
Journal of Electroanalytical Chemistry 880 (2021) 114750

Contents lists available at ScienceDirect

Journal of Electroanalytical Chemistry

j ourna l homepage: www.e lsev ie r .com/ locate / je lechem
Electrocatalytic CO2 reduction to C2+ products on Cu and CuxZny electrodes:
Effects of chemical composition and surface morphology
Alisson H.M. da Silva a,b, Stefan J. Raaijman a, Cássia S. Santana a,b, José M. Assaf b,
Janaina F. Gomes b, Marc T.M. Koper a,⁎

a Leiden Institute of Chemistry, Leiden University, Leiden, Netherlands
b Chemical Engineering Department, São Carlos Federal University, São Carlos, São Paulo, Brazil
⁎ Corresponding author.
E-mail address:m.koper@lic.leidenuniv.nl. (M.T.M. Kop

http://dx.doi.org/10.1016/j.jelechem.2020.114750
1572-6657/© 2020 The Author(s). Published by Else
A B S T R A C T
A R T I C L E I N F O
Article history:
Received 20 August 2020
Received in revised form 7 October 2020
Accepted 7 October 2020
Available online 12 October 2020
The electrocatalytic CO2 reduction reaction (CO2RR) is a promising strategy for producing multi‑carbon compounds
using only CO2 and H2O at room temperature. Significant advances have already been achieved in understanding
how some characteristics of copper electrodes, the current state-of-the-art catalyst for multi‑carbon formation via
CO2RR, affect the product spectrum. Advances and insights have been reported for, among others, the effect of crystal-
lographic orientation, active surface area, and composition of M‑copper (M = Au, Ag, Zn, etc.) materials, and how
these alter the distribution of CO2RR products. However, a systematic study evaluating the significance of these vari-
ables in the CO2RR toC2+products is still lacking in the literature and represents an important step in the development
of new materials with optimized properties that can be more selective to C2+ compounds. In this paper, we have sys-
tematically investigated the effect of the roughness factor, chemical composition, and surface morphology of CuxZny
electrocatalysts on the product distribution during CO2RR. Firstly, Cu, Cu90Zn10, and Cu75Zn25 electrodes were ex-
posed to oxidation-reduction cycles to produce Cu and CuxZny electrodes with different morphologies, roughness fac-
tors, and chemical composition. Our results show that an increase in the roughness factor and Zn content lead to higher
faradaic efficiency (FE) to C2+ products. Furthermore, the influence of the nanoscalemorphology is imperative for the
production of C2+ compounds. Specifically, nanocubes of Cu and CuxZny presented the highest FE to C2+ products
among the different surface morphologies studied in this work (polished flat surface, nanosheres, nanocubes,
nanodendrites, and nanocauliflowers), showing that CC coupling during CO2RR is mainly shape dependent.
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1. Introduction

The conversion of CO2 to molecules with high energy density via the
electroreduction of CO2 represents a promising strategy for storing renew-
able energy and electricity, and generating important fuels and chemicals
such as hydrocarbons and alcohols from CO2 and H2O at ambient condi-
tions.Many products can be obtained from the CO2RR, such as carbonmon-
oxide, methane, formic acid, as well as multi‑carbon (C2+) compounds,
such as ethylene, ethanol, and propanol, which exhibit higher energy den-
sities and higher economic value than C1 products. Among the investigated
electrodes applied to CO2RR, copper (Cu) has been reported to be the only
catalyst that has shown a significant propensity for CC coupling, leading to
appreciable amounts of C2+ products [1].

As such, the copper-catalyzed CO2 reduction has received much scien-
tific interest and many advances have been made in understanding how
certain characteristics of copper electrodes alter the distribution of products
obtained from CO2RR [1,2]. For example, it is known that the surface
faceting affects the products distribution of the CO2RR. Specifically,
er).

vier B.V. This is an open access ar
among the three low-index Cu single crystals, the Cu(100) surface favors
the formation of C2+ compounds over C1, whereas the opposite is observed
on Cu(110) and Cu(111) surfaces [3–5]. This knowledge has been applied
in practice via the development of catalysts with controlled shapes, expos-
ing predominantly a specific type of facet. In this direction, Wang et al.
[6], for example, showed that {100}-rich Cu nanocubes yield 50% FE to
C2H4 at−0.8 V vs. reversible hydrogen electrode (RHE), in 10MKOHelec-
trolyte during CO2RR, in contrast with polycrystalline Cu nanospheres,
which produce ethylene with only ~20% of FE under the same reaction
conditions. Loiudice et al. [7] showed that in addition to the geometrical ef-
fects (cubes vs. spheres), the size of the Cu cubes also has an important ef-
fect on the selectivity of C2+ products. They showed that cubes with
44 nm of edges results in higher FE for ethylene than cubes with 24 and
63 nm of edges. The authors suggest that the unique reactivity of the
44 nm cubes derives from an optimal balance between plane and edge sites.

