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H I G H L I G H T S    

• 1. AuNi alloy with positive charged Ni 
center were synthesized on electro-
spun CNFs. 

• 2. AuNi with enhanced electronic in-
teraction caused by the electron 
withdrawal from Au. 

• 3. AuNi alloy exhibits a high CO se-
lectivity with CO Faradaic efficiency 
of 92%.  

• 4. AuNi alloy make the d-band center 
more positive and reduce the free en-
ergy barrier.  

• 5. In situ technologies reveal the phase 
evolution and active sites for CO2 re-
duction. 

G R A P H I C A L  A B S T R A C T   

A concept of atom-polymer hybridization to design homogeneous AuNi solid-solution alloy nanoparticles with 
positively charged Ni center supported on electrospun carbon nanofibers as highly efficient CO2RR catalysts 
have been demonstrated.  
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A B S T R A C T   

Designing bimetallic electrocatalysts with homogenous element distribution and tunable electronic structure is 
attractive strategy to enhance the CO selectivity in electrochemical carbon dioxide reduction reaction (CO2RR). 
Herein, we report a concept of atom-polymer hybridization to synthesize AuNi homogeneous solid-solution alloy 
nanoparticles (NPs) with positively charged Ni center supported on electrospun carbon nanofibers (CNFs). The 
nanofibers host can strong restrict the separated growth of Au and Ni nanoclusters during the directly graphi-
tization process, leading to the formation of homogeneous AuNi alloy. In-situ characterizations reveal the for-
mation process and phase evolution of the AuNi alloy during the carbonization. The positively charged Ni when 
alloying with Au lead to the enhanced local electronic structure on AuNi homogeneous solid-solution alloy due 
to the electron-withdrawal effect of nearby Au atoms. The AuNi homogeneous solid-solution alloy exhibits a high 
CO selectivity with an optimal CO Faradaic efficiency (FECO) of 92% at −0.98 V (vs. RHE). Theoretical cal-
culations indicate that the incorporation of Ni into Au can make the d-band center more positive and reduce the 
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free energy barrier for the CO2 activation into *COOH and *CO desorption. Operando Raman spectroscopy 
provides the evidences that AuNi homogeneous solid-solution alloy can facilitate the activation of CO2 into 
*COOH and enhance the interaction between *COOH and AuNi (111) due to the change of electronic structure.   

1. Introduction 

The electrochemical reduction of carbon dioxide (CO2RR) into 
value-added carbon products in aqueous electrolyte is a green and 
promising approach for energy conversion and carbon recycling [1,2]. 
Despite many efforts devoted to catalyst development, the competitive 
hydrogen evolution reaction (HER), multiple electron and proton 
transfer, excessive overpotentials, and poor selectivity in various pro-
ducts are still the major hurdles for further development of CO2RR  
[3,4]. Hence, robust catalysts with high activity and particularly high 
selectivity for CO2RR are highly desirable. Among the various target 
products, carbon oxide (CO) is regarded as significant product due to its 
important role as feedstock in chemical industry processes [5–8]. Noble 
metal (Au, Ag and Pd) [9–11] and transition metal (Ni, Sn and Fe)  
[3,12–14] and their alloy [10,12,15] have been widely used as CO2RR 
electrocatalysts to obtain the CO products. However, the huge energy 
barrier for the activation of CO2 on bimetallic alloy catalysts along with 
the inappropriate binding energy with CO2RR intermediates and the 
inevitable HER in aqueous electrolytes resulting in the low Faradaic 
efficiency (FE) of CO (FECO  <  50%) [16,17]. 

Alloying is a favorable strategy to enhance the activity of CO2 re-
duction to CO on Au catalysts by optimizing the active sites for CO2RR 
via the synergistic alloying effects including compositional effect  
[10,12], structural effect [12] and strain effect [15]. To our best 
knowledge, significant advances on noble metal bimetallic alloy na-
noparticles (NPs) composed of miscible elements have been reported as 
high performance CO2RR catalysts such as AuCu NPs, PdCu NPs and 
AuPd NPs [10,15,18,19], whereas there are rare researches on en-
hanced performance of CO2 reduction to CO using supported solid-so-
lution alloy NPs, because of the difficult preparation on solid-solution 
alloy NPs [12,13,15,18,20]. Recently, the supported Ni single atom 
catalysts containing the monovalent Ni(i) atomic center with positively 
charged states exhibits high intrinsic CO2RR activity due to the unique 
electronic properties, suggesting that the electronic structures of cata-
lysts play an important role in the CO2 activation [5,21]. The alloying 
between Au and Ni could be an exciting approach for the design of 
efficient CO2RR electrocatalysts. However, it is well known that the 
difficult fabrication of Au and Ni into solid-solution alloy according to 
bulk phase diagram [22]. The liquid phase synthesis for AuNi alloy 
usually obtains the phase-separated structure due to the different re-
duction kinetic of individual metal [23,24]. The electrodeposition 
method often results in the limited scope of AuNi alloy and the easy 
oxidization of Ni [25]. Meanwhile, direct heat treatment usually results 
in phase-segregated alloy with nonuniform composition distribution  
[26]. Therefore, the limited synthetic method still hinders the devel-
opment of solid-solution alloy NPs as CO2RR catalyst. 

Recently, Hu and coworkers have reported the synthesis of high- 
entropy alloy NPs with homogeneous multi-element distribution on 
carbon support through the unique carbothermal shock method (CTS)  
[27]. The results indicate that the nanosize effect and surface defect can 
make the bulk-immiscible alloys transform into single phase alloy NPs. 
In addition, the extremely fast heating and cooling rates (105 k s−1) 
suggests that the key factor for the synthesis of single-phase metal alloy 
with immiscible multiple elements is how to restrict the isolated growth 
of each elements. Solid-solution alloy composed of bulk-immiscible 
elements, the electronic structure can be continuously controlled by 
adjusting the composition of alloy, along with the change of catalytic 
activity. The reported CTS method exhibits the extreme conditions, 
including extremely high temperature (> 2000 K), and rapid heating 
and cooling (105 K s−1), strongly limit researchers to monitor the 

synthesis process and control the elemental ratio and spatial arrange-
ment. Therefore, it is important to develop a cost-effective synthetic 
route with good controllability over composition, size, morphology, 
and impurities. 

