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Cu Nanowire-Catalyzed Electrochemical Reduction of CO or CO2 
Hongyi Zhang,a Yinjia Zhang,b Yuyang Li,a Stephen Ahn,b G. Tayhas R. Palmore,b Jiaju Fu,a Andrew 
A. Peterson,b Shouheng Suna,*

We prepared micrometer long Cu nanowires (NWs) of 25 and 50 
nm diameters and studied their electrocatalysis for 
electrochemical reduction of CO/CO2 in 0.1 M KHCO3 at room 
temperature. The 50 nm NWs show better selectivity than the 25 
nm NWs, and catalyze CO reduction to C2-hydrocarbons (C2H4 + 
C2H6) with a combined  Faradaic efficiency (FE) of 60% (C2H4 FE of 
35% and mass activity of 4.25A/gCu) at −1.1 V (vs reversible 
hydrogen electrode). The NW-catalyzed CO2 reduction  is less 
efficient due to the extra CO2 to CO step required for the 
formation of C2-hydrocarbons. These experimental evidence 
combined with DFT calculations suggest that CO is an important 
intermediate and NWs provide large Cu (100) surface for *CO 
hydrogenation (to *CHO) and *CO-*CHO coupling, leading to more  
selective reduction of CO than CO2 towards C2-hydrocarbons.

The accelerated consumption of fossil fuels required to 
maintain the fast pace of industrialization has led to increasing 
levels of CO2 in the atmosphere, which raises the alarm about 
the stability of our environment and the energy sustainability. 
One obvious solution to this dilemma is to capture the CO2 and 
convert it to reusable forms of carbon. Among the numerous 
methods developed for CO2 conversion, electrochemical 
reduction of CO2 is attractive for its ambient reaction 
conditions and its potential to be highly selective for a 
targeted product.1,2 Electrochemical reduction of CO2 in 
buffered solutions of KHCO3 has been shown to be selective at 
forming CO3-6 or formate,8-13 but not so selective toward C2 
products because of the difficulty at controlling multi-electron 
reductions, hydrogenations, and carbon-carbon (C-C) coupling 
reactions, all of which are required for the conversion.

Copper (Cu) is a metal that can catalyze the 
electrochemical reduction of CO2 to hydrocarbons. Earlier 
studies on single crystal Cu electrodes show that the Cu (100) 
surface tends to catalyze a C-C coupling reaction to yield 

ethylene (C2H4) with a reaction Faradaic efficiency (FE) of 
40.7%, while the Cu (111) surface promotes the formation of 
methane (CH4) with a FE of 50.5%.14 In these reaction 
pathways, the adsorbed CO is believed to be an essential 
intermediate.15-19 Under typical experimental conditions, 
however, C2H4 and CH4 are always concurrently produced at 
Cu.20 A Cu nanowire (NW) possesses a five-twinned surface 
structure exposing five (100) planes,21,22 and should serve as a 
more selective catalyst for CO2 reduction to C2H4. We prepared 
25 and 50 nm wide Cu NWs and tested them for 
electrochemical reduction of CO or CO2. The 50 nm NWs were 
more active and selective than the 25 nm ones at converting 
CO to C2-hydrocarbons, and at -1.1 V (vs reversible hydrogen 
electrode (RHE)), the reduction yielded C2H4 + C2H6 with a 
combined FE of 60% (C2H4 FE of 35% and mass activity at 
4.25A/gCu). The NWs were less efficient for the reduction of 
CO2, but the C2H4 was still the main gas product (22% FE at -1.5 
V). Density functional theory (DFT) calculations suggest that 
presence of CO on the Cu(100) surface facilitates *CO-*CHO 
coupling for the formation of C2-hydrocarbons.  

The Cu NWs were prepared by reducing CuCl in a heated 
oleylamine solution23 (see supporting information, SI). To 
ensure the growth of good quality NWs, the reaction mixture 
was left unstirred once the solution turned red, which is 
similar to what was reported in the syntheses of Au24 and FePt 
NWs,25 where the oleylamine medium is believed to form 
reverse micelle-like cylinder-channels to facilitate the growth 
of NWs. In the current procedure, oleylamine served both as a 
reducing agent (to reduce CuCl to Cu) and as a stabilizer of the 
growing NWs. Different reaction conditions were tested to 
optimize NW growth. Temperatures over 200°C usually led to 
aggregated nanoparticles, but temperatures below 180°C did 
not yield good quality Cu NWs. Prolonged heating (> 2 h) 
degraded the quality of the Cu NWs. Therefore, the optimal 
temperature for preparing good quality Cu NWs was 190C in 
less than 2 h. The 25 nm wide Cu NWs were obtained by 
heating the reaction mixture at 190°C for 0.5 h and 50 nm 
wide Cu NWs were obtained by heating the reaction mixture at 
200°C for 1.5 h. Figure 1 shows transmission electron 
microscopy (TEM) images of the two types of Cu NWs 
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prepared. The NWs are micrometers in length with average 
widths of either 25 nm (Figure 1a) or 50 nm (Figure 1b), and 
(200) interfringe distances measured to be 0.19 nm (Figure 1c) 
and 0.18 nm (Figure 1d). The X-ray diffraction (XRD) patterns 
of the representative 25 nm and 50 nm wide Cu NWs (Figure 
S1) show that the Cu NWs has a face-centered cubic structure 
with the (200) inter-planar distance measured to be 0.18 nm, 
supporting what were measured in Figure 1c,d). The 
diffraction pattern does not show obvious copper oxide peaks, 
which indicates that the synthesis leads to the formation of 
metallic Cu NWs. 