Another criterion for selectivity towards C2+ compounds is the elec-
trode surface area, and the associated roughness, defects, electrode poten-
tial, and current density. By increasing the amount of catalytically active
ticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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sites per geometric unit of area, i.e. the roughness factor (RF), the catalytic
conversion to C2+ products from CO2RR can be enhanced compared to
that less roughened electrodes [8–11]. Higher roughness creates more
undercoordinated sites on the electrode surface and these defects have a
higher binding energy for CO2 and/or precursor to C2+ compounds
[11–14]. Jiang et. al [11], showed that roughened surfaces contain square
sites similar to those on a Cu(100) surface but with neighboring step sites,
which exhibit a favorable values of binding energy of OC− COH, a key pre-
cursor to C2+ products. Finally, rough electrodes enhance the current den-
sity which affect the selectivity of CO2RR by changes in the local pH and/
or the CO2 mass transport. The increase in the local pH has been shown to
suppress the hydrogen evolution reaction (HER) by shifting the equilibrium
potential tomore negative values on an SHE scale and favors CC bond forma-
tion, resulting in enhanced selectivity towards CO2RR in general, with more
multi‑carbon products at lower overpotentials [2,9,15]. However, it has
been shown that high current densities (> 20 mA.cm−2) limits the mass
transport of CO2 to the electrode due its poor solubility in aqueous electro-
lytes (~34 mM at 25 °C) and hence reducing the selectivity to CO2RR prod-
ucts [16]. For example, Raciti et al. [9] showed that, at −0.8 V vs. RHE in
0.1 M KHCO3, an increase in the Cu surface roughness augmented the
local pH from 9.0 to 11.0 when the RF was increased from 23 to 365. The
latter, rougher, catalyst exhibited higher CO2 conversion rates and higher
FEs for C2 compounds at low overpotentials (> −0.8 V) as compared to
the catalyst with lower RF. At higher overpotentials (E ≤ −0.8 V), the
local pH for the electrode with RF= 365 was even higher (reaching around
12.5 at−1.0 V), but the FE for the formation of C2+ compounds decreased
due to the mass transport limitation of CO2 [9].

In addition to the surface crystallographic orientation and roughness,
the exact surface chemical composition of copper-based electrodes also in-
fluences the selectivity during the CO2RR. Bimetallic copper electrodes
(copper with e.g., Au, Ag or Zn) are known to promote the formation of
C2+ compounds [8,17–19] due to a synergetic effect between the two
metals. Specifically, it has been hypothesized that the dimerization of
*CO (yielding *OCCO) [20–22] is enhanced on bimetallic Cu surfaces,
due to an increase in θCO, because of the enhanced reduction of CO2 to
CO by Au, Ag, or Zn sites [8,17,18]. For example, Morales-Guio et al. [8]
showed that, at −0.7 V vs. RHE, using 0.1 M KHCO3 as electrolyte, a
AuCu bimetallic catalyst can be two orders of magnitude more selective
for CC coupled products than pristine Cu. In another study, Huang et al.
[18] investigated AgCu bimetallic materials and observed that, at −1.1 V
vs. RHE, using 0.1 M KHCO3 as electrolyte, the FE to C2H4 increased from
13% to 37%when comparing a pure Cu catalyst with a Ag1-Cu1.1 bimetallic
catalyst (atomic composition). In a similar study, Feng et al. [17] reported
that the FE to C2H4 increased from 15% to 33% for a Cu and a Cu4Zn1
alloy (atomic composition) catalyst, respectively. In these three works, it
was shown that gold, silver, or zinc generate an increased CO concentration
near the surface, where copper sites then reduce it further to C2+ com-
pounds. The interatomic distance is also reported to influence the selectiv-
ity during the CO2RR. Recently, Timoshenko et. al [23] showed by in situ
EXAFS that the product distribution from CO2RR is composition- and
structure-dependent: CuZn nanoparticles with shorter interatomic distance
favor the production of CH4, while nanoparticles with longer CuZn dis-
tances favor the production of CO, which is then reduced further to C2+.

Although it is already known that the surface crystal orientation, rough-
ness, and chemical composition independently can alter product distribu-
tion, a systematic study evaluating the significance of each one of these
variables in conjunction to the catalytic performance of Cu-based materials
in the CO2RR toC2+ products is still lacking in the literature andwould rep-
resent an important step in the development of newmaterials optimized for
activity and selectivity to C2+ compounds. Here we explore the faradaic ef-
ficiency of the CO2RR to C2+ products, investigating the concerted effects
of surface roughness and nanoscale morphology on monometallic Cu and
bimetallic CuxZny electrodes. The measurements provide us with insights
as to which is most important characteristic for the synthesis of C2+ com-
pounds: nanoparticle shape/surface morphology, chemical composition,
or surface roughness.
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2. Experimental section

2.1. Chemicals

KHCO3 (99.95%, Aldrich), KCl (>99%, Aldrich), HClO4 (60%, Aldrich),
and ultrapure water (MilliQ gradient,≥ 18.2 MΩcm, TOC< 5 ppb) were
used as received to prepare the electrolytic solutions. CO2 (4.5 purity,
Linde) and Ar (6.0 purity, Linde) were used to saturate and purge the
electrolyte.