As a proof-of-concept, we proposed the atom-polymer hybridization 
strategy for the synthesis of CNFs supported AuNi homogeneous solid- 
solution alloy NPs with positively charged Ni states and tunable local 
electronic structure by alloying the high-electronegativity Au metal as 
matrix with uniformly distributed Ni atoms. Electrospun polyvinyl 
pyrrolidone (PVP) nanofibers can host and confine the Au and Ni ions 
within the nanofiber matrix due to the strong coordination between the 
metal ion with carbonyl groups. During the graphitization process, the 
Au and Ni precursors in-situ decompose and form small NPs in the 
nanofiber reactor, and meanwhile, the internal stress of nanofibers 
caused by carbonization only allows for the localized nucleation and 
confined growth without drastic collision, leading to the formation of 
AuNi solid-solution alloy NPs with homogeneous mixing of elements. 
Synchrotron radiation X-ray absorption fine structure spectroscopy 
(XAFS) results strong confirmed the enhanced local electronic structure 
on AuNi homogeneous solid-solution alloy with positively charged Ni 
due to the electron withdrawal effect of nearby Au atoms. The AuNi 
solid-solution alloy supported on carbon nanofibers (AuNi/CNFs) were 
used as a self-supported CO2RR electrode. The FECO and CO current 
density showed a dramatic increase when compared with the individual 
Au/CNFs and Ni/CNFs. The AuNi/CNFs with molar ratio for Au and Ni 
of 1:1 achieved a remarkable FECO of 92% at −0.98 V vs. RHE. Density 
functional theory (DFT) studies revealed that incorporation of Ni into 
Au makes the d-band center of AuNi (111) more positive and can tune 
the binding energies between metal and intermediates of CO2RR. The 
AuNi homogeneous solid-solution alloy can significantly reduce the free 
energy barriers for the activation of CO2 to *COOH and CO desorption, 
leading to the high CO selectivity. Operando Raman spectroscopy pro-
vided the evidences that AuNi homogeneous solid-solution alloy with 
positively charged Ni center can facilitate the activation of CO2 into 
*COOH and enhance the interaction between *COOH and AuNi (111) 
due to the change of electronic structures. This work presents the 
general strategy for the synthesis of metal alloy nanostructures and 
demonstrates the understanding between the electronic structures and 
the adsorbed intermediates on catalyst surface during CO2RR. 

2. Materials and methods 

2.1. Materials 

Chloroauric acid (HAuCl4·4H2O, 99.9%) was provided by Shanghai 
Civi Chemical Technology Co., Ltd. Nickel nitrate hexahydrate (Ni 
(NO3)2·6H2O, 99.9%) and dimethyl formamide (DMF, 99.5%) were 
commercially available from Sinopharm Chemical Regent Co., Ltd. 
Polyvinylpyrrolidone (PVP, Mw ≈ 1300000) was manufactured by 
energy chemical Co., Ltd. All the chemicals were used directly without 
further purification. 

2.2. Catalyst preparation 

The Au-Ni-CNFs were prepared on the basis of previously published 
procedures. In a typical preparation, 4 mmol HAuCl4·4H2O, 4 mmol Ni 
(NO3)2·6H2O and 1.2 g PVP were sequentially dissolved in 10 g DMF 
under magnetic stirring for 5 h to obtain a homogeneous solution with 
the mass ratio of 30 wt% (HAuCl4·4H2O and Ni(NO3)2·6H2O to PVP) at 
room temperature. Then, the prepared Au-Ni/PVP precursor solution 
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was directly injected into a 10 mL syringe equipped with a 24 gauge 
stainless steel needle at the tip. After that, the nanofibrous membranes 
were obtained by classical electrospinning method. The electrospinning 
parameters were as follows. The anode voltage was 15 kV and the 
distance between the needle tip and tin foil collector was 14 cm with 
the temperature and the humidity 25 °C and 30%, respectively. The 
flow rate and electrospinning period were 0.3 mL/h and 12 h, respec-
tively. At last, the Au-Ni-CNFs was obtained by a graphitization treat-
ment. The obtained electrospinning membrane was placed into a home- 
built chemical vapor deposition (CVD) system and was carbonized at 
setting temperature for 3 h under Ar atmosphere. After the CVD system 
was cooled down to the room temperature under an Ar atmosphere, the 
Au-Ni-CNFs was obtained. Here, we chose 800 °C, 900 °C and 1000 °C 
as the different setting temperatures. The prepared catalysts were 
named as AuxNiy/CNFs-z (prepared with conditions: molar ratios of 
HAuCl4·4H2O: Ni(NO3)2·6H2O = 1:3, 1:1 and 3:1, where “x and y” 
represents the molar ratio between HAuCl4·4H2O and Ni(NO3)2·6H2O, 
“z” donates the calcination temperatures: 800 °C, 900 °C and 1000 °C.). 
The controlled experimental catalysts were prepared in absence of 
metal salt with the similar process. 

2.3. Catalyst characterization 

Infrared spectra (IR) of the pure PVP electrospinning membrane and 
metal ions PVP composite films was obtained by using a Nicolet 6700 
Fourier transform infrared (FTIR) spectrophotometer scanning from 
500 to 4000 cm−1. The ultraviolet-visible (UV–vis) spectra of the as- 
prepared PVP solution and metal ions PVP solution were examined by a 
UV-2700 (SHIMADZU, Japan). The morphological features analysis of 
as-prepared catalysts was carried out with a HITACHI S-4800 field 
emission scanning electron microscopy (FE-SEM) at an accelerating 
voltage of 3 kV. Transmission electron microscopy (TEM) images were 
performed using a JEM-2100 plus transmission electron microscope 
operated at 200 kV. The scanning transmission electron microscopy 
(STEM) images, energy dispersive X-ray spectroscopy (EDX) and STEM- 
EDX mapping were acquired with a STEM (Tecnai G2 F30s-Twin, 
Philips-FEI) operated at 200 kV. Aberration corrected transmission 
electron microscopy (ACTEM) images was carried out on modified FEI 
Themis TEM with a high-angle annular dark field (HAADF) detector 
operated at an accelerating voltage of 200 kV. Inductively coupled 
plasma optical emission spectrometry (ICP-OES) were performed on 
PerkinElmer 8300. The specific surface area was investigated using 
nitrogen with Quantasorb IQ using BET method at liquid nitrogen 
temperature (77 K). The pore size was calculated based on the 
Barrett − Joyner − Halenda (BJH) method using the desorption 
branches of nitrogen isotherms. The samples were outgassed under 
vacuum at 150 °C before the nitrogen-adsorption measurement. In situ 
XRD patterns of the sample was collected using an Empyrean100 dif-
fractometer equipped with a high-temperature reaction cell (XRK 900, 
Anton Paar GmbH). The diffractometer was operated with a Cu Kα ra-
diation source (λ = 1.5418 Å) at 40 kV and 40 mA. And in situ XRD 
patterns were recorded continuously with a 2θ range of 5 to 80° and a 
scanning rate of 0.02 2θ s−1. The range of temperature was 400 °C to 
1000 °C at a heating rate of 10 °C/min. X-ray diffraction (XRD) patterns 
were acquired by a Bruker AXS D8 instrument with Cu Kα radiation 
(λ = 1.5418 Å) at a scanning rate of 0.02 2θ s−1 in the 2θ range of 10- 
90°. X-ray photoelectron spectroscopy (XPS) measurements were re-
corded using a Kratos Axis supra with with an aluminum (mono) Kα 

