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ABSTRACT 
Electrocatalytic carbon dioxide (CO2) reduction is considered as an economical and environmentally friendly approach 
to neutralizing and recycling greenhouse gas CO2. However, the design of preeminent and robust electrocatalysts for CO2 
electroreduction is still challenging. Herein, we report the in-situ growth of dense CuOx nanowire forest on 3D porous Cu 
foam (CuOx-NWF@Cu-F), which can be directly applied as a freestanding and binder-free working electrode for highly 
effective electrocatalytic CO2 reduction. By adjusting the surface morphology and chemical composition of CuOx nanowires 
via surface reconstruction, large electrochemically active surface area and abundant Cu(+1) sites were generated, leading 
to remarkable activity for CO2 electroreduction. The as-prepared hierarchical conductive electrode exhibited an enhanced 
Faradaic efficiency of 15.0% for ethanol formation (FEC2H5OH) and a total Faradaic efficiency of 69.4% for all carbonaceous 
compounds (FEC-total) at a mild applied potential of –0.45 V vs. RHE in 0.1 M KHCO3 electrolyte. It achieved a 4-fold increase 
in FEC-total than that of Cu nanowire forest supported on 3D porous Cu foam (Cu-NWF@Cu-F) obtained by in-situ reduction 
of the CuOx-NWF@Cu-F via annealing at H2 atmosphere, and thereby effectively suppressed the hydrogen evolution 
side-reaction. 

KEYWORDS 
electrocatalytic CO2 reduction, CuOx nanowire forest 3D hierarchical nanostructure, surface reconstruction, enhanced 
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1 Introduction 
Industrial emission of carbon dioxide (CO2), a major component 
of greenhouse gases, has been regarded as a leading cause 
of global warming. With the CO2 concentration constantly 
increases in atmosphere, artificial CO2 capture and conversion 
have become important to achieve a carbon-neutral energy 
cycle and to avoid climate catastrophe [1‒3]. Among different 
CO2 conversion approaches, electrocatalytic reduction of CO2 
into useful chemical feedstocks and hydrocarbon fuels has 
attracted lots of attention in the past decade [4, 5], due to the 
green process and convenient energy input by electricity [6‒8]. 
However, since CO2 is a thermodynamically stable molecule 
with the highest oxidation state of carbon, the cleavage of 

C=O bonds and the control of conversion products are 
difficult. Moreover, the electrocatalytic method is facing some 
critical challenges including high overpotential, low selectivity, 
and excessive energy consumption. To address these problems, 
various electrocatalysts have been explored in electrochemical 
CO2 reduction, such as metal-organic complexes, metal/alloy 
nanostructures, metal oxides, metal chalcogenides, metal carbides 
and carbon materials, as summarized in our previous reviews 
[9, 10]. In particular, copper (Cu), as an earth-abundant 
metal, has been extensively employed for the production of 
carbonaceous compounds like CO [11, 12], HCOOH [13, 14] 
and value-added C2+ products [15‒17]. In spite of the promising 
results from the previous studies, the selectivity and efficiency 
of Cu electrocatalyst are still to be improved, especially at low 
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applied potentials. More importantly, the working electrodes 
usually contain polymer binders and inactive materials, which 
may restrict the contact area between electrocatalyst and 
electrolyte, and thus decrease the overall catalytic activity [18]. 

In this work, a freestanding electrocatalyst composed of 
CuOx nanowire forest in-situ grown on 3D porous Cu foam 
(CuOx-NWF@Cu-F) was prepared and directly used as the 
working electrode in electrocatalytic CO2 reduction without 
the need of any conductive additives or binders. Furthermore, 
fully reduced Cu-NWF@Cu-F electrode was obtained by the 
in-situ treatment of CuOx-NWF@Cu-F under H2 atmosphere. 
With the hierarchical structure, large electrochemical surface 
area and active Cu(+1) sites, the CuOx-NWF@Cu-F electrode 
exhibited an highly improved Faradaic efficiency for ethanol 
formation (FEC2H5OH) of 15.0% and a total Faradaic efficiency 
for all carbonaceous compounds (FEC-total) of 69.4% at a mild 
potential of –0.45 V (vs. RHE) in 0.1 M KHCO3 electrolyte. 
The FEC-total value of CuOx-NWF@Cu-F electrode is four times 
higher than that of Cu-NWF@Cu-F (17.4%) and can effectively 
suppressed the hydrogen evolution reaction (HER). Moreover, 
this study provides further insight into the mechanism of catalytic 
activity in terms of the geometric effect and electronic structure 
of electrocatalysts.  