2.2. Electrochemistry

Electrochemical cells used during experiments (standard two compart-
ment glass cells and a custom H-cell made from PEEK) were initially
cleaned by storing in acidic (0.5 M H2SO4, 95–98%, Sigma Aldrich) per-
manganate (1 g L−1, >99%, Sigma Aldrich) solution overnight. Then,
traces of KMnO4 and manganese oxide were removed from the glassware
and H-Cell by initial rinsing with Milli-Q water and subsequently submerg-
ing them in a solution of 10 mL L−1 of H2O2 (30% (w/w), Aldrich) and
2 mL L−1 of concentrated H2SO4 (95–98%, Aldrich) followed by boiling
four times in ultrapure water (Milli-Q, ≥18 MΩ).

The polycrystalline Cu disk working electrode (WE) (99.99%, trace
metals basis, Mateck), with a diameter of 1 cm was polished with two dif-
ferent alumina suspension (5 μm and 1 μm, Buehler), rinsed with ultrapure
water in-between, and electropolished in a solution of 66% of H3PO4 by ap-
plying +3 V vs. a Cu counter electrode (CE) for 10 s and subsequently
rinsed with ultrapure water, prior to each experiment. The Cu90Zn10 and
Cu75Zn25 (99.99%, trace metals basis, Goodfellow) alloy disk electrodes
(subscripts represent the atomic composition), with a diameter of 0.5 cm
were similarly polished with two different alumina suspension (5 μm and
1 μm) followed by rinsing with ultrapure water, prior to each experiment.

2.3. Preparation of electrodes with different shapes

The preparation of surfaces with controlledmorphology was performed
according to the procedure described by Roberts, Kuhl and Nilsson [24]
with somemodifications. Briefly, in a 3-electrode cell with Pt wire as coun-
ter electrode and a Ag/AgCl/KClsat. reference electrode, the working-
electrode (Cu, Cu90Zn10, or Cu75Zn25) was subjected to 4 potential
oxidation-reduction cycles in 0.1 M KHCO3 solution containing 4 mM KCl
saturated with CO2 at a scan rate of 5 mV s−1 in the potential range 0.0 V
➔ Eupper ➔ -1.2 V vs. RHE (with Eupper = 0.7, 0.9 or 1.1 V vs. RHE) to syn-
thesize surfaces with controlled morphology, specifically: irregularly
shaped rounded particles (for Cu and CuxZny), called here nanospheres,
nanocubes (for Cu and CuxZny), nanodendrites (for Cu) or nanocauliflowers
(for CuxZny), respectively. During all electrochemical measurements, a CO2

flow was maintained over the electrolyte to avoid ambient oxygen. The pH
of the bulk CO2-saturated electrolyte was 6.8, asmeasuredwith a pHmeter.
Through the oxidative treatment described above, a set of nine electrodes
was obtained, denoted herein as: Cu(spheres), Cu(cubes), Cu(dendrites),
Cu90Zn10(spheres), Cu90Zn10(cubes), Cu90Zn10(cauliflowers), Cu75Zn25(spheres),
Cu75Zn25(cubes), and Cu75Zn25(cauliflowers).

2.4. Characterization of morphology and chemical composition

Micrographs of Cu and CuxZny electrodes (before and after oxidation-
reduction cycles) were obtained by scanning electron microscopy (SEM)
in an Apreo SEM (ThermoFisher Scientific) with an acceleration voltage
of 15 kV and an electron beam current of 0.4 nA. Electrode chemical com-
position was investigated by energy dispersive X-Ray spectrometry (EDX)
using an Oxford Instruments X-MaxN 150 Silicon Drift detector coupled
to the Apreo SEM. EDX data processing was carried out with the
Pathfinder™X-rayMicroanalysis software v1.3. The quantification of chem-
ical elements was performed in automatic mode and the resulting elec-
trodes chemical composition was determined by averaging the chemical
compositions of at least 10 different regions of the electrode surface.
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2.5. Roughness factor (RF) measurement

Electrochemically active surface area (ECSA) of the different electrodes
were measured via a procedure described by Kanan and co-workers
[25–27]. The experiments were carried out in a 3-electrode cell containing
0.1 M HClO4. Argon was bubbled into the electrolyte for at least 15 min to
remove oxygen from the solution, and a flow of argon was maintained over
the solution during the electrochemical measurements. Typically, cyclic
voltammetry was performed in a potential range from −0.05 V to
−0.35 V vs. RHE (DL region), applying 6 different scan rates (100, 80,
60, 40, 20, and 10 mV s−1). Then, the double layer capacitance was deter-
mined by plotting the DL current (in terms of geometric area) as a function
of scan rate and calculating the slope of the resulting line. Assuming that the
double layer capacitance value in the double layer region is proportional to
the number of electrochemically active sites, it is possible to estimate the
roughness factors (RF) of the electrodes by normalizing the measured ca-
pacitances with respect to that of the flat polycrystalline Cu electrode,
which is conventionally taken as a reference with RF = 1.