source (1486.6 eV). Ni K-edge absorption spectra (EXAFS) were per-
formed on the 1W1B beamline at the Beijing Synchrotron Radiation 
Facility (BSRF) operated at 7 GeV with injection currents of 100 mA. 
The radiation was monochromatized by a Si (111) double-crystal 
monochromator. Ni foil and NiO were used as reference samples and 
measured in the fluorescence mode. 

2.4. Catalyst measurement 

The CO2 electrochemical reduction reaction experiments were car-
ried out on a three-electrode system with a gas-hermetic two 50 mL 
compartments H-cell at room temperature. Each compartment contains 
40 mL CO2-saturated 0.1 M KHCO3 (pH = 6.8) as the electrolyte, 
holding 20 mL headspace. An anion-exchange membrane (Nafion 117) 
was used to separate two compartments containing working and 
counter electrodes. The prepared CNFs membrane was tailored into a 
neat square (0.5 × 0.8 cm2) and directly fabricated as the working 
electrode. An Ag/AgCl electrode and a Pt wire were applied to the re-
ference electrode and the counter electrode, respectively. All the elec-
trochemical experiments were carried out on an Autolab 302 N elec-
trochemical workstation. All measured electrode potentials in this 
experiment were converted to reversible hydrogen electrode (RHE) 
reference scale using ERHE = E(vs Ag/AgCl) + EAg/ 

AgCl + 0.0591 × pH. After purging the electrolyte with N2 or CO2 gas 
for 30 min at a flow rate of 30 mL min−1, the linear sweep voltammetry 
(LSV) was performed from 0 to − 2.0 V (vs. Ag/AgCl) at a scan rate of 
50 mV s−1 to obtain the desired working potentials. Then, the elec-
trolysis was conducted at each potential for 30 min, while the CO2 was 
continuously bubbled into each compartment during the reduction 
experiment. 

2.5. Product analysis 

The gas products of working electrode compartment were analyzed 
by directly injected into the gas chromatograph (GC, Agilent 7890B), 
which was equipped with both the flame ionization detector (FID) for 
hydrocarbon gas product and thermal conductivity detector (TCD) for 
H2. The experiment results indicated that the CO and H2 were the only 
gas products. The electrolysis at each potential was repeated three 
times, and the average value of experiments was adapted as the gas 
concentration for Faradaic efficiency (FE) calculation. The Faradaic 
efficiency (FE) and the partial current densities (jCO and jH2) of CO and 
H2 production were calculated as below. The liquid product existed in 
electrolyte was analyzed on a Bruker 400 MHz (AVANCE III) NMR 
spectroscope. 

= ×
= × × × ×

FE Q O Qtotal
v s y cm mol N F i

% / 100%
(( /(60 /min)) ( /(24000 / )) )/ 100%

C
3 (1)  

= ×j j FEco Co (2) 

where v is the flow rate of CO2 (30 sccm), y is the concentration of the 
gas products (only CO and H2 found in experiment) detected by GC with 
a standard gas, N is the number of transferred electrons for producing 
CO or H2, which is 2 for CO and H2, F is the Faradaic constant (96500C 
mol−1), i is the measured current, j is the total current density. 

2.6. DFT calculations 

DFT calculations were performed in the Vienna ab initio simulation 
package (VASP). A spin-polarized GGA PBE functional, all-electron 
plane-wave basis sets with an energy cutoff of 520 eV, and a projector 
augmented wave (PAW) method were adopted. Au is simulated using a 
surface model of p (3 × 3) unit cell periodicity. A (3 × 3 × 1) 
Monkhorst-Pack mesh was used for the Brillouin-zone integrations to be 
sampled. The conjugate gradient algorithm was used in the optimiza-
tion. The convergence threshold was set 1*10-4 eV in total energy and 
0.05 eV/ Å in force on each atom. 

In the simulations, non-periodic boundary condition is employed, 
and the molecular model of a pristine gold crystal with 41 Au atoms 
was established by using Materials Studio. Ni atoms doping in the gold 
structure were formed by replacing some Au atoms. To find the thermal 
stable morphology and achieve a conformation with minimum poten-
tial energy, energy minimization was performed. And these minimum 
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energy conformations were used as initial status in the following elec-
tronic structure simulations. The Visualization for Electronic and 
Structural Analysis (VESTA, series 3) and Materials Studio software 
were used for visualization and plotting. 

The adsorption energy change (ΔEabs) was determined as follows:  
[28] 

=E E E Eabs total sur mol

where Etotal is the total energy for the adsorption state, Esur is the energy 
of pure surface, Emol is the energy of molecule. 

The free energy change (ΔG) for adsorptions were determined as 
follows: [28] 

= +G E E E T Stotal sur ZPE

where Etotal is the total energy for the adsorption state, Esur is the energy 
of pure surface, ΔEZPE is the zero-point energy change and ΔS is the 
entropy change. 

