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the conversion of CO2 into valuable hydro-
carbons and alcohols.[1–3] However, to 
become competitive with traditional fossil 
fuel-based technologies, the conversion 
efficiency and product selectivity for multi-
carbon products using the electrochemical 
approaches need to be improved from cur-
rent levels.[4–6]

Today, copper-based catalysts are the 
most promising materials for selective 
reduction of CO2 to multicarbon hydro-
carbons.[7,8] High selectivity toward C2+ 
products, including ethylene (C2H4), eth-
anol (C2H5OH), and propanol (C3H7OH), 
has been demonstrated using Cu-based 
catalyst materials.[9–12]

Mechanisms underlying the improved 
selectivity often involve the initial material 
oxidation state.[8,13,14] For example, residual 
subsurface oxygen,[15] grain boundaries,[16] 
and unconverted Cu+ states[17,18] have been 
reported to enhance CO adsorption and 
reduce the energy barrier for CO–CO cou-
pling. Overall, research points to the final 

active surface species being a function of the Cu(I) or Cu(II) 
present on the surface prior to and after the CO2 reduction reac-
tion.[19] The sensitivity of the observed catalytic performance to 

Electrochemical carbon dioxide reduction (CO2) is a promising technology 
to use renewable electricity to convert CO2 into valuable carbon-based 
products. For commercial-scale applications, however, the productivity 
and selectivity toward multi-carbon products must be enhanced. A facile 
surface reconstruction approach that enables tuning of CO2-reduction 
selectivity toward C2+ products on a copper-chloride (CuCl)-derived catalyst is 
reported here. Using a novel wet-oxidation process, both the oxidation state 
and morphology of Cu surface are controlled, providing uniformity of the 
electrode morphology and abundant surface active sites. The Cu surface is 
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converted to a Cu (I) oxide surface. High C2+ selectivity on these catalysts are 
demonstrated in an H-cell configuration, in which 73% Faradaic efficiency (FE) 
for C2+ products is reached with 56% FE for ethylene (C2H4) and overall current 
density of 17 mA cm-2. Thereafter, the method into a flow-cell configuration is 
translated, which allows operation in a highly alkaline medium for complete 
suppression of CH4 production. A record C2+ FE of ≈84% and a half-cell power 
conversion efficiency of 50% at a partial current density of 336 mA cm-2 using 
the reconstructed Cu catalyst are reported.

Electrochemical CO2 Reduction

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.201804867.

Dr. T. Burdyny,[++] Prof. D. Sinton
Department of Mechanical and Industrial Engineering
University of Toronto
5 King’s College Road, Toronto, ON M5S 3G8, Canada
Dr. M. B. Ross, Prof. P. Yang
Bio-inspired Solar Energy Program
Canadian Institute for Advanced Research
Toronto, Ontario M5G 1Z8, Canada
Dr. M. B. Ross, Prof. P. Yang
Department of Chemistry
University of California
Berkeley, Berkeley, CA 94720, USA
Prof. P. Yang
Department of Materials Science and Engineering
University of California
Berkeley, Berkeley, CA 94720, USA
Prof. P. Yang
Materials Sciences Division
Lawrence Berkeley National Laboratory
Berkeley, CA 94720, USA

[+]Present address: Department of Chemical and Petroleum Engineering, 
University of Calgary, 2500 University Drive, NW Calgary, Alberta  
T2N 1N4, Canada
[++]Present address: Materials for Energy Conversion and Storage, 
Department of Chemical Engineering, Delft University of Technology,  
2629 HZ Delft, The Netherlands

The need to store intermittent renewable energy motivates the 
electroproduction of fuels and feedstocks. One such process, 
the electrochemical CO2 reduction reaction (CO2-RR), enables 
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subtle changes in the initial and final condition highlights the 
need for the generation of consistent active sites across the sur-
face of the catalyst.