2 Experimental 

2.1 Preparation of CuOx-NWF@Cu-F electrocatalyst 

Firstly, the Cu-F was rinsed with acetone and immersed in  
1.0 M diluted hydrochloric acid (HCl) aqueous solution for  
10 min in order to remove the oxide layer on the Cu surface. 
Then, the Cu-F was ultrasonically cleaned with ethanol and 
deionized water in sequence. After dried with nitrogen gas, the 
cleaned Cu-F was immediately immersed into a mixed aqueous 
solution containing 0.133 M (NH4)2S2O8 and 2.667 M NaOH 
for different reaction times (10, 20 or 30 min). During this 
etching process, the surface of Cu-F gradually turned into deep 
blue, indicating the formation of Cu(OH)2 nanowires. Then, the 
substrate was taken out from the reaction solution, and rinsed 
with deionized water and ethanol for several times. Subsequently, 
the substrate was annealed in a muffle furnace at 150 °C for 
2 h under air atmosphere to obtain CuOx-NWF@Cu-F with a 
color of dark brown. 

2.2 Preparation of Cu-NWF@Cu-F electrocatalyst 

The as-prepared CuOx-NWF@Cu-F electrode was directly 
reduced in (5%) H2/Ar atmosphere at 300 °C for 1 h to obtain 
the Cu-NWF@Cu-F electrode. 

2.3 Characterizations 

The nanoscale morphology and structure of samples were 
characterized by field-emission scanning electron microscopy 
(FESEM, JSM-6480) and transmission electron microscopy 
(TEM, JEM-2100). The crystal structures of products were 
determined by using a powder X-ray diffractometer (XRD, 
Bruker D8 Advance) with Cu Kα (λ = 1.5406 Å) irradiation in 
the range from 20° to 90° at a scanning rate of 10 °·min−1. Raman 
signals were identified in the range of wavenumber between 
50 and 700 cm−1 by a Horiba JY H800 Raman spectrometer. 
The oxidation states of Cu species before and after electrolysis 
were investigated by X-ray photoelectron spectroscopy (XPS, 
PHI-5000 Versa Probe X-ray photoelectron spectrometer) and 
X-ray-induced Cu LMM Auger spectroscopy with an Al Kα 

X-ray radiation. N2 adsorption-desorption measurements were 
performed with an ASAP2020 HD88 instrument to determine 
the specific surface areas of samples. 

2.4 CO2 adsorption measurements 

The CO2 adsorption properties of the samples were analyzed 
on a Quantachrome Autosorb-IQ-2C-TCD-VP instrument. 
Prior to the adsorption experiments, the samples were degassed 
at 130 °C for 8 h. The CO2 adsorption experiments proceeded 
at 25 °C stabilized by circulated water and with the testing 
pressure ranged from 0.05 to 1.00 bar. 

