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ABSTRACT: Electrochemical CO2 reduction has attracted much attention,
because of its advantageous ability to convert CO2 gas to useful chemicals and
fuels. Herein, we have developed prism-shaped Cu catalysts for efficient and stable
CO2 electroreduction by using an electrodeposition method. These Cu prism
electrodes were characterized by scanning electron microscopy, X-ray diffraction,
and X-ray photoelectron spectroscopy. Electrochemical CO2 reduction measure-
ments show improved activities for C2H4 production with a high partial current
density of −11.8 mA/cm2, which is over four times higher than that of the planar
Cu sample (−2.8 mA/cm2). We have demonstrated that the enhanced C2H4
production is partially attributed to the higher density of defect sites available on
the roughened Cu prism surface. Furthermore, stability tests show a drastic
improvement in maintaining C2H4 production over 12 h. The enhanced
performance and durability of prism Cu catalysts hold promise for future industrial
applications.
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The development of sustainable energy sources as an
alternative to replace the traditional global energy

consumption that is dependent on fossil fuels has recently
attracted significant attention, since they are not only being
depleted, but causing climate changes due to greenhouse gas
CO2 emission during energy production.1−3 Electrochemical
CO2 reduction is a promising process to produce useful fuels
with high energy density and can be integrated with various
renewable energy such as solar and wind in carbon recycling
systems, aiming at closing the artificial energy cycle.4,5 However,
CO2 electroreduction suffers from poor efficiency, because much
energy is required to reduce CO2, which has a thermodynami-
cally stable structure. Therefore, it is critical to develop efficient
electrocatalysts for the structure-sensitive CO2 reduction.
Among the various catalysts for electrochemical CO2

reduction, copper (Cu) has been identified as the most
promising catalyst to produce hydrocarbons such as methane
(CH4) and ethylene (C2H4).

6,7 Recently, several researchers
have focused on the development of highly selective Cu
electrocatalysts for C2H4 production, because of their high
energy density and their widespread use as chemical feedstock in
industry.8−13 Representatively, Hori et al. reported that single-
crystal Cu(100) exhibited high selectivity for C2H4 production
with a Faradaic efficiency (FE) of∼40% and an even better result
of 50% FE on Cu(711) at −5 mA/cm2 in 0.1 M KHCO3.

13

However, such single-crystal Cu substrates are not preferred for
commercial applications, because of their limitation of scaling up
the batch size and high cost. Also, the practical ethylene

production rate (i.e., partial current density) of Cu(711) was
only −2.5 mA/cm2, even though it had 50.0% FE of C2H4.
Therefore, it is important to develop new Cu catalysts with
higher production rates for the desired products, such as C2H4.
Several studies have suggested that the structure of the Cu

surface significantly affects the selectivity of the CO2 reduction
products.14−20 For example, Chen et al. reported that Cu
mesocrystals synthesized by the in situ reduction of a CuCl film
were favorable toward C2H4 production, where many atomic
steps and edges on the Cu mesocrystals surface likely constituted
the active sites.15 Preoxidized and subsequently reduced Cu2O
catalysts have also shown high C2H4 product selectivity, which
was initially assumed to be due to grain boundaries that are
formed during the successive preoxidation and reduction process
in the Cu catalysts.21 The presence of such sites has been
proposed to be crucial to enhance the C2H4 production, because
it helps to improve the adsorption of C1 intermediates required
for the C−C bond formation. This hypothesis has been
supported by thermal desorption studies revealing that CO
molecules are more strongly adsorbed at the surface of
preoxidized and subsequently reduced Cu2O catalysts, compared
to polycrystalline Cu.21
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In addition, significant work has been dedicated to the
understanding of the various factors affecting the selectivity of
the Cu catalysts. The existence of Cu+ species and subsurface
oxygen in preoxidized Cu catalysts under CO2 electroreduction
conditions has been experimentally demonstrated and suggested
as an important parameter in the reaction pathway toward C2H4
and alcohols.22 Recent theoretical work was in agreement with
the previous experimental work and highlighted how the
coexistence of Cu+/Cu0 surface species might favor C−C
coupling.23,24 The use of different electrolytes has also been
proposed as another crucial factor determining catalyst
selectivity.25−33 For example, the formation of C2H4 is favored
in an electrolyte with low buffer capacity, such as KClO4 and low
concentrated KHCO3, which would produce a high local pH near
the electrode surface.25,26 The activity and selectivity of C2H4
formation is also facilitated in the presence of Cs+ in the
bicarbonate solutions,27,28 as well as in halide-containing
electrolytes.29−31 The nanoparticle size has been reported to
also affect the selectivity.32,33 However, while the majority of
studies have focused on investigating the former parameters (i.e.,
grain boundaries, Cu+ species, local pH, and size effects, etc.) on
CO2 electroreduction activity and selectivity, much less is known
about shape effects, and the role of specific crystalline facets.34−36