Experimental[20] and modeling[21] efforts have also high-
lighted the importance of catalyst surface morphology on C2+ 
selectivity in CO2-RR. This can suppress the primary com-
peting reaction products including H2 and CH4. In general, 
it has been reported that high electrode pH conditions are 
required to enhance C2+ product selectivity by lowering the 
CC coupling energy barrier, and shifting CH4 formation to 
higher potentials.[18,22]

Since dissolved CO2 exists only in neutral and low pH electro-
lytes, the local pH at the electrode must be raised by increasing 
the reaction current density in conjunction with using a low 
buffering bulk electrolyte, typically 0.1 m KHCO3. While this 
suppresses CH4 formation to less than 5% in some cases, 
the amount of CO2 able to reach the catalyst’s surface is also 
reduced. High C2H4 selectivity of up to 60% can then be achieved 
at the cost of low overall current densities (20 mA cm−2),[18] 
highlighting a limitation in the current application of the cata-
lyst. Other factors such as electrochemically active surface area 
and morphology-induced mass transport must further be taken 
into consideration as these can impact local reaction conditions 
across the surface of the catalyst, and subsequently the final 
selectivity toward multicarbon products.[23]

Previous oxide-derived Cu catalysts have been created 
by a number of different processes including O2 plasma 
treatment,[18] electrodeposition of cuprous oxide (Cu2O),[24] 
reduction of copper salts,[17] metal-ion cycling,[25] and thermal 
treatment of metallic Cu in air.[26] Despite the same underlying 
reaction mechanisms suspected to be at play in each case, 
wide ranges of C2+ product selectivities and current densi-
ties have been observed experimentally. These variations may  
arise from different proportions of the initial oxidation states 
on the catalyst’s surface (Cu(0), Cu(I), Cu(II)), the distribution 
of these oxidation states across the catalyst surface, and the 
thickness of the formed oxide layer itself. Each of these factors  
independently affects the electrochemical reduction of the 
oxide layer into the final catalytic state as well as the final dis-
tribution and number of active sites. These examples combined 
present a need for both a simple procedure to oxidize a bare 
copper electrocatalyst, and ensure the presence of abundant 
active surface sites and the associated surface morphology that 
favors high selectivity toward C2+ products.

Here, we report a surface reconstruction approach that ena-
bles us to tune the hydrocarbon selectivity of a CuCl-derived 
catalyst. Using a wet-oxidation process, we are able to control 
both the oxidation state and morphology of a Cu surface, pro-
viding uniformity of the electrode morphology and the number 
of the surface active sites on the catalyst. The controlled growth 

of an initial CuCl layer provides a Cu(I) oxide surface using 
facile chemical oxidation processes. High C2+ selectivity is then 
first demonstrated in an H-cell configuration and then success-
fully transferred into a flow-cell configuration equipped with a 
gas-diffusion layer (GDL) to increase the current density and 
improve efficiency, selectivity, and productivity. The flow-cell 
allows for better control over the operating pH allowing for 
almost complete CH4 and H2 suppression without current 
limitations, reaching ≈84% FE of C2+ products and a half-cell 
power conversion efficiency (PCE) of ≈50% for C2+ products at 
a partial current density of 336 mA cm−2 on the reconstructed 
Cu surface.

To reconstruct the metallic Cu surface for C2+ production, we 
first grew a CuCl film on an electropolished Cu foil substrate by  
oxidizing the surface with hydrogen peroxide (H2O2) in the 
presence of a dilute HCl solution (Figure 1). The coverage of 
CuCl on the wet-oxidized Cu surface is tuned by varying the 
molar ratio of H2O2:HCl, allowing the surface morphology 
of the catalyst to be controlled. A Cu(I) oxide layer is then 
grown by immersing the CuCl film into a KHCO3 solution 
(Figure 1). Finally, the reconstructed Cu surface is achieved 
by electrochemically reducing the formed Cu(I) oxide layer in 
0.05 m KHCO3 electrolyte (Figure 1).

To investigate the chemical states and electronic structure of 
the Cu surface at different steps during the reconstruction pro-
cess, we performed ex situ soft X-ray absorption spectroscopy 
(sXAS) studies. We used the Cu L3-edge as a quantitative means 
to assess the copper oxidation state as the lower energy tran-
sition affords higher spectral resolution and greater contrast 
between electronic structure changes. The Cu L3-edge spectra of 
the reference standards of Cu metal, Cu2O, and CuO were taken 
to measure the Cu0, Cu+, and Cu2+ oxidation states, respectively 
(Figure 2a, and Figure S1, Supporting Information).[27,28] The 
electropolished copper sample exhibits a Cu L3-edge similar 
to that of the Cu metal standard, indicating that the sample is 
in the Cu0 oxidation state. After being oxidized with H2O2 and 
hydrolyzed in KHCO3 electrolyte, the copper surface shows a 
sharper peak near 934 eV consistent with a Cu2O L3-edge peak 
of 933.7 eV.[28] This result suggests that after the wet-oxidation 
treatment the copper was oxidized to Cu+. The reduced sample 
(after linear sweep voltammetry (LSV)) and the sample after 1 h  
of CO2-RR shows that the reduced surface is primarily Cu0. 
However, a small pre-edge peak exists around 930 eV, which 
is indicative of a Cu2+ oxidation state with an L3-edge peak 
position of CuO 930.7 eV.[28]