2.5 Electrochemical measurements 

All electrochemical measurements were carried out in a 
customized electrocatalysis instrument setup with a CHI-760E 
(CH Instrument, Shanghai, China) workstation. Briefly, 50 mL 
of 0.1 M KHCO3 aqueous solution was used as the electrolyte 
in a closed electrochemical cell with a gas headspace of 
approximately 60 mL. After purged with CO2 gas for 30 min, 
the electrolyte (with a pH value measured as ~6.8) was used to 
undergo electrochemical reduction of CO2 in a conventional 
three-electrode system at ambient temperature (25 °C) and 
atmospheric pressure. A piece of selected Cu-based electrode 
was applied as working electrode. A platinum gauze electrode 
was used as counter electrode and saturated calomel electrode 
(SCE) was adopted as reference electrode. All the applied 
potentials (E) are shown in comparison with the potential of 
reversible hydrogen electrode (RHE) according to the following 
equation: E (vs. RHE) = E (vs. SCE) + 0.214 V + 0.059pH. To 
determine the electrochemical surface area (ECSA) and surface 
roughness factor (Rf), cyclic voltammetry (CV) method was 
employed to test the double layer capacitances of different 
samples. After the electrochemical reduction of samples in 
CO2-saturated 0.1 M KHCO3 solution at 0.45 V vs. RHE, CV 
experiments were performed in 0.1 M HClO4 electrolyte 
within a potential range (–0.3 to –0.2 V vs. SCE) to ensure 
nonoccurrence of Faradaic processes. The selected scan rates 
were 10, 20, 30, 50, 80, 100 and 120 mV·s−1, respectively. The 
slope of the linear regression was estimated from the CV curve 
with a plot of capacitive current density Δj = (ja − jc) at −0.25 V 
vs. SCE against the scan rates, where ja and jc were the cathodic 
and anodic current densities, respectively. The value of slope 
was just double that of double-layer capacitance Cdl. The 
ECSA can be calculated from: ECSA = Rf*S, where S stands for 
the geometric area of the electrode. For the working electrode 
and the corresponding smooth metal electrode (assuming 
that the average Cdl of a smooth metal surface is 20 μF·cm−2). 
Rf was calculated as: Rf = Cdl/20 μF·cm−2. The Tafel slop for CO 
selectivity was calculated with a plot of the overpotential vs. 
the logarithm of the partial current density by means of linear 
sweep voltammetry (LSV) measurement and Faradaic efficiency 
of CO. 

2.6 Quantitative analysis of the gaseous and liquid 

products 

The generated gases were collected using a gastight syringe with 
a time interval of 60 min during the electrochemical reduction 
process of 4 h. Subsequently, the collected gas was directly 
injected into the gas sampling loop of a gas chromatograph 
(GC7900, Shanghai Techcomp) to periodically quantify the 
yield of gas products (n in moles). The different components 
in the gas product were detected by a thermal conductivity  
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detector (for H2) and a flame ionization detector (for CO and 
hydrocarbons) with high-purity Ar flow as the carrier gas. The 
quantitative measurements were carried out two times to confirm 
the data accuracy. Liquid products generated from the CO2 
electrochemical reduction were measured and quantified by 
nuclear magnetic resonance technique (NMR, Bruker AV-600) 
after the overall electrocatalytic process of 4 h. The one- 
dimensional 1H NMR spectra were measured with a necessary 
water pre-saturation method to suppress over water peak. 
With 0.1 mL of anhydrous dimethyl sulfoxide (DMSO, 99.5%, 
diluted to100 ppm (v/v) by water prior to use) as an internal 
standard, 0.6 mL of the electrolyte mixed with 0.1 mL of 
deuterated water (D2O) was applied to determine the amounts 
of liquid products (n in moles). After confirming the electron 
number m needed to generate one gas/liquid molecule  
(CO, HCOOH, alcohols or hydrocarbons, etc.), the Faradaic 
efficiency can be calculated as follows: Faradaic efficiency  
(FE) = mF*n/Q = mF*n/(I*t), where F is the Faraday constant. 
The amount of transferred charge (Q in coulombs) to produce 
each product was calculated at a period of time (for gas products) 
or during the entire reaction time (for liquid products). Q = I*t, 
where I (in amperes) is the constant current at a specific 
applied voltage and t is the time of electrolysis (in seconds) 
consumed for the corresponding reduction current.  