2.7. Operando Raman spectroscopy 

Potential-dependent Operando Raman was performed using a 
Renishaw inVia confocal microscope (excitation wavelength 532 nm, 
power 3 mW on the sample), the Raman spectra of prepared catalysts 
were collected in a spectro-electrochemical cell, Ag/AgCl and Pt wire 
were used as reference electrode and counter electrode, respectively. 
Aqueous 0.1 M KHCO3 was used as electrolyte. Electrochemical tests 
were operated on an Autolab 302 N electrochemical workstation. 

Raman spectroscopy was performed using the apparatus described in 
ref [29]. 

3. Results and discussion 

3.1. Synthesis and structural characterizations of AuNi/CNFs catalysts 

The AuNi homogeneous solid-solution alloy nanoparticles (NPs) 
supported on CNFs were prepared by combining the electrospinning 
technology and the graphitization treatment. As shown in Scheme 1a, 
the Au and Ni metal salt precursors were mixed with polyvinyl pyrro-
lidone/dimethyl formamide (PVP/DMF) solution. During the pre-oxi-
dation stage at 230 °C, the metal salts began to decompose while the 
PVP nanofibers began to convert into amorphous carbon nanofibers. 
With further carbothermal reduction to 1000 °C, the surface tension 
difference between Au and Ni can be overcome. Meanwhile, the AuNi 
homogeneous solid-solution alloy NPs were thus formed confined by 
the PVP derived carbon nanofibers (CNFs). The liquid phase synthesis 
of AuNi alloy without polymer hybridization and the confinement ef-
fects from CNFs would lead to the intermetallic AuNi alloy with sepa-
rated phase (Scheme 1b). Scheme 1c demonstrates the atom-polymer 
hybridization between the Au and Ni ions with the PVP chains. The 
direct evidences for the coordination acquired using Fourier-transform 
infrared spectroscopy (FT-IR) and ultraviolet–visible (UV–vis) spectro-
scopy (Scheme 1d). Compared with the FT-IR spectrum of PVP/DMF, 
the carbonyl (-C = O) adsorption peak of AuNi ions-PVP/DMF exhibit 

Scheme 1. (a) Scheme of the synthesis of the AuNi homogeneous solid-solution alloy. (b) Scheme for the liquid phase synthesis of AuNi homogeneous solid-solution 
alloy. (c) The schematic of the coordination effect between metal ions and PVP. (d) The FT-IR spectra and UV–vis spectra of the pure PVP nanofibers and AuNi salts/ 
PVP nanofibers. 
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blue shift about 7 cm−1. Similarly, the UV–vis spectrum demonstrates 
that the adsorption peak at 210 nm attributed to the carbonyl C = O 
groups in metal ions-PVP/DMF also display blue shifts about 3 nm in 
comparison with that of PVP. The results demonstrate the atom- 
polymer hybridization between the PVP and metal ions [30]. The 
structures and morphologies of the AuNi/CNFs prepared with different 
molar ratios of Au and Ni were shown in Fig. 1a-e. The individual Au/ 
CNFs and Ni/CNFs were also prepared as control. Fig. 1a and 1f display 
that the uniform Au NPs with average size of about 10 nm are sup-
ported on PVP derived CNFs. High resolution transmission electron 
microscopy (HRTEM) image of Au/CNFs (inset in Fig. 1f) exhibits the 
distinct lattice fringes with an interlayer distance of 2.3 Å, corre-
sponding to the (111) planes of face-centered cubic (fcc) Au phase [31]. 

The AuNi alloy NPs with different molar ratios are denoted as 
Au3Ni1/CNFs, Au1Ni1/CNFs and Au1Ni3/CNFs, respectively, which are 
shown in Fig. 1b-d and Fig. 1g-i. As shown in Fig. 1b-d, large amounts 
of the AuNi (Au3Ni1, Au1Ni1 and Au1Ni3) alloy NPs are densely dis-
tributed throughout the supported CNFs. The average diameter of the 
CNFs ranged from 150 to 200 nm and the nanofibers are distributed 
randomly, forming the three-dimensional (3D) continuous architecture, 
which would favor the mass diffusion and electron transfer during the 
electrochemical process. The total metal loading of the Au1Ni1/CNFs 

was 4 wt% examined by Inductively Coupled Plasma Optical Emission 
Spectrometer (ICP-OES, Table S1). In addition, the Au1Ni1/CNFs obtain 
a specific surface area of 582.5 m2 g−1, suggesting that the 3D networks 
could benefit the CO2 adsorption and transmission (Fig. S1). Interest-
ingly, with increased Ni contents in molar ratio of Au and Ni from 3:1 to 
1:3, the average sizes of the AuNi alloy NPs present a significant de-
creasing tendency from 14 to 5.5 nm (Fig. 1g-i, Fig. S2). The individual 
Ni/CNFs display uniform Ni NPs with small size about 8 nm (Fig. 1j). 
The results indicate that compared with the sizes of the individual Au 
(10 nm) and Ni (8 nm) NPs, the AuNi alloying would lead to the in-
creased sizes and interestingly, the higher Ni contents in AuNi alloy 
lead to smaller sizes of the AuNi alloy NPs. It could be attributed to the 
stronger coordination effects between the Ni and carbon, which could 
further restrict the growth of AuNi alloy to larger sizes. Fig. 1k shows 
the aberration-corrected high-angle annular dark field scanning trans-
mission electron microscopy (AC-HAADF-STEM) images of Au1Ni1/ 
CNFs, the measured lattice distance of 2.2 Å corresponds to the (111) 
plane of AuNi solid-solution alloy NPs (Fig. S3) [32,33]. 

