalytic stability for CO2RR (Fig. S8). As shown in Fig. 4b, CO is the main product of CO2 reduction
occurring on AuCu SANFs, and the FE of CO (89.5%) reaches highest at -0.6 V. As the potential continues
to decrease, the FE of CO signi�cantly decreases due to the enhancement of the competing hydrogen
evolution reaction (HER). The partial current density corresponding to CO reaches − 3.8 mA cm− 2 at -0.6 V
and the H2 partial current density is -0.4 mA cm− 2, resulting in the FE of H2 only 10.5%, indicating the
AuCu SANFs have e�cient electrocatalytic reduction activity and selectivity for the conversion of CO2 to
CO (Figs. 4c and S9). The stability of the CO2 reduction for AuCu SANFs is investigated by long-term
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chronoamperometric measurement at -0.6 V for 20 h. The current density only slightly decays and the FE
of CO is almost unchanged, indicating that the AuCu SANFs still maintains high CO2RR activity after
long-term electrolysis (Fig. 4d).

2.3 Electrocatalytic performances for NO2
−RR

Subsequently, the NO2
−RR performance of the AuCu SANFs was investigated. Figure 5a shows the LSV

curves in the absence and addition of 0.01 M KNO2 in 0.5 M KHCO3 solution. Compared to the electrolyte

without NO2
−, the LSV curve in the presence of NO2

− shows a more positive onset potential and a larger

current density, indicating that the NO2
−RR occurs on the AuCu SANFs. Next, a chronoamperometry test is

carried out at the selected potential for 2 h to evaluate the electrocatalytic NO2
− performance of the AuCu

SANFs (Fig. S10). The absorption intensities of the remaining NO2
− and the generated NH3 are measured

using UV-Vis spectroscopy. The FE of NH3, NH3 yield rate (rNH3) and NH3 selectivity at the corresponding
potentials are calculated from the calibration curves (Figs. S11 and S12). The FE (78.7%) of NH3 for

AuCu SANFs reaches the highest value at -0.8 V, and the corresponding rNH3 also reaches 5254.1 µg h− 1

mg− 1
cat. (Figs. 5b and 5c). When the potential continues to decrease, the rNH3 continues to increase, but

the corresponding FE sharply decreases due to the competitive HER. In addition, the NH3 selectivity of the
AuCu SANFs reach 91%, and the by-product N2 selectivity is only 9% (Fig. 5d).

2.4 Electrochemical performances of the urea production
by coupling CO2RR with NO2

−RR
The AuCu SANFs were further used as a catalyst for the preparation of urea by coupling CO2RR with

NO2
−RR. The CO2 was continuously drummed into the 0.5 M KHCO3 solution containing 0.01 M KNO2.

Figure 6a shows the LSV curves with and without CO2, which observed that the AuCu SANFs have a
signi�cant current response to CO2RR. The chronoamperometry test was carried out at selected different
potentials for 2 h, and all the curves did not signi�cantly change, and the current density maintained
excellent stability (Fig. S13). The generated urea was decomposed into NH3 by urease.23,25 The
absorption intensity of NH3 converted from urea was measured by UV–Vis spectrophotometry, and the
concentration was further determined from the calibration curve (Fig. S14). The FE of urea for AuCu
SANFs reached the highest of 24.7% and the corresponding rurea was 3889.6 µg h− 1 mg− 1

cat. at -0.9 V

(Figs. 6b and 6c). It is comparable to the recently reported performance of ZnO-V porous nanosheets24,
lies between those of Te-Doped Pd Nanocrystal23 and oxygen vacancy-rich anatase TiO2

25. As the
potential further decreases, the FE of urea decreases due to enhanced side reactions. At the optimum
potential of -0.9 V, the FE of H2, NH3, N2 and CO were 16.4%, 10.1%, 4.6% and 42.7%, respectively (Fig. 6d).
The urea selectivity, by-product NH3 selectivity and N2 selectivity of the AuCu SANFs at -0.9 V were 62.7%,
25.5% and 11.8%, respectively (Fig. 6e). The electrocatalytic stability of the AuCu SANFs was evaluated
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by performing �ve continuous cycles at -0.9 V. The FE of urea and rurea remain almost unchanged after
the cycles, indicating that the AuCu SANFs have excellent catalytic stability for the preparation of urea
coupled by CO2RR and NO2

−RR (Fig. 6f).

A series of comparative experiments were performed to further con�rm that the urea generated originated
from CO2 reduction and NO2

− reduction and to eliminate the in�uence of environmental or impurities in
the reaction system on the measurement results (Figs. S15 and S16). As shown in Fig. S15, the FE of NH3

and the FE of CO under the CO2 + NO2
− condition are lower than those under the NO2

− condition and the
CO2 condition, respectively. Moreover, there is a signi�cant difference in FE at -0.9 V, indicating that urea
production probably is attributed to the consumption of CO and NH3. Under various conditions, urea was

produced only under CO2 + NO2
− conditions, indicating that the urea was indeed derived from both CO2

reduction and NO2
− reduction (Fig. S16). In addition, no urea was detected after replacing CO2 with CO or

NO2
− with NH4

+, suggesting that urea formation originated from intermediates prior to the formation of
CO and NH3 (Fig. S16). Based on the above results, a possible mechanism of urea electrosynthesis was

proposed (Fig. S17). CO2 could be reduced to CO* intermediates (Eq. 1) and NO2
− could be reduced to

NH2* precursors (Eq. 2) on the AuCu SANFs. Subsequently, the NH2* precursors were coupled to the CO*
intermediates via a tandem reaction pathway, thereby being converted into urea (Eq. 3).

