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Controllable Hydrocarbon Formation from the Electrochemical
Reduction of CO2 over Cu Nanowire Arrays
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Abstract: In this work, the effect of Cu nanowire morphology
on the selective electrocatalytic reduction of CO2 is presented.
Cu nanowire arrays were prepared through a two-step syn-
thesis of Cu(OH)2 and CuO nanowire arrays on Cu foil
substrates and a subsequent electrochemical reduction of the
CuO nanowire arrays to Cu nanowire arrays. By this simple
synthesis method, Cu nanowire array electrodes with different
length and density were able to be controllably synthesized. We
show that the selectivity for hydrocarbons (ethylene, n-
propanol, ethane, and ethanol) on Cu nanowire array electro-
des at a fixed potential can be tuned by systematically altering
the Cu nanowire length and density. The nanowire morphology
effect is linked to the increased local pH in the Cu nanowire
arrays and a reaction scheme detailing the local pH-induced
formation of C2 products is also presented by a preferred CO
dimerization pathway.

The electrochemical reduction of CO2 to fuel by using
renewable energy has attracted considerable attention for
closing the anthropogenic carbon cycle.[1–6] From electro-
reduction of CO2, the captured CO2 at the large emission
sources could be used as a sustainable feedstock to be
electrochemically reduced to high energy density hydro-
carbons (such as CH4 and C2H4).[6–9] Hydrocarbon products
can be conveniently used as fuels within the existing energy
infrastructure.[7] For achieving this goal, it is critical to
develop a stable and cost-effective catalyst with high selec-
tivity and efficiency. Researchers have identified various
electrocatalyst materials that are capable of reducing CO2

electrochemically in CO2-saturated aqueous solutions.[6–14]

Among currently identified catalyst materials, Cu is the only
known material that is capable of catalyzing the formation of
significant amounts of hydrocarbons at high reaction rates in
CO2-saturated aqueous solutions at ambient temperature and
pressure.[8,10] However, controlling the selectivity of the
catalytic reduction of CO2 to a desired hydrocarbon product
on a Cu catalyst remains a significant scientific challenge.

The electrochemical reduction of CO2 to hydrocarbons on
Cu catalysts is a complex process with many adsorbed

intermediates (such as CO and COH) that could influence
the formation of final products.[11,15] One of the important
parameters in the electroreduction of CO2 is the pH that is
related to the formation of intermediates in certain reaction
pathways, which could have a significant effect on products
formation. The effect of local pH at the electrode/electrolyte
interface on the selectivity of hydrocarbon products in the
electroreduction of CO2 was proposed by Hori in 1989,[16]

showing that a locally high pH formed near Cu electrodes
could facilitate the reduction of the intermediate CO to C2H4

and alcohols. Recently, Koper et al.[17–19] demonstrated that
the electrolyte pH could play a key role in the product
selectivity towards different hydrocarbons and proposed
a CO coupling mechanism, indicating that C2H4 could be
formed from a CO dimer adsorbed on Cu catalysts. Further-
more, Mul et al. reported that the formation of C2H4 from
a CO coupling mechanism is favorable at a high local pH.[20]

Recently, we showed that CuO-derived Cu nanowire
(NW) array electrodes are capable of reducing CO2 to CO at
a moderate overpotentials.[21] At more negative potentials,
hydrocarbon gas phase products on Cu NW arrays were
observed.[21] In this work, we tailor the selectivity of hydro-
carbon products on Cu NW arrays by systematically varying
the length and density of the Cu NWs which can offer a high
local pH within the NW arrays. In addition, this study
provides further insight into the mechanism of the hydro-
carbon formation due to the enhanced CO dimerization
afforded by the NW morphology.

Cu(OH)2 NWs were first synthesized on Cu foils by
immersing Cu foils into a solution mixture containing 0.133m
(NH3)2S2O8 and 2.667m NaOH.[22, 23] The increased length of
Cu(OH)2 NWs was obtained by immersing Cu foils in the
solution mixture for longer time. After a discrete synthesis
time, the Cu foils were taken out from the solution, rinsed
with de-ionized water and absolute ethanol, and dried with
nitrogen. CuO NWs were then fabricated by annealing the
Cu(OH)2 NW arrays at 150 88C for 2 hours in air.[21] The
resulting CuO NW arrays were directly used in the electro-
reduction of CO2, and were electrochemically reduced to Cu
NW arrays during electrolysis.[21] Thus, the annealed Cu(OH)2

NWs with gradually increased length and density were
electrochemically reduced to Cu NWs with corresponding
increased length and density.