As shown in inset in Fig. 1j, the Ni/CNFs indicate a visible lattice 
fringe with d spacing of 2.0 Å, corresponding to the (111) plane of the 
Ni crystals. The d spacing value for (111) planes of the Au1Ni1 (2.2 Å) 
solid-solution alloy NPs between the Au (2.3 Å) and Ni (2.0 Å) NPs was 

Fig. 1. FE-SEM and TEM images of (a, f) Au/CNFs, (b, g) Au3Ni1/CNFs, (c, h) Au1Ni1/CNFs, (d, i) Au1Ni3/CNFs (e, j) Ni/CNFs. The graphitization temperatures for all 
samples are 1000 °C. Insets in (f), (h) and (j) are the corresponding HRTEM images. (k) AC-HAADF-STEM image of Au1Ni1/CNFs. Inset in Fig. 1k is the line scan 
STEM-EDX spectra of the corresponding Au1Ni1 solid-solution alloy nanoparticles. (l) The corresponding fast Fourier transform (FFT) pattern and STEM-EDX 
elemental mapping images of Au1Ni1 NPs including the Au, Ni, and the mixed Au and Ni elements. 
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in accordance with the XRD data (2θ = 39.1°). The line scan STEM-EDX 
spectra of the Au1Ni1 solid-solution alloy NPs indicates that homo-
geneous distribution of Au and Ni elements. The total Au/Ni atomic 
molar ratio in CNFs collected by ICP-OES and X-ray photoelectron 
spectroscopy (XPS) was both about 1:1 (Table S1). A distinct fcc phase 
for the Au1Ni1 NPs can be confirmed by the fast fourier transform (FFT) 
pattern of Au1Ni1 NPs (Fig. 1l). The corresponding STEM-EDX ele-
mental mappings of one Au1Ni1 NP display only one domain, further 

confirm the uniform distribution of Ni element throughout the homo-
geneous AuNi solid-solution alloy NPs. Low magnification STEM-EDX 
elemental mapping images confirmed the effective method for the 
large-scale synthesis of for Au1Ni1 homogeneous solid-solution alloy 
NPs (Fig. S4). 

The surface chemical composition and electronic interaction of the 
prepared AuNi/CNFs were investigated by X-ray photoelectron spec-
troscopy (XPS). The XPS of Au/CNFs were investigated as control 

Fig. 2. Structure characterization of AuNi/CNFs. (a) Au 4f XPS spectra of Au/CNFs, Au3Ni1/CNFs, Au1Ni1/CNFs and Au1Ni3/CNFs. (b) Ni 2p XPS spectra of Ni/CNFs, 
Au3Ni1/CNFs, Au1Ni1/CNFs and Au1Ni3/CNFs. Dotted lines represent the calibration peak. (c) XRD patterns of the Au/CNFs, Au1Ni1/CNFs and Ni/CNFs. (d) In situ 
XRD patterns of Au1Ni1/CNFs with the temperature range from 400 to 800 °C. (e) Normalized XANES spectra at the Ni K-edge of the Au1Ni1/CNFs with compared to 
Ni and NiO reference. (f) k3–weighted Fourier transform EXAFS spectra in the R space of Au1Ni1/CNFs in comparison to Ni reference. 
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sample, and the binding energies (BEs) at 84.4 eV and 88.0 eV corre-
spond to Au 4f7/2 and Au 4f5/2, respectively, thus confirming the ex-
istence of metallic Au0 (Fig. 2a). With the formation of AuNi homo-
geneous alloy, the BEs of Au 4f7/2 and Au 4f5/2 for Au3Ni1/CNFs shift to 
84.1 eV and 87.7 eV, respectively, indicating strong electronic inter-
action between Au and Ni atoms. Lower BEs of Au 4f for AuNi/CNFs 
demonstrate that the Au obtains electrons as alloying with Ni. Similarly, 
the XPS of Au1Ni1/CNFs and Au1Ni3/CNFs both exhibit the negative 
shifts in BEs for Au 4f7/2 and Au 4f5/2. The Ni 2p XPS spectra of the 
prepared samples were shown in Fig. 2b. The Ni/CNFs exhibit two pairs 
of the Ni 2p characteristic peaks, the BEs peaks of Ni 2p3/2 located at 
852.8 eV, 854.4 eV and 855.8 eV, respectively, corresponding to the 
Ni0, Ni2+ and Ni3+ ions. The high valences of Ni (Ni2+ and Ni3+) in-
evitably existed in Ni/CNFs and AuNi/CNFs is attributed to the air 

oxidation of the Ni and AuNi NPs (Fig. 2b). The BEs for Ni 2p3/2 in 
Au3Ni1, Au1Ni1 and Au1Ni3 all exhibit the shifts to higher values, also 
suggesting the strong electronic interaction between Ni and Au atoms 
and the increased positively charged Ni center. Meanwhile, there is no 
evidence that Ni-C and Ni-N can contribute to the enhanced perfor-
mance (Fig. S5). 

The crystal structures of Au/CNFs, Ni/CNFs and AuNi/CNFs with 
different molar ratios of Au and Ni (Au3Ni1/CNFs, Au1Ni1/CNFs and 
Au1Ni3/CNFs) were investigated by the X-ray diffraction (XRD). As 
shown in Fig. 2c, the XRD pattern of Au/CNFs exhibits five character-
istic peaks located at 2θ = 38.2°, 44.4°, 64.6°, 77.5° and 81.7°, corre-
sponding to the (111), (200), (220), (311) and (222) planes of fcc Au 
crystals, respectively (JCPDS 04–0784). The XRD pattern of the Ni/ 
CNFs shows the peaks at 2θ values of 44.6°, 51.9° and 76.5°, 

Fig. 3. CO2RR performance of AuNi/CNFs samples. (a) LSV curves of Au/CNFs, Ni/CNFs and AuNi/CNFs in the potential range from 0.6 to −1.4 V vs. RHE. The 
graphitization temperatures for all samples are 1000 °C. (b) LSV curve of pure CNFs tested in 0.1 M CO2 saturated KHCO3, LSV curves of Au1Ni1/CNFs-1000 tested in 
0.1 M CO2 saturated KHCO3 and 0.1 M N2 saturated KHCO3. (c) Variation tendency on current density of Au/CNFs, Ni/CNFs and AuNi/CNFs at −0.98 V vs. RHE. (d) 
FE of CO and (e) FE of H2 for Au/CNFs, Ni/CNFs and AuNi/CNFs, each sample was tested three times and took the average. (f) The CO2RR stability of Au1Ni1/CNFs- 
1000 under an overpotential of −0.98 V for > 16 h continuous experiment. FE of CO for (g) Au3Ni1/CNFs, (h) Au1Ni1/CNFs and (i) Au1Ni3/CNFs prepared at 800 °C, 
900 °C and 1000 °C. The experimental deactivations on FE were shown in Table S4 and S5. (j) CO2RR performance comparison of AuNi/CNFs and recently reported 
bimetallic CO2RR electrocatalysts. 
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corresponding to the (111), (200) and (220) planes of Ni crystals, 
respectively (JCPDS 04–0850). 