2.6. Electrolysis experiments

CO2 electroreduction was performed using a homemade H-cell in PEEK
containing 10mL of 0.1MKHCO3 of electrolyte per compartment. CO2was
continuously fed at a flow rate of 10 mL min−1 during electrolysis. An an-
ionic exchange membrane (AHO, AGC Inc.) was used to separate the
working-electrode compartment from that of the counter-electrode. A di-
mensionally stable anode (DSA, Magneto) and Ag/AgCl/KClsat. were used
as a counter-electrode and reference electrode, respectively. All potentials
measured against the Ag/AgCl/KClsat. electrode were converted to RHE
values according to the equation:

ERHE ¼ EAg=AgCl KClsat:ð Þ þ E °Ag=AgCl KClsat:ð Þ þ 0:059� pH

where ERHE is the converted potential vs. RHE, EAg/AgCl(KClsat.) is the ex-
perimentally measured potential against the Ag/AgClKClsat. reference elec-
trode, and E°Ag/AgCl(KClsat.) is the standard potential of Ag/AgCl at 25 °C
(0.197 V vs. NHE). Unless otherwise specified, all reported potentials
herein are vs. RHE.

The potential of the working-electrode was controlled by a Biologic SP-
300 potentiostat. Gaseous products were analyzed online using a Shimadzu
Scheme 1. Preparation of Cu, Cu90Zn10, and Cu75Zn25 electrodes which expose nanosphe
to 0.7 V, 0.9 V, or 1.1 V vs. RHE, respectively. Electrolyte: 0.1 M KHCO3 + 4 mM KCl.
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2014 gas chromatographwith two detectors (one TCD and one FID). Liquid
products were measured by high performance liquid chromatography
(HPLC) and by hydrogen nuclear magnetic resonance spectroscopy (H1-
NMR), as described elsewhere [28,29].

3. Results and discussion

The electro oxidation-reduction treatment of the Cu, Cu90Zn10 and
Cu75Zn25 electrodes surfaces in presence of Cl− to produce different surfaces
exposes intricate nanostructures with controlled shapes, as depicted in
Scheme 1. Fig. S1 shows the cyclic voltammograms recorded for the nine
electrodes after the electro oxidation-reduction treatment. These materials
are generally referred to as oxide-derived electrodes (OD-electrodes), as
they are metallic electrodes resulting from the reduction of an oxide [30].
Our results show that by sweeping the potential from 0.0 V to 0.7 V vs.
RHE and sweeping back from0.7V to−1.2 V vs. RHE (for four times), nano-
particles with irregular spherical shapes were formed on the Cu, Cu90Zn10
and Cu75Zn25 electrodes (Fig. 1a, d, and g, res pectively). When the same
procedure was used with an increased upper potential of 0.9 V vs. RHE,
nanocubeswith 54±5nmof edge sizewere formed for Cu and bothCuxZny
electrodes (Fig. 1b, e, and h, respectively). In agreementwith previous work,
we consider these images as evidence for (100) facets [24,31–33]. It is
known that copper nanocubes can be synthesized via this procedure
[24,31–33], but we report here the applicability of this method for synthe-
sizing CuxZny nanocubes. Lastly, when the oxidation potential was increased
to 1.1 V, Cu nanodendrites (Fig. 1c), looking like double compound leaves,
or CuxZny “nanocauliflowers” (Fig. 1f and i) were formed instead. SEM im-
ages of the Cu, Cu90Zn10, and Cu75Zn25 electrodes before the oxidation-
reduction treatment are shown in Fig. S2.

These materials were also characterized by cyclic voltammetry in 0.1 M
NaOH solution between−0.25 V to 0.45 V vs RHE [34], and the results are
shown in Fig. 2. For Cu electrodes before the electro oxidation-reduction
treatment (Fig. 2a), symmetrical oxidation and reduction peaks were ob-
served at−0.15 V, 0.05 V, 0.35 V and 0.43 V vs RHE. The peaks of low in-
tensity at −0.15 V and − 0.05 V correspond to the adsorption and
desorption of OH− on Cu (100) terraces and Cu (111) terraces, respec-
tively, and the pronounced peaks at 0.35 V and 0.43 V are both related to
the oxidation and reduction of Cu to Cu2O on different domains of the poly-
crystalline electrode. For the OD-Cu electrodes (Fig. 2b), the same profile
was observed, but with peaks of significantly higher intensity. This increase
in the current is due to an increase in surface roughness as consequence of
res, nanocubes, or nanodendrites/nanocauliflowers by cycling from−1.2 V vs RHE