Figure 1 shows typical SEM images of Cu(OH)2 NW
arrays synthesized under different synthesis time. The corre-
sponding length of Cu(OH)2 NWs prepared at different
synthesis time were characterized by SEM (see Figure S4 in
the Supporting Information), and the NW length as a function
of synthesis time is shown in Table S1. The increase of NW
length follows an enhanced NW density with increasing
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synthesis time (Figure S7). For simplification, the change of
overall morphology as a function of synthesis time is
expressed by using “nanowire length” in this study.

The electrocatalytic reduction of CO2 on Cu NWs with
different lengths was measured at ¢1.1 V versus the rever-
sible hydrogen electrode (RHE) for 5 h in CO2-saturated 0.1m
KHCO3 (99.95%) electrolytes (pH 6.83) at ambient temper-
ature and pressure. CO2 electrolysis experiments were
performed in an electrochemical cell (Figure S1) consisting
of working and counter electrode compartments, separated by
a Nafion-115 proton exchange membrane to prevent the
oxidation of CO2 reduction products. The cathodic compart-
ment was continuously purged with a constant CO2 flow rate
and vented directly into the gas-sampling loop of a gas
chromatograph (GC) in order to enable periodic quantifica-
tion of the gas-phase products. Liquid products formed during
the CO2 reduction were identified and quantified by nuclear
magnetic resonance (NMR) after completion of the electrol-
ysis experiments.

The untreated polycrystalline Cu electrodes (i.e. with no
NWs) had an obvious decrease in geometric current density
(jtot) with a faradaic efficiency (FE) for C2H4 that declined
from 2% at the start of electrolysis to 0% during electrolysis
(Figure S8). In contrast, Cu NW arrays exhibited an initially
high jtot (< 3 minutes) as the CuO NWs were reduced to Cu
NWs, and subsequently a stable jtot was observed over
electrolysis of 5 h (Figure S8).

The faradaic efficiency of products in the electrocatalytic
CO2 reduction reaction as a function of Cu NW length is
presented in Figure 2. It is well-established that H2 evolution
is a competing reaction with CO2 reduction in CO2-saturated
electrolytes, therefore the production of H2 was also mea-
sured during electrolysis. We found that as the Cu NW arrays
grew longer and more dense, the FE for H2 production
steadily decreased as the amount of CO2 reduction products
increased. In addition, the FE for C2H4 gradually increased
with increasing the length of Cu NWs, as shown in Figure 2.
Notably, the peak FE for C2H4 on 8.1-mm-length Cu NW
arrays was maintained at 17.4 % throughout the electrolysis
(Figure S8), implying not only enhanced selectivity for C2H4

formation but also the stable catalytic activity for CO2

reduction on Cu NWs. As we note in Figure 2, while
HCOOH formation was observed on all different length of
Cu NWs, n-propanol was detected on Cu catalysts with NW
length greater or equal to 2.4� 0.56 mm. With further
increasing the length of Cu NWs, C2H6 formation (FE =

2%) was observed, accompanying with the formation of
ethanol. All the above findings indicate that the selectivity for
electrochemical reduction of CO2 to hydrocarbons can be
tuned on Cu NW arrays by varying the Cu NW length and
density.

In order to understand the products distribution as
a function of Cu NW length, a local pH effect is proposed.
It is known that the pH rises locally at the electrode/
electrolyte interface due to OH¢ generation in the cathodic
reactions [Eqs. S(1–4)].[16] Thus, the local pH value close to
the electrode becomes higher than the bulk pH.[11, 16] How-
ever, HCO3

¢ can neutralize the OH¢ due to the reaction:
HCO3

¢+ OH¢= CO3
2¢+ H2O.[16] In this study, the increase of

NW length also corresponds to an enhanced NW density with
increasing synthesis time of the NWs (Figure S7). Thus, Cu
NW arrays with an increase in nanowire length and density
may cause a decrease in the diffusion of HCO3

¢ into the Cu
NW arrays and the diffusion of generated OH¢ out of the Cu
NW arrays, as shown in Figure 3a. This limitation of the
diffusion process means a decreased amount of the neutral-
ization reaction for OH¢ generated near the catalyst surface,
resulting in a higher local pH within the Cu NW arrays with
increasing NW length and density.