Compared with the Au/CNFs and Ni/CNFs, the Au1Ni1/CNFs show 
distinctly different XRD patterns, and the characteristic peaks occurred 
at 2θ = 39.1°, 45.4°, 66.2°, 79.4° and 83.7°, respectively, indicating that 
new crystal phases of AuNi homogeneous solid-solution alloy formed. 
In a single region, the (111) peak of Au1Ni1 could be an indicator for 
the formation of new phase [26]. Otherwise, two kinds of XRD patterns 
from both metals can coexist [26,34]. As shown in Fig. S6, with the 
increased molar ratio of Ni, the peaks for AuNi alloy shift to higher 
values, suggesting the reduced lattice distances of AuNi alloy caused by 
alloying. In addition, for the XRD pattern of the Au1Ni3/CNFs, there is a 
small peak located at 2θ = 51.45°, corresponding to the fcc-Ni phase. 
The results indicate that the excess molar ratio of Ni would lead to the 
formation of separated Ni phases. Fig. 2d shows the in situ XRD patterns 
of Au1Ni1/CNFs with temperatures from 400 to 800 °C. The XRD results 
indicate that the AuNi homogeneous alloy is formed at 400 °C. In ad-
dition, there were no other peaks emerged, suggesting the purity of 
AuNi homogeneous solid-solution alloy. 

The superior performance of the AuNi solid-solution alloy cannot be 
interpreted by the simple alloy effects, thus the metallic nature of Ni 
was further confirmed by X-ray absorption near edge structure 
(XANES). As shown in Fig. 2e, the white line intensity of Au1Ni1/CNFs 
was slightly higher than that of bulk Ni, which might be due to the 
electron withdrawal effect of nearby Au atoms, since Au has stronger 
electronegativity comparing to Ni. This result is consistent with what 
we observed from XPS results that Ni is partially positively charged 
when alloying with Au. However, the white line intensity of Au1Ni1/ 
CNFs was much lower than that of NiO, proving the absence of oxide Ni  
[35]. Besides, the typical shoulder peak at 8340 eV ascribed to Ni-N 
species was undetected, verifying the fact that there is no Ni-N bond in 
the AuNi/CNFs. The near edge structure with apparently different os-
cillation features also indicated the change of coordination environ-
ment after alloying, which could be fitted using ab initio method. 

The first-shell simulation for Fourier-transform extended X-ray ab-
sorption fine structure (FT-EXAFS) of Au1Ni1/CNFs quantified the 
average coordination structure of Ni atoms (Fig. 2f). Fitting using both 
Ni-Ni and Ni-Au paths gave a better result than only using Ni-Ni path. 
The coordination number was 2.3 and 4.0 for Ni-Ni and Ni-Au, re-
spectively (Table S2). It should be noted that the bonding distance of 
Ni-Au from fitting is quite same as what previously reported in an AuNi 
alloy system [36]. Besides, the lower shift peak around 2.0 Å can be 
ascribed to the formation of Au-Ni bond, in line with the reported re-
ference [36]. And the decreased intensity of the peak further proves the 
coordination between Au and Ni. The absence of peak at 1.4 Å in AuNi/ 
CNFs also confirms the no interaction between Ni and N atoms, in-
dicating that the supported AuNi solid-solution alloy NPs may favor the 
enhanced CO2RR performance other than the meal-nitrogen bond 
(M−N) as the crucial role. These results indicate that the successful 
formation of AuNi solid-solution alloy NPs can significantly improve 
the electronic interaction between Au and Ni. 

3.2. CO2 electroreduction performance 

The electrocatalytic performance of Au/CNFs, Ni/CNFs and various 
AuNi/CNFs was conducted on a three-electrode system with a gas- 
hermetic H-cell reactor holding 0.1 M CO2-saturated KHCO3. The self- 
supported AuNi/CNFs were directly utilized as the working electrode 
for the experiment. The linear sweep voltammetry (LSV) curves for 
various AuNi/CNFs are shown in Fig. 3a. The applied potential was 
swept between 0.6 V and −1.4 V (vs. RHE) at a sweep rate of 
50 mV s−1. In addition, the geometrical current densities also contain 
HER current densities. As shown in Fig. 3a, compared with the poor 
CO2RR activity of the individual Au/CNFs and Ni/CNFs, the geome-
trical current densities were enhanced with the formation of AuNi 
homogeneous alloy. Beyond that, the obvious enhancement in current 

density of Au1Ni1/CNFs-1000 tested in 0.1 M KHCO3 saturated with 
CO2 than that in N2 reveals that the Au1Ni1/CNFs-1000 is more fa-
vorable for CO2RR than HER and the source of CO product comes from 
CO2 other than KHCO3 (Fig. 3b). Besides, the supported AuNi homo-
geneous solid-solution alloy NPs play as the active sites in enhanced 
CO2RR activity, evidenced by the low current density in LSV of pure 
CNFs. During the CO2RR, Au1Ni1/CNFs-1000 indicates the largest 
current densities under the whole potential range as well (Fig. S7). 
Additionally, the main gaseous products were hydrogen (H2) and 
carbon monoxide (CO) characterized by micro gas chromatography 
(GC). And there was no liquid product analyzed by 1H NMR (Fig. S8 and 
S9). The Au1Ni1/CNFs show the highest CO current density of 
4.0 mA cm−2 at −0.98 V (vs. RHE) in Fig. 3c, which is 1.1-fold, 1.08- 
fold, 1.5-fold and 1.7-fold relative to Au1Ni3/CNFs (3.6 mA cm−2), 
Au3Ni1/CNFs (3.7 mA cm−2), Au/CNFs (2.8 mA cm−2) and Ni/CNFs 
(2.4 mA cm−2), respectively. The increased Ni molar ratio in AuNi alloy 
would reduce the current density for CO2 reduction, suggesting that the 
Ni alloying with Au could regulate the electronic structures of the Au 
and further improve the CO2RR activity. However, the formation of Ni 
NPs in Au1Ni3/CNFs is due to excess molar ratio of Ni detected by XRD 
and XPS, which could decrease the geometrical current density (Fig. 
S7f). To understand the CO2RR kinetics of Au1Ni1/CNFs-1000, Tafel 
plots were conducted (Fig. S10). Tafel slope of 159 mV dec-1 corre-
sponding to the Au1Ni1/CNFs-1000 indicated that the step of CO2 ac-
tivation to *COOH determines the reaction rates on Au1Ni1/CNFs-1000  
[10,37]. The introduction of Ni into Au can enhance the electron 
transfer from Au1Ni1/CNFs to CO2. 