3 Results and discussion  

3.1 Synthesis and characterizations of CuOx-NWF@Cu-F 

The two-step preparation process of CuOx-NWF@Cu-F electrode 
is illustrated in Fig. 1(a). After immersing the pristine Cu foam 
(Cu-F) in a mixed solution containing (NH4)2S2O8 and NaOH 
for 30 min, the color of Cu-F turned from orange to blue, 

and a forest of Cu(OH)2 nanowires grown on Cu-F (Cu(OH)2-  
NWF@Cu-F) was formed (Figs. S1(a) and S1(b) in the 
Electronic Supplementary Material (ESM)). After annealing 
under air, the Cu(OH)2-NWF@Cu-F electrode was converted 
to CuOx-NWF@Cu-F electrode. As indicated by the SEM 
image in Fig. 1(b), the CuOx-NWF was densely covered on  
the surface of Cu-F. The length of CuOx nanowires can reach 
tens of micrometers, and the average diameter is ~200 nm 
(Figs. 1(c) and 1(d)). Figures 1(e)‒1(g) presents the TEM images 
of CuOx-NWF@Cu-F electrode. A highly rough and nanoporous 
surface was achieved, which could expose abundant active sites 
to promote the activity of CO2 electro-reduction (Figs. 1(e) 
and 1(f)). High-resolution TEM (HRTEM) image in Fig. 1(g) 
demonstrates that the CuOx nanowires are composed of 
numerous of highly crystalline grains. The measured lattice 
distances of 0.247 and 0.240 nm can be assigned to the (1

＿

11) 
planes of CuO and the (111) planes of Cu2O, respectively. 
Meanwhile, the corresponding selected area electron diffraction 
(SAED) pattern in the inset of Fig. 1(g) confirms the highly 
crystalline nature of CuOx nanowires. 

By adjusting the reaction duration, different CuOx-NWF@Cu-F 
samples with tunable lengths and densities were also prepared. 
Figures S1 and S2(a) in the ESM show the SEM images and 
optical images of CuOx-NWF@Cu-F samples achieved with 
different soaking durations, respectively. The CuOx-NWF@Cu-F 
samples prepared with the shorten soaking duration of 10 
and 20 min are denoted as CuOx-NWF@Cu-F (10 min) and 
CuOx-NWF@Cu-F (20 min), respectively. As shown in Figs. S1(c)
‒S1(f) in the ESM, with the soaking time decreased, the control 
samples of CuOx-NWF@Cu-F (10 min) and CuOx-NWF@Cu-F 
(20 min) still show the similar morphology to that of 
CuOx-NWF@Cu-F, but the length and density of CuOx 
nanowires are decreased. The high crystallinity of different 

 
Figure 1 Morphological characterizations of CuOx-NWF@Cu-F. (a) Schematic illustration of the preparation process of CuOx-NWF@Cu-F. (b)–(d) SEM 
images of CuOx-NWF@Cu-F at different magnifications. TEM ((e) and (f)) and HRTEM (g) images of as-prepared CuOx nanowires. The lattice fringes 
in (g) are assigned to the (1

＿

11) planes of CuO and (111) planes of Cu2O, respectively. The corresponding SAED pattern in the insert of (g) reveals the
crystalline nature of as-prepared CuOx nanowires. 



  
 

Nano Research Energy 2022, 1: e9120033 

 

4 

samples was further confirmed by XRD spectra, as presented 
in Figs. S2(b) and S2(c) in the ESM. The XRD pattern of pristine  
Cu-F was indexed to JCPDS card No. 03-1005. In Fig. S2(c) in 
the ESM, the magnified spectra in the range of 10°–70° were 
attributed to CuOx-NWF@Cu-F (JCPDS card No. 03-0867 
and No. 03-0898) and Cu(OH)2-NWs@Cu-F (JCPDS card 
No. 03-0310), respectively. Moreover, according to the Raman 
spectrum of CuOx-NWF@Cu-F in Fig. S2(d) in the ESM, the 
peaks at 97, 147 and 217 cm–1 confirmed the presence of Cu2O 
species and the peak at 629 cm–1 are assigned to CuO species. 
3.2 Electrocatalytic CO2 performance of CuOx- 