Herein, we have prepared highly defective prism-shaped Cu
catalysts, using a one-step electrodeposition method. Electro-
chemical CO2 reduction measurements of prism Cu electrodes
have displayed improved activity for C2H4 production with stable
performance for at least 12 h. We have demonstrated that the
presence of a significant fraction of defect sites on the prism Cu
surface plays a role in improving C2H4 production.
The prism-shaped Cu catalysts were prepared in a Cu2+

solution including different concentrations of the additives: 0.4
mM (prism Cu-1), 1.0 mM (prism Cu-2), and 2.0 mM (prism
Cu-3). Figures 1a−c, as well as Figure S1 in the Supporting
Information, show the surface morphology of the prism Cu-1,
prism Cu-2, and prism Cu-3 samples, respectively. All prism Cu
samples display perpendicularly grown triangular nanoprisms
with different widths of the top and bottom facets, while the

planar electropolished Cu reference foil has a flat surface (see
Figure S2 in the Supporting Information). In addition, the width
of the prisms was more uniform and narrow with increasing
additive concentration (Janus Green B) and the side edge surface
was found to roughen, leading to a higher concentration of defect
sites. Our unique structures of prism Cu are caused by the
additive effect acting as a crystal modifier and induces the
preferential deposition of Cu ions and the formation of prism-
shaped morphologies (see the Supporting Information).
In order to confirm the crystalline structure of the prism Cu,

XRD measurements were carried out (see Figure S3 in the
Supporting Information). All of the XRD patters were solely
associated with the metallic Cu structures (Joint Committee on
Powder Diffraction Standards (JCPDS) File No. 04-0836)
without other copper oxide phases, such as Cu2O or CuO. The
relative ratio of intensity for (200)/(111) was ∼0.3 for all prism
Cu samples, whereas that for planar Cu foil was 0.5 (see Table S1
in the Supporting Information). This result indicated that the
growth of prism Cu is preferred along the (111) plane. In
addition, the XPS spectra revealed that there were no residual
impurities (i.e., N, S, and Cl) from the sample synthesis (Figure
S4 in the Supporting Information).
The potential-dependent geometric current densities meas-

ured by chronoamperometry were recorded in order to evaluate
the electrocatalytic activity of the prism-shaped Cu samples, as
shown in Figure 2, as well as Figure S5 in the Supporting
Information. We could confirm that prism Cu samples had
higher current density than planar Cu within the entire potential
region. At a potential of approximately −1.1 V vs RHE, the
current densities of planar Cu, prism Cu-1, prism Cu-2, and
prism Cu-3 were −10.3, −17.4, −24.7, and −28.6 mA/cm2,
respectively. The three-times-larger current density value of
prism Cu-3 can be partially attributed to the higher surface area
of the roughened prism Cu (see Figure S6 in the Supporting
Information, as well as Table 1). In addition, we could not find
any change in the morphology of all catalysts after CO2

electrolysis at −1.1 V vs RHE for 2 h (Figures 1d−f).