Figure 1. TEM images of (a) 25 nm and (b) 50 nm wide Cu NWs, and 
HRTEM images of a representative part of (c) 25 nm and (d) 50 nm Cu 
NW. (200) interplanar fringe distances were measured to be 0.19 nm 
(c) and 0.18 nm (d) respectively.

To test electrochemical and electrocatalytic properties of 
the Cu NWs, the NWs were deposited on a carbon support 
(Ketjen EC300J) at a mass ratio of 1:1 as described previously.3 
The carbon-supported NWs were subsequently immersed in n-
butylamine under an atmosphere of N2 at room temperature 
for two days to remove the oleylamine surfactant. The 
supported NWs were washed with ethanol and distilled water, 
and then dried at 80°C in a vacuum oven overnight. The 
resulting C-Cu catalysts (25 nm Cu NW and 50 nm Cu NW 
denoted as C-Cu-25 and C-Cu-50 (Figure S2), and were 
characterized by infrared (IR) spectroscopy: a representative 
spectrum of C-Cu-50 shows peaks characteristic of alkylamine 
(e.g., C–N stretching mode at 1375 cm−1, CH2 bending vibration 
at 1459 cm−1, and CH2 and CH3 symmetric and asymmetric 
stretching vibrations within the range of 2840–3000 cm−1) are 
absent (Figure S3), indicating a successful replacement of 
oleylamine and removal of butylamine after washing  and 
vacuum drying steps. Carbon ink was prepared by mixing C-Cu, 
polyvinylidene fluoride (PVDF) and a few drops of N-methyl-2-
pyrrolidone (NMP) (SI). The ink was pasted onto carbon paper, 
dried under vacuum, and used as a working electrode.

Cyclic voltammetry (CV) shows that electrodes fabricated 
with C-Cu-50 and C-Cu-25 have two anodic peaks attributed to 

the oxidation of Cu(0) to Cu(I) and Cu(I) to Cu(II), and two 
cathodic peaks attributed to the reduction of Cu(II) to Cu(I), 
and Cu(I) to Cu(0) (Figure 2a).26 The redox peaks at 0.65 V and 
0.1 V, which are related to Cu(I)/Cu(0), are nearly independent 
on the NW diameter. In contrast, those associated with the 
Cu(II)/Cu(I) shift from 0.95 V (for the C-Cu-25) to 1.01 V (for 
the C-Cu-50), and from 0.4 V (for the C-Cu-25) to 0.45 V (for 
the C-Cu-50). The 50 nm Cu NWs appear to better stabilize the 
Cu(II) species than the 25 nm Cu NWs. Figure 2b shows the 
linear sweep voltammetry (LSV) curves of the C-Cu-50 
measured under an atmosphere of Ar or CO. The C-Cu-50 
exhibits a more obvious increase in cathodic current under Ar 
than CO. Similar behavior was observed on the C-Cu-25 (Figure 
S4). This result indicates that in the presence of CO, the Cu 
surface is covered by CO, which suppresses the hydrogen 
evolution reaction.

Figure 2. (a) CV of C-Cu-25 and C-Cu-50 in Ar-saturated 0.1 M KHCO3. 
Scan rate = 50 mV/s. (b) LSV scans of C-Cu-50 in Ar- or CO-saturated 
0.1 M KHCO3. Scan rate = 5 mV/s.

The electrocatalytic reduction of CO was studied in a 
conventional H-cell (separated by a Nafion 212 membrane) 
filled with 0.1 M KHCO3 solution (pH = 8.3) and saturated with 
CO at room temperature. Based on linear sweep voltammetry 
(Figure 2b), the applied reduction potentials were set from -
0.7 V and beyond to obtain measurable amount of products. 
The gaseous products analyzed by gas chromatography (GC) 
contained C2H4, C2H6 and H2 with a net FE of 100%±3% and the 
combined FE of C2H4 + C2H6 given in Figure 3a. No liquid 
products were detected by 1H NMR at all potentials studied. At 
-1.1 V, the C-NW-50 catalyst produces more selectively C2-
hydrocarbons, C2H4 + C2H6, with a combined FE of 60%, in 
which the FE of C2H4 is at 35% (Figure 3a) and the related mass 
activity is at 4.25 A/gCu (Figure 3b). As a comparison, the C-
NW-25 is less active than the C-Cu-50 (Figure 3b). Under the 8 
h electrochemical reduction testing condition, the 50 nm NWs 
showed no obvious morphology changes (Figure S5). CH4 was 
not detected under the current electrocatalysis condition, 
demonstrating high activity/selectivity of our C-Cu-50 towards 
C2-hydrocarbons, which is different from what was reported.27 