NWF@Cu-F and Cu-NWF@Cu-F 

To measure the electrocatalytic activity of the samples for CO2 
reduction, electrochemical tests were carried out in a customized 
electrochemical cell (Scheme S1 in the ESM). The self-designed 
electrochemical cell was divided into cathode and anode 
compartments by proton exchange membrane, preventing 
the oxidation of products during CO2 reduction reaction. As 
shown in Fig. 2(a), the CuOx-NWF@Cu-F electrode exhibited 
a sharp variation of current density during the initial 20 min, 
indicating the change of surface states via electrochemical 
reduction at an applied negative voltage. Figure S2(a) in the 
ESM visually showed the color change of CuOx-NWF@Cu-F 
before and after 20-min electrolysis of CO2 reduction. To 
deeply investigate the variation of chemical compositions on 
the surface of electrocatalyst before and after electrolysis, XPS 
were carried out (Figs. 2(b)‒2(d)). In O 1s region (Fig. 2(c)), 
the characteristic peaks of lattice oxygen of Cu2O and CuO 
(OL(Cu+) and OL(Cu2+)), oxygen vacancy (OV) and adsorbed 
oxygen (OC) indicate the coexistence of Cu2O and CuO on the 
surface of CuOx-NWF (before electrolysis). In Fig. 2(d), there 
are distinct differences in Cu 2p region of CuOx-NWF@Cu-F  
before and after electrolysis. The Cu(II) peaks (955.4 and 

935.5 eV) and Cu2+ satellite (Cu2+ sat.) peaks appeared in   
the XPS spectrum of CuOx-NWF@Cu-F (before electrolysis). 
This further declare the presence of CuO on the surface of 
CuOx-NWF@Cu-F (before electrolysis). In comparison, the 
CuOx-NWF@Cu-F (after electrolysis) only shows two main 
peaks at 952.2 and 932.4 eV, which are assigned to Cu1+/Cu0 
states. Meanwhile, the peaks of CuOx-NWF@Cu-F (after 
electrolysis) related to Cu2+ sat. are almost disappeared [19, 20], 
indicating that almost all of Cu2+ species are reduced during 
the electrolysis and the Cu1+/Cu0 species in CuOx-NWF are 
substantially responsible for the electrochemical activity in  
the entire CO2 electro-reduction process. Combined with 
X-ray-induced Cu LMM Auger studies (Fig. S3 in the ESM), 
these results reveal that the surface of CuOx-NWF@Cu-F is 
mainly composed of Cu1+ species, while the presence of Cu0 
species is might due to the weak signal peak of Cu-F substrate.  

To reveal the CO2 electrocatalytic activity of CuOx-NWF@Cu-F 
electrode, the LSV curve, current density and Faradaic 
efficiencies (FE) of the products during CO2 electro-reduction 
have been investigated. In Fig. S4 in the ESM, the CuOx- 
NWF@Cu-F in CO2-saturated electrolyte exhibits higher 
current densities than in N2-saturated electrolyte, indicating  
that CuOx-NWF@Cu-F prefers to catalyze CO2 reduction 
rather than hydrogen evolution. As shown in Fig. 2(a), when the 
applied potential is varied from –0.35 to –0.75 V (vs. RHE), 
an enhanced current density is achieved at a more negative 
potential, and the current value shows negligible decrease as the 
time goes by. As shown in the SEM images (Figs. S5(a)‒S5(c) 
and S6(b) and S6(c) in the ESM), the nanowire-like morphology 
of CuOx-NWF before and after CO2 electroreduction has no 
significant change. Meanwhile, in comparison of XRD pattern 
before and after electro-reduction (Fig. S6(a) in the ESM),  
the main peaks attributed to Cu species still existed after 
electrolysis, which indicate the stability of crystalline phase 