Figure 1. Scanning electron microscopy (SEM) images of prism Cu samples (a−c) before and (d−f) after 2 h of electrochemical CO2 reduction at−1.1
V vs RHE.
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Figure 3, as well as Figure S7 in the Supporting Information,
show the partial current densities of gas (i.e., H2, CO, CH4, and

C2H4) and liquid (i.e., HCOOH, C2H5OH, and n-C3H7OH)
products of the CO2 reduction, as a function of applied potential,
and their FE are shown in Figure S8 in the Supporting
Information. Although FE has important information in the
selectivity of CO2 reduction products, the partial current density
could be helpful to understand the reaction kinetics of the each of
the products.7,37 The partial current density of C2H4 of prismCu-
3 was ∼11.8 mA/cm2 at −1.16 V vs RHE. This value was ∼4
times higher than that of planar Cu. In contrast to increased C2H4
production, we could confirm that the CH4 partial current
density of planar Cu was similar to that of prismCu samples. This
result indicated that the increase in the C2H4 production is not
simply due to an increase in the surface area of the prism Cu
surfaces.
Generally, adsorbed *CO (or CHO*) has been known to be a

key intermediate for CH4 and C2H4 formation during CO2
reduction.38,39 C2H4 is generated by the dimerization of
adsorbed *CO in close proximity to each other, followed by
hydrogenation, and CH4 is produced by the hydrogenation of
adsorbed *CO. According to the previous reports on polycrystal-
line Cu for CO2 reduction, surface-adsorbed C1 intermediates
are more favorable to make the CH4 production at very negative
potentials, while C−C bond formation is difficult because the
probability of reaction between adjacent C1 intermediates is
reduced.7 Interestingly, the C2H4 partial current density of the
prism Cu samples dramatically increases with increasing
electrolysis potential, while the planar Cu sample displays a
constant production rate over −1.1 V vs RHE. This result
indicates that the prism Cu samples have certain crystalline facets
that favor the dimerization of adsorbed *CO species without a
significant change in other factors involved in the hydrogenation
of adsorbed *CO.
The prism Cu samples exhibited greater activity for H2

production than planar Cu, which suggests that the proton that
was not participating in the hydrogenation with adsorbed *CO

Figure 2. Total geometric current density versus applied potential of a
planar Cu foil, prism Cu-1, prism Cu-2, and prism Cu-3.

Table 1. Values of the Electrochemical Double Layer
Capacitance and Roughness Factor

sample capacitancea (μF/cm2) roughness factorb

planar Cu 29 1.0
prism Cu-1 248 8.5
prism Cu-2 365 12.6
prism Cu-3 428 14.8

aThe double layer capacitances were calculated from the slope of the
current density versus the scan rate (Figure S6 in the Supporting
Information). bThe roughness factors were obtained by normalizing
the capacitance values by that of the planar Cu sample.

Figure 3. Partial current densities versus applied potential for (a) H2, (b) CO, (c) CH4, (d) C2H4, (e) ethanol (EtOH), and (f) n-propanol (n-PrOH) of
a planar Cu foil, prism Cu-1, prism Cu-2, and prism Cu-3.
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to make methane may be released as hydrogen. The CO partial
current density of all the samples appears to be the same, which
implies that CO, well-known as an intermediate species, was
efficiently used to make hydrocarbons. Lastly, we could observe
that the C2H5OH and n-C3H7OH partial current densities
increased in the prism Cu samples, which is thought to be related
to the improved C2H4 formation.8,40

We assume that defect sites on the surface of prismCu samples
lead to high C2H4 productivity. Tang et al. reported that Cu
nanoparticles with roughened surface showed good selectivity
toward C2H4 formation.14 They proposed that low-coordination
sites on the Cu surface were more likely to enhance C2H4
formation, since their DFT calculations indicated that C1
intermediates are more stable at stepped sites on the Cu surface.
Recently, Ren et al. showed that Cu nanocrystals exhibited
enhanced activity for n-propanol production from CO2
reduction, because numerous defect sites on their surfaces
stabilized the C2H4 intermediates.40 In particular, through simple
cyclic voltammetry (CV) measurement, they identified the
voltammetric feature for the defect sites by confirming unique
reduction peaks on their Cu nanocrystal catalysts, which are
absent in Cu single-crystal surfaces. Interestingly, they found that
the integrated charge values of this peak (i.e., proportional to the
number of defect sites) correlated linearly to the production rate
of n-propanol.40 Our CV experiments also served to identify the
density of the defect sites on the prism Cu samples. We found
reduction peaks at the potential region between−0.25 and 0 V vs
RHE, which are in good agreement with previous results (see
Figure 4, as well as Figure S9 in the Supporting Information).40 A