Fig. 1. SEM images of (a) OD-Cu(spheres), (b) OD-Cu(cubes), (c) OD-Cu(dendrites), (d) OD-Cu90Zn10(spheres), (e) OD-Cu90Zn10(cubes), (f) OD-Cu90Zn10(cauliflowers), (g) OD-Cu75Zn25
(spheres), (h) OD-Cu75Zn25(cubes), (i) OD-Cu75Zn25 (cauliflowers).
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the oxidation-reduction treatment. The corresponding electrode surface
area will be discussed inmore detail whenwe present the results concerning
the roughness factor. For CuZn electrodes before the oxidation-reduction
treatment (Fig. 2c and e), significant differences between the voltammetric
profiles were found, although the same procedure was used. A broad peak
between −0.2 V and − 0.05 V was observed for the Cu90Zn10 electrode
(Fig. 2c) and it became more pronounced for samples with increased zinc
content, e.g., Cu75Zn25 (Fig. 2e), suggesting that these voltammetric features
are related to Zn. For OD-CuZn electrodes (Fig. 2d and f) an increase in
the current was also observed, as observed for OD-Cu, with intense
voltammetric features between −0.3 V ≤ E ≤ 0.45 V, indicative of in-
creased surface area after the oxidation-reduction treatment. The appear-
ance of the oxidation-reduction peaks between 0.0 and 0.1 V suggests that
cycling the CuZn electrodes exposes more Cu to the surface. The electro-
chemical characterization was mainly used here as a reference: Cu, OD-Cu,
CuZn, and OD-CuZn were systematically prepared and characterized in
NaOH prior to being subjected to the CO2RR conditions, ensuring reproduc-
ible surface conditions at the beginning of each measurement.

The atomic composition of the electrodes at the surface before and after
the oxidation-reduction treatment was investigated by SEM-EDX and the
results are shown in Table 1. For the Cu electrodes, only copper was identi-
fied on the surface, as expected. For the Cu90Zn10 and Cu75Zn25 alloys, be-
fore the oxidation-reduction treatment, the contents of Cu and Zn on the
surfaces were close to those reported by the supplier. Specifically, a compo-
sition of 88.2± 5.2% of Cu and 11.1±2.4% of Zn was found for Cu90Zn10
and 73.2±4.8%of Cu and 24.6±2.1%of Zn for Cu75Zn25. However, after
the oxidation-reduction, the atomic composition of the surface for zinc-
containing bimetallic catalysts changed in comparison to their composition
before the treatment. Particularly, the relative content of zinc at the surface
gradually decreased as the oxidation potential in the oxidation-reduction
procedure was increased. For example, for the Cu75Zn25(spheres) electrode,
whichwas subjected to amaximumof 0.7 V, the surface atomic composition
was found to be 79.1± 5.1% of Cu and 21.7± 2.9% of Zn, as compared to
4

the original value of 73.2 ± 4.8% of Cu and 24.6 ± 2.1% of Zn. For the
Cu75Zn25(cubes) electrode, oxidized up to 0.9 V, only 13.6 ± 2.7% of Zn
was found and for the Cu75Zn25(cauliflowers), oxidized up to 1.1 V, the Zn con-
tent was again lower, measuring only 6.1 ± 1.6% at the surface. The same
trend was observed for the Cu90Zn10 electrodes. The decrease of Zn content
at the surface can be explained by the electrodissolution of zinc into the elec-
trolyte, as Zn can easily be oxidized to Zn+2 at potentials positive of the equi-
librium potential (Zn↔ Zn2++2e−, E° (V)=−0.3606 V vs. RHE at pH=
6.8). As the equilibrium potential for zinc lies well below that of copper, this
can reasonably explain the relative enrichment of the surface in copper as
the driving force for the leaching of zinc is relatively greater, with increased
upper oxidation limits enhancing this effect. Our results therefore show that,
by applying the oxidation-reduction procedure, not only the surface mor-
phology is modified, but also the chemical composition at the interface.

Surface roughness factors (RF) of the Cu and CuxZny electrodes were de-
termined through measurement of the double layer (DL) capacitance by re-
cording cyclic voltammograms in the double layer window, and the results
are shown in Table 1 (RFs) and Fig. S3 (DL current measurements and
analysis). For the OD-Cu and OD-CuxZny electrodes, higher capacitance
and hence higher roughness factor values were obtained when the final ox-
idation potential was increased in the oxidation-reduction treatment. For
example, Cu(dendrites), which were cycled up to 1.1 V vs. RHE, presented a
higher roughness factor (RF=5.5) thanCu(cubes) (RF=2.9),which formed
upon cycling to 0.9 V vs. RHE, which was still higher than the roughness of
an uncycled polished copper surface (RF = 1). This increase in the rough-
ness factor by applying increasingly positive oxidation potentials during
electrochemical cycling can be explained by higher surface disorder upon
reduction of the increasingly thicker copper oxide layer. Specifically,
when Cu electrodes are used, Cl− reacts with Cu to form CuCl. At oxidative
potentials at neutral or basic pH, CuCl is converted to Cu2O through two
reactions in series (CuCl + OH− ↔ CuOH + Cl− and 2CuOH ↔
Cu2O + H2O) [24,35,36]. By cycling to increasingly positive potentials,
thicker oxide layers are generated which result in more disordered surfaces



Fig. 2. Cyclic voltammograms of (a) Cu(flat); (b) OD-Cu; (c) Cu90Zn10(flat); (d) OD-Cu90Zn10; (e) Cu75Zn25(flat); and (f) OD-Cu75Zn25 electrodes in 0.1 M NaOH at a scan rate of
50 mV s−1.
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upon reduction and hence in progressively higher surface roughness values
as one cycles to more oxidative potentials.