 
Figure 2 The structural and compositional characterizations of CuOx-NWF@Cu-F. (a) Current density vs. time plots of CuOx-NWF@Cu-F electrode at 
different applied potentials from –0.35 to –0.75 V (vs. RHE) during CO2 electroreduction. (b) XPS spectra of CuOx-NWF@Cu-F electrode before and 
after 20-min electrolysis of CO2 reduction. (c) O 1s XPS spectrum of CuOx-NWF@Cu-F before electrolysis. (d) Cu 2p XPS spectra of CuOx-NWF@Cu-F 
before and after 20-min electrolysis of CO2 reduction, respectively. 
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during the electro-reduction process. As shown in Fig. 3(a), 
besides CO and H2 gases, a quantity of liquid products was 
detected (Fig. S7 and Table S1 in the ESM), and the FEC2H5OH 
reached more than 15.0%. Meanwhile, the highest FEC-total was 
69.4% and the total Faradaic efficiency for all products was up 
to 98.6% at an applied potential of –0.45 V vs. RHE. Since the 
HER acts as a main competitive reaction during CO2 reduction 
electrolysis, H2 was also determined and quantified as a 
by-product. At relatively negative potentials lower than  
–0.45 V vs. RHE, the yield of H2 by-product increased, which 
indicated that the more negative applied potential was more 
favorable for the HER rather than driving CO2 reduction. At a 
more negative potential, the obvious diminish of FEC-total and 
the elevated H2 evolution indicated the CO2 mass transport 
limitations at higher current density [12]. As catalytic stability 
is an essential parameter to evaluate the performance of    
an electrocatalyst, the long-term catalytic performance of 
CuOx-NWF@Cu-F has been evaluated, and no obvious 
degradation was observed in consecutive test over 24 h  
(Fig. S8 in the ESM). 

Since the CuOx-NWF@Cu-F electrode exhibited preferable 
electrocatalytic activity for CO2 conversion, the performances 
of Cu-NWF@Cu-F electrode with reduced Cu nanowires were 
also compared to reveal the structure sensitivity towards the 
electrocatalytic activity [11, 21, 22]. The Cu nanowires on the 
Cu-NWF@Cu-F electrode were directly obtained from the 
CuOx-NWF@Cu-F electrode by annealing in H2 atmosphere 
at 300 °C, which was used as a control sample towards    
CO2 electro-reduction. As shown in Fig. S9 in the ESM and 
Fig. 3(d), even if the total current densities reached high 
values, the Cu-NWF@Cu-F electrode still showed inferior 
Faradaic efficiencies of carbonaceous compounds to those of 
CuOx-NWF@Cu-F electrode. This indicated that H2 was the 
dominant product on the Cu-NWF@Cu-F electrode. Compared 
with CuOx-NWF@Cu-F, the Cu-NWF@Cu-F electrode exhibited 

smaller electrochemical surface area (ECSA), suggesting its less 
exposed active sites towards CO2 adsorption (Figs. S10(a)‒S10(c) 
and S11 in the ESM). Observed from the SEM and XRD 
characterizations (Figs. S5(d)‒S5(f) and S6(d)‒S6(f) in the 
ESM), the Cu-NWF@Cu-F electrode after electrochemical  
CO2 reduction exhibited dilapidated surface morphology  
and decreased crystallinity, which revealed its undesirable 
structure stability. 

Due to the considerable electroreduction activity differences 
between CuOx-NWF@Cu-F and Cu-NWF@Cu-F, the surface 
structures of these two electrodes were further compared  
to essentially explain the enhanced performances of CuOx- 
NWF@Cu-F towards CO2 electro-reduction. TEM and HRTEM 
characterizations clearly indicated different active planes were 
formed on these two electrodes through different synthetic 
approaches. As presented in Figs. 3(b) and 3(c), the Cu2O (111) 
planes were favorably emerged from the CuOx-NWF@Cu-F 
sample, while the fully reduced Cu-NWF@Cu-F sample 
preferably exposed the Cu (111) planes (Figs. 3(e) and 3(f)) 

[23]. As evidenced by previous DFT calculations [24, 25], the 
exposed Cu2O(111) facets and Cu(+1) sites tended to display 
stronger bonding capability for CO2·– intermediates and optimal 
adsorbed energy for CO* intermediates, thus leading to high 
selectivity towards carbonaceous compounds and effective 
suppression of the HER. These results further verify that the 
surface structures of Cu-based nanomaterials can great affect 
the activity and selectivity of electrochemical CO2 reaction. To 
make clear comparisons, the representative research works on 
other Cu-based electrodes in previous literature were listed in 
Table S2 in the ESM [12, 13, 19, 21, 26−30]. Among those 
Cu-based catalysts studied thus far, CO2 can be selectively 
converted to CO, HCOOH, or more importantly, to ethanol, 
with relatively high faradaic efficiencies via different pathways. 
The comparative result suggests the competitive carbonaceous 
product selectivities realized in this work. This indicates   