relatively intense reduction peak was observed in the Cu prism
samples, while planar Cu showed weak peak intensity at the same
potential region. This result indicates that C2H4 production of
our prism Cu samples is improved by the numerous defects sites
on the prism Cu surfaces.
However, even though strong defect-related peaks were

observed in our voltammograms, we could not find a direct
correlation when comparing the C2H4 partial current density and
the integrated charge values of the defect peak. Therefore, there
should be other factors that are also involved in the increased
C2H4 production of prism Cu. One factor that might contribute
to the observed enhanced C2H4 selectivity would be the possible

existence of Cu+ species in the catalysts under CO2 reduction
reaction conditions, which was observed in preoxidized Cu
catalysts and assigned to favor C−C coupling.23,24 To prove the
chemical state of prism Cu catalysts during the CO2 reduction
reaction, quasi-in situ X-ray photoelectron spectroscopy (XPS)
measurements were carried out. The prism Cu-3 sample was
measured via XPS before and after 2 h of CO2 electroreduction at
−1.1 V vs RHE. The Cu Auger LMM spectra shown in Figure
S10 in the Supporting Information indicate that the prism Cu-3
sample contained metallic Cu and Cu oxide species before the
reaction, formed upon sample exposure to air. However, after the
reaction, no Cu+ species were detected. This result indicates that
the oxidation state of our Cu prism catalysts does not play a role
in the observed ethylene selectivity.
Another possible factor is a modification of the local pH, since

it has been reported that the reaction pathway of CO2 reduction
is preferred toward C2H4 formation when the local pH
increases.28,41 Thus, it is expected that the increase of the local
pH due to high current densities on the highly roughened prism
Cu surface could lead to a reaction pathway toward C2H4
formation. As a result, the enhanced C2H4 production of the
prism Cu samples is postulated to be due to the simultaneous
effect of local pH changes and the presence of defect sites.
Lastly, the stability of the prism Cu-3 was investigated at −1.1

V vs RHE for 12 h (Figure 5). In our setup, a Selemion

membrane was installed to separate the cathode and anode parts
and 0.1 M KHCO3 electrolyte was used after purifying the trace
metal ion impurities by using a cation-exchange resin (i.e., Chelex
100 resin).42,43 The total current density and C2H4 FE were
maintained at an almost constant level of ∼28.6 mA cm−2 and
∼27.8%, respectively, which means that C2H4 gas is consistently
produced at a rate of ∼24.7 μmol h−1 cm−2 on our prism Cu
electrodes. Interestingly, when we conducted the same stability
measurement in the unpurified electrolyte, we could confirm that
the C2H4 FE dramatically decreased while the H2 FE increased
(Figure S11 in the Supporting Information). This is explained by
the previous research conducted by Wuttig et al., demonstrating
that trace amounts of metal impurities in the electrolyte were
simultaneously deposited on the electrode surface during the
CO2 reduction reaction, which resulted in an increase in the H2
evolution reaction over time while suppressing the CO2
reduction reaction.42 Being able to remove suchmetal impurities,
as was implemented here, is of major importance in order to

Figure 4. Cyclic voltammograms of a planar Cu foil, prism Cu-1, prism
Cu-2, and prism Cu-3 in N2-saturated 0.1 M KHCO3 electrolyte.

Figure 5. Total current density and C2H4 FE of prism Cu-3 at−1.1 V vs
RHE for 12 h.
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achieve a prolonged stability during CO2 reduction reactions.
Our prisms Cu appear to be promising catalyst candidates,
because of their simple synthesis, high performance, and
durability.
In summary, we have prepared prism-shaped Cu electro-

catalysts via an electrochemical deposition method, using a
crystal modifier additive. The prism Cu samples exhibited high
CO2 reduction reaction activity, in terms of C2H4 production,
and excellent stability over at least 12 h. It is expected that the
enhanced C2H4 production is attributed to the simultaneous
effect of possible changes in the local pH and the presence of low-
coordinated atoms at defect sites on the roughened Cu prism
surface.
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