To provide evidence of the local pH effect, CO2 reduction
was performed on 8.1-mm-length Cu NWs in 0.1m K2HPO4,
0.1m KHCO3 and 0.1m KClO4 electrolytes, as shown in
Figure 3b. These three electrolytes were chosen due to the
difference in their buffer ability. The buffer action of CO2-
saturated 0.1m K2HPO4 can easily neutralize OH¢ , keeping
the local pH at a relatively low value. While HCO3

¢ can
neutralize the OH¢ ,[16] the buffer action of HCO3

¢ is weaker
than the previous one. ClO4

¢ does not have any buffer ability,
leading to a high local pH. In this study, the diffusion ability of
the three different anionic species into the NW arrays is

Figure 1. SEM images (a–d) of Cu(OH)2 nanowires with synthesis time
of 1, 3, 5, and 8 minutes, respectively.

Figure 2. Faradaic efficiency for C2H4, C2H6, CO, HCOOH, ethanol, n-
propanol, and H2 on Cu nanowire arrays with different lengths at
¢1.1 V versus RHE in CO2-saturated 0.1m KHCO3 electrolytes (0 mm
nanowire represents Cu foil).
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considered to be identical due to the same concentration of
anionic species (0.1m). Thus, the local pH at the electrode/
electrolyte interface could be affected by the buffer ability of
different electrolytes for Cu NWs (i.e. the local pH can be
estimated as: KClO4 > KHCO3 > K2HPO4).

We found that the product distribution on Cu NWs was
significantly influenced by the different electrolytes. H2

evolution (FE = 66%) was dramatically promoted in
K2HPO4 electrolytes with suppressed CO2 reduction, in
contrast, KHCO3 and KClO4 solutions favored CO2 reduction
with a reduced FE for H2 evolution. In addition, the FE of CO
and C2H6 were roughly equal in the three different electro-
lytes. Interestingly, while the enhanced FE of 17.4 % for C2H4

(FE for C2H4 is 10% in 0.1m K2HPO4) was observed in 0.1m
KHCO3, the highest FE of 20.3 % for C2H4 was obtained in
0.1m KClO4 solutions (Figure 3b). Furthermore, the highest
and lowest FE for ethanol formation were discovered in 0.1m
KClO4 and 0.1m K2HPO4, respectively (Figure S11). These
observations (FE for C2H4 and ethanol: KClO4>KHCO3>

K2HPO4) are consistent with previous studies on the Cu foil
electrodes reported by Hori.[11, 16] Thus, a locally high pH
formed at Cu catalysts could favor the formation of C2H4 and
alcohols. In addition, the low pH value at the electrode/
electrolyte interface favors H2 evolution.11 We therefore
conclude the enhanced selectivity for C2H4 with suppressed
H2 evolution on the longer and more dense Cu NW arrays is
attributed to the high local pH formed in the Cu NW arrays
(Figure 3a). In addition, the enhanced local pH on Cu NWs

may contribute to the observed ethanol formation on the
longer Cu NW length (� 7.3� 1.3 mm)

To gain further insight into the mechanism of the products
distribution on Cu NW arrays, we propose a reaction pathway
for electrocatalytic CO2 reduction, as shown in Scheme 1. It is

generally accepted that CO is a key intermediate for the
formation of hydrocarbons in the electrochemical reduction
of CO2.

[11,24] However, it is generally accepted that the first
electron transfer for the formation of the CO2C¢ shown in
Scheme 1 is the rate determining step (RDS) in the electro-
chemical reduction of CO2 to CO because the first electron
transfer requires a much more negative potential compared to
the following steps.[25] We have previously reported the
enhanced stabilization for the CO2C¢ intermediate on Cu
NW arrays.[21] The more active sites that are provided by
longer Cu NWs may lead to the enhanced stabilization of the
CO2C¢ . In addition, the suppressed CO2 reduction with
enhanced H2 evolution at low local pH caused by strong
buffer action of K2HPO4 electrolytes (Figure 3b) may indi-
cate the local pH formed in the Cu NW arrays may play
a significant role in the CO2 activation.

Furthermore, the FE of products as a function of potential
was plotted for 8.1-mm-length Cu NWs (Figure 4a). We found
that the FE for CO decreased from ¢0.7 V to ¢1.1 V versus
RHE, along with enhanced FE for C2H6 and C2H4. In

Figure 3. a) Schematic illustration of the diffusion of electrolytes into
Cu nanowire arrays. b) Faradaic efficiency for C2H4, C2H6, CO and H2

on Cu nanowire arrays (8.1�1.3 mm) at ¢1.1 V versus RHE in CO2-
saturated 0.1m K2HPO4 (pH 6.5), CO2-saturated 0.1m KHCO3 (pH 6.8)
and CO2-saturated 0.1m KClO4 (pH 5.9) electrolytes, respectively.