AuCu SANFs exhibit enhanced electrocatalytic activity and excellent stability, which could be attributed to
the following reasons: (1) AuCu SANFs are composed of unique 1D AuCu NWs arranged in parallel with
anisotropic and high surface area characteristics, which enhance the utilization of Au atoms and Cu
atoms, accelerate electron transport and could effectively avoid agglomeration and dissolution of
catalysts. Furthermore, the 1D AuCu NWs constituting AuCu SANFs have a large number of structural
defects (twin boundaries, stacking faults and atomic steps) acting as active centers for catalysis.49–51, 58

(2) AuCu SANFs have a Boerdijk-Coxeter structure with parallel bundles (111)-dominant facets in different
orientations, which could generate lattice strain and modulate the electronic structure, thus contributing
to enhanced electrocatalytic performance.47,59 (3) The bimetallic composition is also essential for the
excellent electrocatalytic activity and stability of the AuCu SANFs. AuCu alloying could modulate the
coordination state and electronic structure of Au and Cu39,40, which facilitates the adsorption and
activation of reactants (CO2, NO2

−), thus promoting the electrocatalytic coupling to produce urea.

3. Discussion
In summary, AuCu SANFs with high-quality 1D nano�ber structure have been successfully prepared in 4-
aminopyridine solution by a one-pot chemical reduction method and tested as an e�cient catalyst for
coupling CO2RR with NO2

−RR to prepare urea. AuCu SANFs are self-assembled by Boerdijk-Coxeter
structural AuCu alloy nanowires with (111)-dominant facets. Integrating the advantages of 1D rich defect
structure, (111) facet dominance, and bimetallic composition synergistic enhancement effect, the
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resultant AuCu SANFs achieve a rurea of 3889.6 µg h− 1 mg− 1
cat. with a corresponding FE of 24.7% at -0.8

V and excellent stability. This work not only provides a feasible approach for constructing nano�ber
structure, but also promotes the investigation of electrochemical synthesis of urea under environmental
conditions.

4. Methods

4.1. Materials and chemicals
HAuCl4, Pluronic F127 (PEO100PPO65PEO100), Na�on solution (5 wt%) and Na�on 117 membrane were
received from Sigma-Aldrich. CuCl2, 4-aminopyridine, Poly(vinylpyrrolidone) (PVP, MW = 58000),
N2H4·H2O, hexadecyl trimethyl ammonium bromide (CTAB), DM-970 ((C2H4O)n·C24H42O·C15H24O),
NaBH4, KHCO3, NH4HCO3, sodium hydroxide (NaOH), salicylic acid, trisodium citrate dihydrate, sodium
hypochlorite solution (NaClO), sodium nitroprusside, p-aminobenzenesulfonamide, N-(1-Naphthyl)
ethylenediamine dihydrochloride, and urease were ordered from Aladdin. HCl, HCOOH, phosphoric acid,
and ethanol were purchased from Beijing Chemical Works.

4.2. Synthesis of the AuCu SANFs
First, 47 mg of 4-aminopyridine was ultrasonically dissolved in 7 mL of deionized water. Second, 1 mL of
HAuCl4 (20 mM) and 1 mL of CuCl2 (20 mM) were quickly added to the above solution and placed in a
water bath at 20 ℃. Third, 1 mL of AA (0.1 M) was quickly injected into the mixed solution and left for 10
minutes. Finally, the product was cooled at room temperature and washed 3 times with water and ethanol
alternately, and dried under vacuum at 60 ℃.
Data availability

Source data to generate Figures and tables are available from the corresponding authors upon
reasonable request.
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Figure 1

(a) SEM, (b) HAADF-STEM and (c and d) TEM images of the AuCu SANFs. (e) HAADF-STEM image and (f
and g) EDS mapping images of the AuCu SANFs.
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Figure 2

(a) SAED and (b) HRTEM images of the AuCu SANFs. (c-f) HRTEM images of several individual AuCu
nanowire, and (g) a model illustration of the Boerdijk–Coxeter type helical nanowire. The insets in (b)
display the lattice fringes of the square region and corresponding FFT pattern.
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Figure 3

XPS spectra of the (a) Au 4f, and (b) Cu 2p peaks of the AuCu SANFs.

Figure 4
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(a) LSV curves of the AuCu SANFs in an Ar-saturated and a CO2-saturated 0.5 M KHCO3 solution. (b) CO
Faradaic e�ciency for the AuCu SANFs examined with different applied potentials. (c) The corresponding
CO partial current density. (d) The stability test conducted at -0.6 V for the AuCu SANFs.

Figure 5

(a) LSV curves of the AuCu SANFs in 0.5 M KHCO3 solution without or with 0.01 M KNO2. (b) NH3
Faradaic e�ciency and (c) NH3 yield rate for the AuCu SANFs examined with different applied potentials.
(d) Selectivity of NH3 and N2 of the AuCu SANFs at -0.8 V for 2 h.
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Figure 6

(a) LSV curves of the AuCu SANFs in 0.5 M KHCO3 + 0.01 M KNO2 solution without or with CO2. (b) Urea
Faradaic e�ciency and (c) urea yield rate for the AuCu SANFs examined with different applied potentials.
(d) Faradaic e�ciency for different products over the AuCu SANFs at -0.9 V. (e) Selectivity of NH3, urea
and N2 of the AuCu SANFs at -0.9 V for 2 h. (f) Urea Faradaic e�ciency and yield rate over the AuCu
SANFs during 5 continuous cycles.
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