 
Figure 3 Electrocatalytic CO2 performance of CuOx-NWF@Cu-F and Cu-NWF@Cu-F. (a) and (d) The applied potentials vs. the Faradaic efficiencies of 
major products for (a) CuOx-NWF@Cu-F and (d) Cu-NWF@Cu-F during electrocatalytic CO2 reduction. (b) and (c) HRTEM images of CuOx-NWF@Cu-F 
(after electrolysis) with the lattice fringes assigned to the (111) planes of Cu2O. (e) and (f) HRTEM images of Cu-NWF@Cu-F with the lattice fringes 
assigned to the (111) facets of Cu. The corresponding SAED patterns in the inserts of (c) and (f) indicate the crystalline nature of CuOx-NWF@Cu-F and 
Cu-NWF@Cu-F. 
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that the rational design and modulation of surface species 
of Cu-based electrocatalysts is of great importance for further 
improving the electrocatalytic activity and selectivity towards 
electrochemical CO2 reduction.  

3.3 Electrocatalytic CO2 performance of CuOx- 

NWF@Cu-F with different growth time 

To understand the importance of morphology and surface 
structure on the activity for CO2 electro-reduction, we also 
performed extra contrast experiments to determine the 
optimal length and density of CuOx-NWF. It is worth noting 
that the CuOx-NWF grew longer and denser as the growth 
time increases. As shown in Figs. 3(a), 4(d)–4(g), the CuOx- 
NWF@Cu-F electrode (with the default growth time of 30 min) 
exhibited the optimal electrochemical CO2 reduction activity, 
highest current density and suppressed H2 evolution when 
compared with those of pristine Cu-F, CuOx-NWF@Cu-F  
(10 min) and CuOx-NWF@Cu-F (20 min). Moreover, the 
CuOx-NWF@Cu-F electrode only required an overpotential of 
less than 100 mV to reach the optimal FEC-total. As presented in 
Figs. 4(h) and 4(i), with longer growth time of Cu nanowires, 
CO product was more likely to be generated at a mild applied 
potential accompanied with higher partial current density for 
CO production (jCO). Notably, the drop of Faradaic efficiencies 
for CO production (FECO) at high current densities was not 
only because of the mass transport limitation, but also because 
CO molecules could be further reduced to the C2+ liquid  

products (like C2H5OH) [11]. Among the samples, the pristine 
Cu-F was the least active one for CO2 electroreduction, since 
H2 was the dominant product for pristine Cu-F. Moreover, the 
rate-determining steps for CO2 electro-reduction were revealed 
by the calculated Tafel slops (Fig. S12 in the ESM). The Tafel 
slope for CO production obtained on CuOx-NWF@Cu-F 
electrode was approximately 116 mV per decade. This result 
suggested a rate-determining step involving initial one electron 
transfer for the formation of surface adsorbed CO2·– 
intermediate. When compared with pristine Cu-F (221.7 mV 
per decade), the smaller Tafel slop of CuOx-NWF@Cu-F 
indicates its faster reaction kinetics for CO2 reduction. The 
improved CO2 reduction activity of CuOx-NWF@Cu-F was 
attributed to the surface reconstruction derived from in-situ 
grown CuOx-NWF. The aforementioned results indicate that 
the role of Cu-F itself was insignificant for the electrocatalytic 
activity of CuOx-NWF@Cu-F. The essential characterizations 
and electrochemical test results further explain the optimal 
activity of CuOx-NWF@Cu-F with the highest growth time  
of 30 min toward CO2 electrocatalysis. When compared to 
other CuOx-NWF@Cu-F electrodes with different lengths and 
densities of CuOx nanowires, the highest ECSA and largest 
specific surface area of CuOx-NWF@Cu-F electrode with the 
growth time of 30 min (Figs. S10 and S13 in the ESM) suggest 
the more abundant low-coordination active sites, which was 
responsible for its enhanced electrocatalytic performance. 
Moreover, as shown in Fig. S11 in the ESM, the largest CO2 