To provide a quasi-quantitative analysis of the sXAS data, 
we performed a peak fitting of the measured samples using a 
linear combination of the Cu, Cu2O, and CuO reference samples 
(Figure 2b). The results show that the oxidation state of the initial 
electropolished Cu state is 100% Cu0, while the wet-oxidized and 
hydrolyzed Cu sample is ≈25% composed of the Cu+ oxidation 
state. After the surface has been electrochemically reduced via 
LSV and CO2-RR, the majority of the sample has been almost 
entirely reduced to Cu0. The residual Cu+ and Cu2+ present may 
be attributed to surface oxides formed upon exposure to air.

X-ray diffraction (XRD) and X-ray photoelectron spectroscopy 
(XPS) were performed to further confirm the crystalline phase 
and oxidation state of copper species during the reconstruction 
process. As shown in Figure 2c, the surface of Cu changed from 
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metallic (Cu0) to CuCl film as evidenced by the presence of the 
diffraction peaks at 28.5° and the Cl 2p peak at the binding 
energy of 199 eV (Figure S2a, Supporting Information) after 

the wet-oxidation step. After immersion in 0.05 m KHCO3, the 
CuCl diffraction peak (Figure 2c) and Cl 2p peak (Figure S2a, 
Supporting Information) are significantly suppressed and the 
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Figure 1. a) Schematic illustration of the surface reconstruction process. b–e) The electropolished Cu surface was wet-oxidized in 60 × 10−3 m [H2O2], 
followed by growth of Cu(I) oxide and finally reconstructed for CO2-RR.

Figure 2. Characterization of surface reconstructed Cu. a) Ex situ Cu L3-edge soft X-ray absorption spectroscopy (sXAS) spectra of Cu after different 
process steps and standard Cu (0), Cu (I), and Cu (II) curves. b) Calculated ratio of Cu oxidation states using linear combinations of the Cu (0), Cu (I), 
and Cu (II) reference standards. c) XRD spectra of electropolished Cu, wet-oxidized Cu, growth of Cu2O from immersion in KHCO3, and reconstructed 
Cu. d) Raman spectra of the as-synthesized CuCl-derived precatalyst (black), the Cu catalyst in electrolyte at open-circuit conditions (red), and after 
the application of reduction potential of −0.2 V versus RHE (blue).
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appearance of the diffraction peak at 36.2° (Figure 2c) indicates 
that the CuCl film is mostly converted to Cu2O crystals, in good 
agreement with the observation from scanning electron micros-
copy (SEM) (Figure 1). After the reduction process (LSV), the 
XRD of the sample shows diffraction peaks that are character-
istic of a pure metallic Cu phase (Figure 2c).

The data from ex situ sXAS and XPS confirm that the recon-
structed Cu sample contains primarily a metallic Cu phase with 
a small amount of oxidized species, which may be the result of 
exposure to air. We also performed an in situ Raman analysis 
of the samples during CO2-RR in 0.1 m KHCO3 electrolyte. 
As shown in Figure 2d, the peaks in the frequency range of 
550–650 cm−1, corresponding to the presence of copper oxide 
species, appear when immersed in electrolyte and disappear 
once the sample is subjected to a negative potential of −0.2 V 
versus RHE. This suggests that Cu0 is the dominant surface 
species under CO2-RR conditions.[29] In summary, all in situ 
and ex situ characterizations confirm that under reducing 
conditions the restructured Cu catalyst is composed of metallic 
copper. However, surface morphology, pore size, and rough-
ness are substantially different for the electropolished and the 
surface-reconstructed copper samples.