Scheme 1. Proposed reaction paths for electrocatalytic reduction of
CO2 on Cu nanowire arrays, with path (i), left, showing COH
formation, and path (ii), right, showing CO dimerization. In path (i),
2CH2 and 2CH3 intermediates are required for C2H4 and C2H6

formation, respectively.
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addition, the n-propanol was detected at potentials lower or
equal to ¢0.9 V. These observations imply that the formation
of hydrocarbons from the CO intermediate is more favorable
at more negative potentials.

It was reported that one possible reaction path for C2H4

formation is through a CH2 dimerization.[10] Furthermore,
more detailed reaction pathway for C2H4 has been inves-
tigated theoretically by density functional theory (DFT),
which provides a pathway through a COH intermediate
shown in Scheme 1 (path i, left).[26] Recently, a CO coupling
mechanism[18,19, 24] has been suggested as an alternative route
to C2H4 through a CO dimer adsorbed on Cu, as shown in
Scheme 1 (path ii, right). Thus, C2H4 formation could have
two potential pathways, (i) through a COH intermediate and
(ii) through a CO dimerization pathway. It is critical to
understand which pathway is preferred for the Cu NW arrays
to determine the mechanism of the selectivity for hydro-
carbons. When comparing the two pathways, it can be seen
that CH4 is only formed through the COH intermediate
pathway (path i). In all our experiments, C2H4 was observed
without any detected CH4 formation, which may indicate that
C2H4 formation on Cu NWs is mainly from the CO
dimerization reaction path (path ii).

In addition, the formation of C2H6 has not been reported
in the electrocatalytic reduction of CO2 on smooth Cu,[7, 8,11]

but was observed as a minor product on nanostructured Cu
catalysts.[3,27, 28] However, a reaction pathway towards C2H6

has never been reported. Here we propose two possible
routes for C2H6 formation via CH3 dimerization and
CH3CH2O intermediate in Scheme 1. In our research, C2H6

formation appeared on longer Cu NWs (NW� 7.3� 1.3 mm),
and was always accompanied with the formation of ethanol
without any observed CH4 formation (Figure 2), which
implies that C2H6 and ethanol may be formed through the
same intermediate (CH3CH2O) in the CO dimerization
pathway,[18] as we proposed in Scheme 1.

As discussed above, the formation of C2H4, C2H6 and
ethanol could be mainly from the CO dimerization reaction
pathway in this study. The rate determining step for the
formation of C2H4 in the CO dimerization pathway is CO
coupling (Scheme 1).[24] It has been demonstrated that the CO
coupling step is favored at a high local pH near the catalyst
surface.[20] In addition, more products (such as C2H6 and
ethanol) are detected on longer Cu NW arrays at various
potentials shown in Figure 4, indicating that the enhanced
local pH on Cu NWs may contribute to the observation of

C2H6 and ethanol. Therefore, the higher local pH in the Cu
NW arrays with an increase in nanowire length and density
could improve the formation of C2H4, C2H6 and ethanol
through the enhanced CO coupling mechanism which is
formed in a high local pH due to the nanowire morphology.

In summary, the effect of Cu nanowire morphology has
been explored for the electrochemical reduction of CO2. With
increasing the Cu nanowire length (� 2.4� 0.56 mm), the
formation of n-propanol was detected along with CO,
HCOOH and C2H4. Furthermore, C2H6 formation appeared
on longer Cu nanowires (� 7.3� 1.3 mm), accompanying with
the formation of ethanol. We propose a route to C2H6 from
the intermediate (CH3CH2O) in the CO dimerization path-
way. More importantly, Cu nanowire arrays exhibited an
increased selectivity for C2H4 with increasing the Cu nanowire
length and density, which is ascribed to the improved
formation of C2H4 through a CO coupling mechanism
caused by an enhanced local pH in the Cu nanowire arrays.
This study shows that the selectivity in the electrocatalytic
reduction of CO2 to hydrocarbons could be tuned on Cu
nanowire arrays by varying the Cu nanowire length, providing
a promising efficient approach for systematically controlling
hydrocarbon formation through the electrochemical reduc-
tion of CO2.
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