Fig. 3d shows the FECO on various AuNi/CNFs electrodes from 
−0.78 V to −1.18 V (vs. RHE). The individual Au/CNFs obtain the 
FECO of 20% at −0.98 V, meanwhile, the Ni/CNFs show the FECO of 
68%. Although Ni/CNFs present the moderate performance, it shows a 
poor stability (Fig. S11). The Au1Ni1/CNFs with the optimal FECO of 
92% at −0.98 V is significantly higher than those of other catalysts in 
the full potential range from −0.78 to −1.18 V (vs. RHE). The optimal 
FECO values of Au1Ni3/CNFs and Au3Ni1/CNFs are 88% and 72% and 
the results indicate that the proportion of Ni in AuNi alloy has a sig-
nificant promotion on the FECO. In addition, the FECO of Au1Ni1/CNFs 
maintains stable (> 90%), even at more negative potentials, suggesting 
an outstanding CO selectivity. On the other hand, Fig. 3e demonstrates 
that the FE of H2 (Au/CNFs ≈ 82%, Au1Ni1/CNFs ≈ 9%) decreases 
with the increased Ni contents. It can be concluded that the change of 
electronic structure of AuNi homogeneous solid-solution alloy leads to a 
significant suppression with H2 production. It is worth noting that the 
pure CNFs present higher activity for H2 production than CO2RR, in-
dicative of the fact that the supported AuNi homogeneous solid-solution 
alloys NPs serve as the active sites for CO2 reduction. Especially, the 
change of electronic structure in AuNi solid-solution alloy can be ver-
ified by the variation of CO2RR activity as well as by XPS and XANES 
results. All the AuNi/CNFs catalysts achieve the maximum FECO at 
−0.98 V with the modest geometrical current density, while the total 
current density presents a monotonic increase with applied over-
potential (Fig. S7). The electrochemical surface area (ECSA) values of 
as-prepared samples were measured by measuring double-layer capa-
citance (Cdl) from the scan rate dependence of cyclic voltammetry (CV) 
(Fig. S12). The highest ECSA value belongs to Au1Ni1/CNFs (6.54 mF 
cm2). It should be mentioned that the long-term performance of 
Au1Ni1/CNFs-1000 conducted at −0.98 V presents negligible decay in 
the current density and FE during the continuous 16 h electrolysis. The 
XPS analysis of post Au1Ni1/CNFs shows that the ignorable BEs shift of 
Au 4f and Ni 2p, indicating the prepared catalysts were stable (Fig. 
S13). 

Fig. 3g-i depict the FECO variation tendency of AuNi/CNFs prepared 
under temperatures from 800 to 1000 ˚C. The result demonstrates that 
the AuNi/CNFs-800 with FECO  <  80% in the applied potential range is 
obviously inferior to those of AuNi/CNFs-900 and AuNi/CNFs-1000. 
Only a slight activity difference exists between AuNi/CNFs-900 and 
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AuNi/CNFs-1000 (FECO  >  85%). Higher temperature can endow the 
catalysts with higher CO current density (Fig. S14) and ECSA (Fig. S15). 
It might be rationalized by that higher temperature may further facil-
itate the formation of AuNi single phase alloy through overcoming the 
immiscible limitation [26,32]. Thus, more homogeneous AuNi solid- 
solution alloy can benefit the enhanced CO2RR activity. Notably, as 
shown in Fig. 3j and Table S3, the optimal FECO of AuNi/CNFs is 
compared with those of recently reported remarkable electrocatalysts. 
It is found that the AuNi/CNFs are competitive and significative among 

excellent CO2RR catalysts including the AuCu, AuPd and AgCu and so 
on[10,14,18]. Besides, this effective synthetic method for the pre-
paration of AuNi solid-solution alloy may promote the in-depth re-
search of solid-solution alloy as CO2RR catalysts. 

3.3. CO2 electroreduction mechanisms on Au1Ni1/CNFs 

It has been widely accepted that the electroreduction of CO2 to CO 
on transition metal surfaces via the following reaction pathway  

Fig. 4. Theoretical calculation of Au/CNFs and AuNi/CNFs for CO2RR. Projected d-density of states (PDOS) of atoms on (a) Au (111) and (b) AuNi (111) surfaces. 
(c) Schematic of the reaction steps of electroreduction CO2 to CO. (d) DFT calculations. Free energy diagrams for CO2RR pathways on Au (111) and AuNi (111) model 
catalyst surface. (e–g) Potential-dependent operando Raman spectroscopy of Au1Ni1/CNFs-1000 in the potential range from open potential circuit (OCP) to −1.18 V 
vs. RHE. 
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[10,19], where * represents adsorption sites.  

CO2 + *→ *CO2(1)                                                                      

*CO2 + H+ + e− → *COOH(2)                                                     

*COOH + H+ + e− → *CO + H2O(3)                                           

*CO → CO + *(4)                                                                       

To further illustrate the relationship between the electronic struc-
ture of AuNi homogeneous solid-solution alloy catalysts and the activity 
of intermediates during CO2 to CO, the projected density of states 
(PDOS) of Au and AuNi homogeneous solid-solution alloy were calcu-
lated. As observed in Fig. 4a-b, more positive d-band center of AuNi 
(111) was obtained by the incorporation of Ni into Au compared with 
Au (111) by 0.67 eV. It is consistent with the results of XANES and XPS 
valence band spectra (Fig. S16) of Au/CNFs and Au1Ni1/CNFs. Besides, 
more electron density could be introduced at the Fermi level of 0 eV. 
More positive d-band center and more electron density at Fermi level of 
0 eV can tune the binding energies and strong interactions between 
metal and intermediates of CO2RR, which can be estimated from the 
interpolation principle, improving the CO selectivity ultimately [38]. 