 
Figure 4 Electrocatalytic CO2 performance of CuOx-NWF@Cu-F with different growth time. (a)‒(c) SEM images of (a) pristine Cu-F, (b) CuOx-NWF@Cu-F
(10 min) and (c) CuOx-NWF@Cu-F (20 min). (d)‒(f ) The applied potentials vs. Faradaic efficiencies of the major products of (d) pristine Cu-F,
(e) CuOx-NWF@Cu-F (10 min) and (f) CuOx-NWF@Cu-F (20 min). (g)‒(i) The applied potentials vs. total current densities, (h) Faradaic efficiencies for
CO production (FECO) and (i) partial current densities for CO production (jCO) of pristine Cu-F, CuOx-NWF@Cu-F (10 min), CuOx-NWF@Cu-F (20 min)
and CuOx-NWF@Cu-F with different growth durations for electrocatalytic CO2 reduction. 
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uptake capacity of the CuOx-NWF@Cu-F electrode further 
facilitates CO2 electroreduction.  

3.4 Electrochemical reaction mechanism 

To further explore the formation mechanism of different 
carbonaceous products generated on CuOx-NWF@Cu-F 
electrode during electrocatalytic CO2 reduction, the reaction 
pathway was proposed in Fig. 5. The formation of CO2·– 
intermediate by the first electron transfer demands a more 
negative potential than the following chemical reaction steps, 
therefore it generally acts as the rate determining step in CO2 
electrocatalysis. Two crucial factors, including the strong 
binding of CO2·– intermediate and the improved *CO binding 
capability on the active sites of CuOx-NWF, are attributed to 
the enhanced selectivity of carbonaceous products. Meanwhile, 
a small quantity of HCOO– product has also emerged at less 
negative potentials because of the relatively weak bonding of 
CO2·– intermediate on the surface of CuOx-NWF. Ethanol, a 
higher energy-density hydrocarbon product prefers to generate 
through the CH3CH2O* intermediate from the dimerization of 
two *CO intermediates due to the strong binding capability 
and high cover density of *CO intermediates on the surface 
of CuOx-NWF. As a result, the CuOx-NWF@Cu-F electrode 
realizes enhanced electrocatalytic selectivity and relatively 
low overpotential toward CO2 electro-reduction of via effective 
surface reconstruction.  

 
Figure 5 Electrochemical reaction mechanism. Electrochemical reaction 
mechanism for the formation of carbonaceous compounds on CuOx- 
NWF@Cu-F electrode during electrocatalytic CO2 reduction. 

4 Conclusion 
In summary, we report the in-situ formation of a 3D hierarchical 
and free-standing CuOx-NWF@Cu-F electrocatalyst through 
a convenient two-step preparation process. The as-obtained 
CuOx-NWF@Cu-F electrode could reach an optimal FEC2H5OH 
of 15.0% and a corresponding FEC-total of 69.4% at –0.45 V  
(vs. RHE), which effectively suppress the HER as a side 
reaction. Owing to the high ECSA of Cu nanowire arrays, the 
CuOx-NWF@Cu-F electrode could provide smooth electron 
transport and abundant active sites to improve CO2 adsorption. 
Moreover, owing to the lowly coordinated and electrochemically 
active Cu(+1) sites, CO2·– intermediates were preferably stabilized 
to the active sites of CuOx-NWF@Cu-F to achieve improved 
CO2 reduction selectivity towards carbonous compounds, 
especially ethanol as a main product in liquid phase. This 
work suggests a convenient and feasible strategy to enhance 
the selectivity of electrochemical CO2 reduction by tuning  
the geometric factors and electronic structures of Cu-based 
electrocatalysts, which provided a broad platform for the design 

of advanced electrocatalysts towards carbon peaking and carbon 
neutrality. 
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