When CO was replaced by CO2, the reduction became less 
efficient and yielded CO, formate and C2H4 (Figure 3c), as well 
as a trace amount of CH4 (FE below 0.5%). C2H4 became a 
major product only when the reduction potentials reached 
beyond -1.3 V. 
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Figure 3. (a) FE of C2H4 + C2H6 from the C-Cu-50 catalyzed CO reduction 
at various reduction potentials. (b) Mass activities for the formation of 
C2H4 on the C-Cu-50 and C-Cu-25 catalysts. (c) FE of the CO2 reduction 
products on C-Cu-50.

Previous reports on pH-dependent electrocatalytic reduction 
of CO on Cu surfaces showed that the catalytic selectivity 
towards C2H4 was improved when the solution pH was 
increased from 7 to 13.27,28 In our reaction condition, the pH of 
the electrolyte after the reduction of CO varied only between 
8.6 to 9.3 over the potential range studied. This 0.7 pH value 
change should not account for the selective formation of C2H4. 
Moreover, no CH4 was detected in the NW-catalyzed reduction 
process. Therefore, we can conclude that 50 nm Cu NWs are 
especially selective for the CO reduction to C2-hydrocarbons 
(C2H4 + C2H6).  

Figure 4. The free energy diagram of the CHO-CO and COH-CO 
coupling processes on Cu(100) and Cu(111) surfaces. Configurations 
are shown along the reaction pathway (Copper: Cu; red: O; grey: C; 

white: H). The higher initial energy of CO+COH reflects the calculated 
instability of COH relative to CHO.

The data collected from the electrochemical reduction of 
CO/CO2 suggest that CO is an important intermediate for the 
formation of C2-hydrocarbons on the Cu NW surface. The CO2 
reduction is less efficient than the CO reduction due likely to 
the required the first step conversion of CO2 to CO. Density 
functional theory (DFT) was used to gain additional insight into 
possible C-C coupling pathways on Cu NWs, where five-
twinned structure can expose five (100) planes around each 
NW.21,22 The coupling reaction to produce CO-CO has been 
proposed as the rate determining step in C2H4 formation.29,30 

However, our calculations show that the CO-CO coupling 
barrier is high at 1.19 eV, even on the Cu(100) surface. 
Theoretical studies have further shown that a higher coverage 
of CO,31 aqueous electrolyte environment,32-35 and degree of 
hydrogenation of the CO-based adsorbate16 can reduce the 
barrier to C-C coupling. Here, we used the climbing-image NEB 
method to compare the activation barrier energies of CHO-CO 
and COH-CO coupling on Cu(100) and Cu(111) surfaces. The 
results from these calculations are shown in Figure 4. In all 
cases, the first barrier reflects diffusion of the two adsorbates 
moving closer to each other, and the second barrier is the C-C 
bond-forming step. Among the four cases, the CHO-CO 
coupling on Cu(100) has the lowest total barrier, about 0.1 eV 
lower than that the same reaction on Cu(111) and on 
Cu(211).16 Interestingly, for COH-CO coupling on Cu(100), the 
major contribution to the barrier is the initial diffusion process, 
although the total barrier is much higher than the CO-CHO 
coupling. If high levels of CO and COH coverage are 
encountered during CO2 reduction, the diffusion barrier may 
drop greatly. Consequently, there may be a switch from CHO-
CO pathway to COH-CO pathway on Cu(100) as coverage 
increases. In either case, the Cu(100) facet has a lower 
activation barrier than Cu(111).

In summary, micrometer long Cu NWs with 25 nm and 50 
NWs diameters were prepared for electrochemical reduction 
of CO/CO2 to C2-hydrocarbons. With the exception of 
hydrogen evolution reaction on Cu, the 50 nm NWs show 
higher activity and selectivity than the 25 nm NWs toward C2-
hydrocarbon gas products C2H4 + C2H6 with a combined FE of 
60% at -1.1 V. neither CH4 nor other liquid products are 
detected in the CO reduction process. The NWs are less 
efficient for the CO2 reduction, yielding CO + formate and C2H4 
with a combined FE <35% at -0.9 V, and C2H4 being a dominant 
gas product (22% FE) only at -1.5 V. Our studies demonstrate 
great potentials of Cu NWs as a selective catalyst for CO/CO2 
reduction to C2-hydrocarbons, and CO is an important 
intermediate for C-C coupling in the hydrocarbon formation 
process. We are working to solve the stability issue and to 
develop Cu NWs as an efficient catalyst for electrochemical 
reduction of CO2 to hydrocarbons.
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