CO2 electroreduction in CO2-saturated 0.1 M KHCO3 (pH = 6.8) was
performed at four different potentials (−0.8, −0.9, −1.0, and − 1.1 V
vs RHE) on Cu and CuxZny electrodes. It is important to point out that in
the oxidation-reduction treatment over the electrodes, the sweeping of
the potential ends at −1.2 V vs. RHE and thus it is considered that the Zn
and Cu are both in metallic form. In addition, we note that Chen et al.
[33] showed by HR-TEM that the morphology of the nanoparticles
remained as cubes even after 70 min of CO2 electroreduction in CO2-
saturated 0.1 M KHCO3, pH = 6.8 (same reaction conditions as applied
5

in our experiments). Furthermore, they also showed the presence of (100)
facets in their HR-TEM images reinforcing the stability of the particles
under the applied reaction conditions. The corresponding faradaic efficien-
cies to H2, CO, CH4, HCOOH, C2H4, EtOH, and PrOH (main products iden-
tified herein) are shown in Table S1. The sum of FE varied from 85%, for
the lowest potentials, to 105%, for the highest potentials. As small amounts
of aldehydes, ketones, and other liquid products have not been quantified
and they are preferably formed at lower potentials, the total FE at −0.8
and− 0.9 V vs RHE is below 90%. For the higher potentials, only gaseous
products and higher alcohols are preferably formed and thus it is reason-
able to achieve total FE close to 100% since theywere all quantified. Values



Table 1
Atomic composition, as studied by SEM-EDS, and roughness factor of the Cu, OD-
Cu, Cu90Zn10, OD-Cu90Zn10, Cu75Zn25 and OD-Cu75Zn25 electrodes.

Sample Atomic composition (by
EDS)

Roughness factor
(compared to Cu(flat))

Cu (%) Zn (%)

Cu(flat) 100 0 1.0
OD-Cu(spheres) 100 0 1.8
OD-Cu(cubes) 100 0 2.9
OD-Cu(dendrites) 100 0 5.5
Cu90Zn10(flat) 88.2 ± 5.2 11.1 ± 2.4 2.7
OD-Cu90Zn10(spheres) 91.4 ± 4.9 8.6 ± 2.0 5.1
OD-Cu90Zn10(cubes) 93.1 ± 4.3 6.8 ± 2.0 12.9
OD-Cu90Zn10(cauliflowers) 97.4 ± 4.7 2.8 ± 1.5 18.8
Cu75Zn25(flat) 73.2 ± 4.8 24.6 ± 2.1 7.1
OD-Cu75Zn25(spheres) 79.1 ± 5.1 21.7 ± 2.9 7.4
OD-Cu75Zn25(cubes) 86.4 ± 5.5 13.6 ± 2.7 15.0
OD-Cu75Zn25(cauliflowers) 95.9 ± 4.7 6.1 ± 1.6 18.2
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found around 105% are due to cumulative experimental errors since differ-
ent quantification techniqueswere used (GC, HPLC andH1-NMR). As a gen-
eral trend, with some exceptions, the faradaic efficiency (FE) of the H2 and
CO production decreased when a higher reduction potential was applied.
For example, for the Cu(cubes) electrode the FE of the H2 synthesis dimin-
ished from 49.3% at −0.8 V to 22.3% at−1.1 V. The same behavior was
also observed for CO, for which FE decreased from 13.6% at −0.8 V to
2.6% at −1.1 V. On the other hand, for C2+ products (C2H4, EtOH and
PrOH), higher FEs were observed for the Cu and CuxZny electrodes at
more reductive potentials. The opposite trends observed for CO formation
and that of C2+ compounds is consistent with the fact that adsorbed CO
is the key species of the CO dimerization considered to be involved in the
C2+ synthesis [1,2,37]. At these more negative potentials, the higher cur-
rent leads to more hydroxide formation and thus to an increase in local
pH near the electrode. In turn, this inhibits the hydrogen evolution reaction
[9,38,39] and hence favors to the formation of carbon products. In the pres-
ent work, we are interested in evaluating how the catalytic performance to-
wards the production of C2+ compounds is affected by the surface
morphology (nanoparticle shapes), the roughness factor and the composi-
tion of the interface. As the best potential for C2+ product formation on
the investigated electrodes was −1.1 V vs RHE, the following discussion
will be focused on the C2+ production at this potential.