To assess the electrochemical performance of the recon-
structed Cu samples, CO2-RR was performed in 0.05 m KHCO3 
in an H-cell configuration. The wet-oxidation process (see the 

Supporting Information and Figure S3, Supporting Informa-
tion) of Cu foil was varied by controlling the H2O2 concentra-
tion in HCl and subsequently performing CO2-RR to achieve 
highest C2H4:CH4 ratio, as illustrated in Figure 3a. The 
C2H4:CH4 ratio for the electropolished Cu sample was found 
to be ≈1, which was subsequently tuned to achieve a tenfold 
improved ratio under an optimum H2O2 concentration of 
60 × 10−3 m. Figure 3b shows the Faradaic efficiency (FE) of 
C2H4 and CH4 versus an applied potential on the surface recon-
structed Cu and electropolished Cu surfaces. The C2H4 FE on 
electropolished Cu reached a maximum at 40% in a narrow 
optimized potential range of −2.0 V versus Ag/AgCl and quickly 
dropped to less than 25% with a small variation in potential. 
In the same potential range, a CH4 FE of >40% was observed, 
indicating that electropolished Cu is similarly selective for CH4 
generation. In contrast, the surface reconstructed Cu showed 
an C2H4 FE greater than 50% over a wider potential range of 
−1.9 to −2.4 V versus Ag/AgCl, reaching a maximum of 56% at 
a potential of −2.0 V versus Ag/AgCl. Interestingly, the CH4 FE 
was suppressed down to 5% within the same potential range, 
resulting in a substantially higher C2H4:CH4 ratio of 11, an 
order of magnitude higher than the electropolished surface. It 
is noted that the FE for other products such as CO and H2 on 
reconstructed Cu were similar to those observed on electropol-
ished Cu. These results suggest that the surface reconstruction 
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Figure 3. Electrochemical studies in an H-cell configuration. a) C2H4:CH4 product ratios with different concentrations of H2O2. b) Faradaic efficien-
cies (FE) of C2H4 and CH4 for the electropolished and surface reconstructed Cu samples at different applied potentials, demonstrating that surface 
reconstruction suppresses the CH4 product pathway and enhances C2 formation. c) Current density versus applied potential for the electropolished 
and surface reconstructed Cu samples in a 0.05 m KHCO3 electrolyte. d) FE of C2+ products from electropolished and surface reconstructed Cu samples 
versus applied potential.
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process primarily shifts the reaction selectivity from CH4 to 
C2H4 during the CO2 reduction reaction, with little effect on 
other reaction processes.

From a plot of the geometric current density as a function of 
applied potential (Figure 3c) we can also see that surface recon-
struction has no clear effect on the overall activity of Cu toward 
CO2-RR in the potential range (−1.8 to −2.0 V vs Ag/AgCl), 
where the highest FE for C2H4 was obtained. This result is dif-
ferent from most reported oxide-derived catalysts which show 
significant improvements in the total current density compared 
to polished Cu.[18] It also suggests that the higher C2H4 selectivity  
on surface reconstructed Cu compared to electropolished Cu 
is not a result from the change in the local pH as frequently 
observed in other oxide-derived Cu systems. We propose that the 
surface reconstruction process may change the Cu surface from 
a stable facet in electropolished Cu such as (111) to a more C2 
selective facet such as (100), leading to a higher selectivity for C2 
products. Figure 3d shows the total FE of C2+ products for recon-
structed Cu, reaching 73% at a current density of ≈17 mA cm−2, 
30% more than that on the electropolished sample. Additionally, in 
contrast to electropolished Cu which did not yield any n-propanol, 
the surface reconstructed Cu produced nearly 5% n-propanol.

The relatively low solubility of CO2 in aqueous solutions 
(≈34 × 10−3 m at STP), coupled with the CO2-carbonate equilibria 
in an aqueous solution, creates a mass transfer constraint on 

the CO2 reduction reaction. Consequently, the primary (steady-
state) current density is limited to a maximum value on the 
order 10 mA cm−2 under typical laboratory reaction conditions. 
An efficient mass transfer of CO2 to the electrode’s surface is 
therefore key to obtaining industrial scale production of any 
reduction product. In order to remove the CO2 mass transfer 
constraint noted above, and to achieve higher productivity (i.e., 
current density), we utilized a gas diffusion electrode (GDE) 
to greatly reduce the diffusion pathway of CO2 to the catalyst’s 
surface. Furthermore, the GDE environment allowed us to per-
form the reaction in an alkaline environment which favors C2+ 
selectivity.[30–32] In this system, the catalyst is deposited onto the 
GDE, while CO2 reduction proceeds on the catalyst surface in 
the electrolyte near the gaseous CO2 and liquid interface.