DFT calculation was conducted to further investigate on the role of Ni 
from AuNi homogeneous solid-solution alloy in tuning the electronic 
structure of homogeneous AuNi solid-solution alloy as well as the CO2RR 
performance. The optimal configuration of reactant, intermediates and 
products on the Au and AuNi surface are presented in Fig. 4c. Further, 
the DFT calculations on the elementary reaction steps of CO2 reduction to 
CO on Au NPs and AuNi NPs are shown in Fig. 4d, the superior CO2RR 
activity of AuNi alloy compared to pure Au NPs can be observed. Firstly, 
the adsorption of CO2 (Step 1) on the surface of catalysts is the initial 
process of the CO2 activation [10]. A downhill energy barrier along with 
*CO2 and *COOH formation can be observed, meaning that this step can 
be facilely taken place on Au (111) and AuNi (111). However, Fig. 4d 
reveals that the formation of intermediates *CO2 on AuNi (111) with a 
free energy barrier of 0.49 eV compared to Au (111) (ΔG = 0.38 eV), 
thus indicating the introduction of Ni into Au can facilitate the adsorp-
tion of CO2 during the CO2RR. Especially, the elementary step of the CO2 

activation to *COOH (Step 2) is regarded as the rate-determining step 
(RDS) toward CO2 reduction to CO on AuNi/CNFs. The *COOH forma-
tion on AuNi (111), which is the first proton coupled electron-transfer 
step, presents the more negative free energy than that on Au (111), and 
only a smaller free energy barrier (ΔG = 0.28 eV) can meet the forma-
tion of *COOH on AuNi (111). After the formation of adsorbed *COOH, 
the second proton-coupled electron transfer step with *CO formation on 
Au (111) and AuNi (111) presented uphill free-energy pathways. It 
should be pointed out that the free energy change for the *CO formation 
increases on AuNi (111) than that on Au (111). Combined with the 
experimental data, the Au (111) may suffer from CO poisoning, resulting 
in a lower CO FE of Au/CNFs. However, the CO desorption on AuNi 
(111), which is uphill in energy by (ΔG = 0.21 eV) lower than that 
(ΔG = 0.22 eV) on Au (111), indicating that the introduction of Ni into 
Au can benefit the CO desorption from AuNi (111). 

Generally, it needs relatively high energy barriers for the activation 
of CO2 to *COOH and the desorption of CO [10]. The DFT calculation 
demonstrates that the prepared AuNi homogeneous solid-solution alloy 
can significantly reduce the free energy barriers for these two steps. 
Based on the result of DFT calculations, more positive d-band center is 
obtained as the incorporation of Ni. It can be concluded that the ad-
sorption of CO2 and desorption of CO are facilitated on the AuNi solid- 
solution alloy due to the presence of AuNi electronic interaction, which 
results in the significantly improved CO2RR activity compared with that 
of pure metal catalysts. 

In order to support the conclusion on reduced free energy barrier for 
the CO2 activation and *CO desorption caused by the incorporation of 
Ni into Au, the Operando Raman spectroscopy of Au/CNFs-1000, Ni/ 
CNFs-1000 and Au1Ni1/CNFs-1000 was performed using a spectro- 

electrochemical cell. As shown in Fig. 4e, the original catalyst shows no 
characteristic peaks belong to the metal, and no significant shifts on the 
main peaks were characterized. An increased peak (420 cm−1) can be 
observed when the potential applied to Au1Ni1/CNFs-1000 is stepped 
negatively from −0.58 V to −0.98 V vs. RHE. Meanwhile, compared 
with pure Au/CNFs and Ni/CNFs, there is a clear difference emerged in 
AuNi/CNFs, presenting a significantly increased intensity of this peak 
(Fig. S17). After −0.98 V, the intensity of this peak becomes slightly 
decreased, which is consistent with the tendency of FECO on Au1Ni1/ 
CNFs. Combined with literature and the DFT process of CO production, 
this peak could come from the metal-adsorbate stretching vibration of 
linear C]O band (AuNi-COL) [38,39]. Note that the increased intensity 
of peak (1590 cm−1) contrasted to the peak of disorder carbon 
(1350 cm−1) from OCP to −1.18 V, which generally belongs to gra-
phite carbon. This activity could be rationalized by the higher abun-
dance of the adsorbed carboxyl species (the *CO2

–) that is regarded as 
an intermediate for CO production on Au1Ni1/CNFs-1000 [40,41]. 
Further, the weak peaks around 730 cm−1 at −0.98 V- −1.08 V vs. 
RHE are in good agreement with the in plane bending vibrations (δCO2

- 

), another vibrational mode of *CO2
– reported by related literature  

[41]. Meanwhile, for Au/CNFs-1000 and Ni/CNFs-1000 (Fig. S17), the 
peaks attributed to *COOH are absent with the potential range from 
OCP to −0.98 V. This characteristic feature of the Au1Ni1/CNFs com-
plies well with a CO2RR where the *COOH formation is characterized as 
the RDS by DFT and Tafel analysis. Additionally, the results demon-
strate that the Au1Ni1 homogeneous solid-solution alloy with positively 
charged Ni center can facilitate the activation of CO2 into *COOH and 
enhance the interaction between *COOH and AuNi (111) due to the 
change of electronic structure. 

4. Conclusions 

In conclusion, the AuNi homogeneous solid-solution alloy NPs with 
positively charged Ni center on CNFs has been prepared via facile 
electrospinning and graphitization process, serving as CO2RR catalyst 
with high selectivity. The Au1Ni1/CNFs catalyst (graphitization tem-
perature is 1000 ˚C) presented the optimal FECO = 92% at −0.98 V vs 
RHE, lowest overpotential for CO2RR and highest current density when 
compared to pure Au and Ni NPs. The enhanced catalytic performance 
strong depends on the electronic structure of AuNi homogeneous solid- 
solution alloy. XAFS demonstrates the positively charged Ni center in 
AuNi solid-solution alloy and the strong interaction between Au and Ni 
atoms, confirming the formation of homogeneous AuNi solid-solution 
alloy. DFT calculations indicate that the incorporation of Ni into Au can 
make the d-band center more positive and reduce the free energy bar-
rier for the CO2 activation into *COOH and *CO desorption. Operando 
Raman spectroscopy provides the evidences that AuNi homogeneous 
solid-solution alloy with positively charged Ni center can facilitate the 
activation of CO2 into *COOH and enhance the interaction between 
*COOH and AuNi (111) due to the change of electronic structure. This 
work not only offers fundamental understanding between electronic 
structure and free energy of elementary steps of CO2RR, but also pro-
vides a new strategy for designing the homogeneous solid-solution alloy 
as highly efficient CO2RR catalyst. 
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