Fig. 3 shows the FEs to C2H4, EtOH, and PrOH (C2+ products identified
here) for the Cu (Fig. 3a), Cu90Zn10 (Fig. 3b), and Cu75Zn25 (Fig. 3c) elec-
trodes at −1.1 V, before and after the oxidation-reduction treatment. The
values of the RF were added below the name of each electrode to make
the discussion easier, since the increase in the RF is considered to be one
of the important factors for improving the catalytic performance of the
CO2 reduction [2,9,15,16]. For the electrodes without the oxidation-
reduction treatment (polished flat electrodes), the faradaic efficiency to
C2+ compounds were around 15% for Cu and Cu90Zn10 and decreased to
about 7.5% for the Cu75Zn25 electrode. This result shows that the mere ad-
dition of Zn to the Cu structure does not enhance the C2+ production. By
contrast, C2+ production decreases when the atomic percentage of Zn in
the electrode increases from ca. 10% to approximately 25%, even though
the roughness factor increased from 1.0 for Cu to 7.1 for the Cu75Zn25
alloy. Instead of C2+ production, CH4 and H2 are enhanced by Cu90Zn10
and Cu75Zn25, respectively (Table S1). This behavior agrees with the results
of Timoshenko et. al [23], who showed that CH4, H2, and CO production
were dependent of the composition and structure of CuZn and specifically
that a low content of Zn leads to higher CH4 formation and high content
of Zn leads to higher H2 formation as observed here for Cu90Zn10 and
Cu75Zn25. On the other hand, our results differs from results reported by
Feng et al. [17] who showed that CuZn alloy can enhance the C2+ produc-
tion in comparison to the pure Cu. However, in that work the authors syn-
thesized spherical nanoparticles of CuZnO alloys with 7 to 15 nm in
diameter by pulsed laser ablation of a CuZn alloy target and, before the
6

CO2RR tests, CuZnO alloys were deposited on glassy carbon and reduced
at −1.6 V vs RHE, producing OD-electrodes. Therefore, in the studies re-
ported by Feng et al. [17] not only the composition effect (CuxZny vs Cu)
was considered, but also the influence of the nanoparticle size, dispersion,
subsurface oxygen, etc. Here, by investigating non-oxidized Cu, Cu90Zn10,
and Cu75Zn25 polished disc electrodes with low surface roughness,morpho-
logical and/or particle size effects and surface roughness effects between
the different electrodes were minimized leading to more accurate relation-
ships between the Zn content in the CuZn alloy and the catalytic perfor-
mance of the electrodes towards the formation of C2+ compounds.

For the electrodes obtained after oxidation-reduction treatment (OD-
electrodes), catalytic performances were significantly improved in compar-
ison to the flat Cu and CuxZny electrodes. The catalytic behavior is similar
for the OD-Cu, OD-Cu90Zn10, and OD-Cu75Zn25 electrodes. Specifically,
the faradaic efficiency towards C2+ products increases going from a
polished flat surface to a nanosphere-covered electrode, reaching the
highest performance for surfaces comprised of nanocubes, and decreasing
in the case of nanodendrite (for Cu) or nanocauliflower (for CuxZny) mor-
phologies. In general, the catalytic performance seems to be impacted by
the surface roughness factor, chemical composition, and nanostructure
shape.

To obtain a better understanding of the influence of the roughness fac-
tor, Fig. 3d shows the FE to C2+ compounds for the oxide derived Cu,
Cu90Zn10, and Cu75Zn25 electrodes containing nanocubular features. The
effect of the nanoparticle shape is minimized here since the electrodes con-
tain cubic nanostructures of similar sizes, although the chemical composi-
tion is not identical between different electrodes. It is evident that the
production of C2+ compounds is enhanced with increasing surface rough-
ness factor, for the same type of surface morphology. The same trend was
also observed for the nanosphere electrodes. Cu75Zn25(spheres) has a higher
RF and higher FE to C2+ than Cu90Zn10(spheres) and Cu(spheres). However, be-
sides the surface roughness factor, the Zn content was also higher for the
Cu75Zn25 nanocubes and Cu75Zn25 nanospheres electrodes in comparison
with the Cu90Zn10 and pure Cu materials. Although for the polished flat
electrodes, the presence of Zn in Cu is not beneficial to the C2+ production
(Fig. 3), by subjecting the Cu and CuxZny electrodes to electrochemical cy-
cling, surface morphologies containing nanostructures with different size
and shapes are formed and hence the physical and electronic properties of
the OD-electrodes are likely different from those of the non-oxidized, me-
chanically polished surfaces. Therefore, in contrast to the polished flat elec-
trodes, we cannot discard the existence of synergistic effects between Zn
and Cu in the OD-electrodes and this can also contribute to improve the
production of C2+ compounds, as previously reported by other authors
[17,19,40–42]. In comparison to the materials investigated by Feng et al.
[17], our OD-electrodes are in better agreement regarding their electrocata-
lytic behavior than polished flat electrodes: we also see a higher production
of C2+ compounds on CuxZny alloys compared to pure Cu. Further evidence
that the zinc content has a positive impact on the catalytic performance of
OD-CuxZny electrodes towards the production of C2+ compounds is pro-
vided by the nanocauliflower materials. For Cu75Zn25(cauliflower) (%Zn =
6.1 ± 1.6) the RF is slightly lower than that of Cu90Zn10(cauliflower) (%
Zn= 2.8 ± 1.5), but Cu75Zn25(cauliflower) presents a higher FE for C2+ com-
pounds (~44% for Cu75Zn25(cauliflower) versus~33% for Cu90Zn10(cauliflower)).
Therefore, it seems that for the OD-CuxZny electrodes, a higher zinc content
leads to improved C2+ production.

Even though, in general, RF and Zn content can both improve the selec-
tivity towards higher FE to C2+ products, when comparing different nano-
particle geometries, it is clear the shape is dominant factor for the synthesis
of C2+ compounds. When we move from nanocubes to nanodendrites or
nanocauliflowers, even though the roughness factor increases, the FE to
C2+ products decrease. From nanocubes to nanospheres, an increase in
the Zn content is observed but also a decrease in FE to C2+ products. In
other words, whenever the structure is diverted from the nanocubes, even
if the RF or Zn content are increased, the production of C2+ compounds
is reduced. Nanocubes arewell-known to expose preferentially {100} facets
[6,24,43] and, according to previous studies with copper single crystals



Fig. 3. Faradaic efficiency (FE) of the C2H4 (blue), EtOH (green), and PrOH (orange) production on (a) Cu(flat), OD-Cu(spheres), OD-Cu(cubes), and OD-Cu(dendrites), (b) Cu90Zn10
(flat), OD-Cu90Zn10(spheres), OD-Cu90Zn10(cubes), and OD-Cu90Zn10(cauliflowers), (c) Cu75Zn25(flat), OD-Cu75Zn25(spheres), OD-Cu75Zn25(cubes), and OD-Cu75Zn25(cauliflowers), and
(d) OD-Cu(cubes), OD-Cu90Zn10(cubes), and OD-Cu75Zn25(cubes) at −1.1 V vs RHE. Roughness factor (RF) values were added below the name of each electrode to facilitate
the discussion.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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[1–5], C2+ products are favorably synthesized on Cu(100), while C1 com-
pounds are mainly formed on Cu(110) and Cu(111). Therefore, the best
performance of nanocubes exposed-OD-electrodes for the synthesis of C2

+ products can be associated with the preferential exposition of {100}
facets. To date, relevant advances have been reported with respect to the
impacts of roughness [8–11], crystalline structure [3–5], composition of
CuZn electrodes [17,23,40,41], interatomic distance between Cu and Zn
[23], etc., on the CO2RR. However, here we show that among all these im-
portant characteristics, the particle geometry is a dominant factor in the
synthesis of C2+ compounds.

4. Conclusions

Cu and CuxZny electrodes with different zinc contents, roughness
factors, and surface morphologies were successfully prepared by
electrocycling polished Cu, Cu90Zn10, and Cu75Zn25 electrodes between
−1.2 V and 0.7 V, 0,9 V, or 1.1 V vs. RHE in 0.1 M KHCO3 containing
4 mM KCl. From SEM images, it was observed that nanospheres (for Cu
7

and CuxZny), nanocubes (for Cu and CuxZny) and nanodendrites (for Cu)
or nanocauliflowers (for CuxZny)were formedwhen the oxidation potential
was changed from 0.7 V to 0.9 V, and 1.1 V, respectively. Surface roughness
was increased when higher oxidation potential limits were applied to the
electrodes during the oxidation-reduction treatment (nanocauliflowers~
nanodendrites > nanocubes > nanospheres). The production of C2+ com-
pounds was showed to be influenced by the roughness factor, zinc content,
and nanostructure shape. For a given shape, increasing the surface rough-
ness factor led to higher FEs to C2+ compounds. The increase of zinc con-
tent in the polished flat electrodes showed to decrease the amount C2+

compounds produced. On the other hand, for OD-electrodes of a given
shape, zinc content leads to a higher total FE for C2+. Although both rough-
ness factor and catalyst alloy composition can impact the catalytic
performance towards the production of C2+ compounds, the electrode
nanostrucure shape showed to be the biggest factor in enhancing C2+ for-
mation. Specifically, nanocube (which preferentially expose {100} facets)
covered surfaces of Cu and CuxZny electrocatalysts, were found to lead to
higher FE to C2+ compounds among the different shapes evaluated in this
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work (nanospheres, nanocubes, nanodendrites and nanocauliflowers). We
believe these results provide important guidelines for the rational design
of optimized electrodes to be applied in the conversion of CO2 to C2+

compounds.
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