To create the catalyst layer on a GDL, we performed the wet-
oxidation process described previously on a thermally evapo-
rated ≈300 nm Cu layer on a GDL (Figure S4, Supporting 
Information). We again optimized the wet-oxidation process to 
achieve high C2+ product selectivity on the GDE. To measure 
the CO2-RR selectivity of the surface reconstructed Cu surface 
on a GDL, the H-cell configuration was replaced by a flow-
cell configuration. The resulting electrochemical performance 
using 1 m KHCO3 as an electrolyte is shown in Figure 4a for 
both the surface reconstructed and evaporated Cu catalysts. 
As can be seen, both the partial current density and selectivity 
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Figure 4. Electrocatalytic CO2 reduction activity in the flow-cell configuration. a) FE of C2+ products in 1 m KHCO3 for the evaporated and surface 
reconstructed Cu samples with different applied current densities. b) Power conversion efficiency (PCE) comparison for the evaporated Cu and surface 
reconstructed Cu samples as a function of current density in 1 m KHCO3. c) FE of C2+ products in 3 m KOH for the evaporated and reconstructed Cu 
samples with different applied current densities. d) PCE comparison for the evaporated Cu and surface reconstructed Cu samples as a function of 
current density in 3 m KOH.
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toward C2+ products improved in the flow-cell configuration, 
with a C2+ selectivity of 77% achieved at 450 mA cm−2 and 
an applied potential of −1.8 V versus RHE. Most importantly, 
CH4 selectivity was drastically suppressed to below 1% in the 
flow-cell configuration in contrast to ≈10% selectivity in H-cell 
configuration. At these high current densities the local pH can 
be significantly increased, leading to a suppression of methane 
production and an increase in C2+ selectivity as described else-
where.[33] The half-cell PCE (see the Experimental Section for 
definition and calculation) for C2+ products is then compared 
for the as-evaporated and surface reconstructed Cu, as shown in 
Figure 4b to evaluate the performance of the cathode alone. At 
all applied current densities, the PCE is found to be improved 
by 5–10% in case of surface reconstructed Cu, with the max-
imum PCE of 18% at 450 mA cm−2. It is also worth noting that 
the expected increase in the local pH at high current densities 
has not been accounted for in the measured applied potential.

It has been reported that the reaction overpotential for 
CO2-RR can be reduced and therefore selectivity for C2+ prod-
ucts and subsequently the PCE can be significantly improved 
by performing the reaction in highly alkaline conditions.[30–32] 
Therefore, the CO2 reduction performance of the reconstructed 
Cu sample was tested under highly alkaline (3 m KOH) condi-
tions, again in the flow-cell configuration. Figure 4c shows the 
FE of C2+ products (ethylene, ethanol, propanol, and acetate) 
of reconstructed Cu and the as-evaporated Cu at various cur-
rent densities. At all the measured current densities, the C2+ 
selectivity is found to be improved by 15–25% after surface 
reconstruction. At the optimum overall current density of 
400 mA cm−2 and applied voltage of −0.68 V versus RHE, the 
highest FE of 84% was measured for C2+ products on the recon-
structed Cu sample. The record high (Table S1, Supporting 
Information) partial current density for C2+ products was meas-
ured to be 336 mA cm−2. The distribution of all the products 
from CO2-RR on reconstructed Cu at different current densities 
is shown in Figure S5 (Supporting Information). At lower cur-
rent densities, the catalyst is more prone to produce C1 (i.e., 
CO) products. With an increase in current, C1 production is 
reduced and C2+ products are increased drastically with a peak 
occurring at 400 mA cm−2. With further increases in current 
density, the hydrogen evolution reaction eventually increases, 
lowering the Faradaic efficiency for C2+ products. The half-cell 
PCE of the as-evaporated and surface reconstructed Cu sam-
ples, shown in Figure 4d, reveals that the PEC is significantly 
improved by using 3 m KOH as an electrolyte, with the highest 
PCE measured of 50% at overall current of 400 mA cm−2.

In conclusion, we have developed a surface reconstruction 
process to tune the CO2-reduction selectivity of a Cu surface. 
Using a facile wet-oxidation process, the Cu catalyst can be 
tuned from one that is CH4 selective to one that favors C2+ 
products. Importantly, the surface reconstruction process was 
extended to a gas-diffusion electrode, allowing for the demon-
stration of commercially interesting current densities while 
maintaining high selectivities toward C2+ products. We dem-
onstrated a record C2+ selectivity of 84% at a partial current 
density of 336 mA cm−2 and at a half-cell power conversion of 
up to 50% on the surface reconstructed Cu catalyst. We pro-
pose that the surface reconstruction process can also be applied 
to Cu catalysts with different morphologies to further enhance 

both selectivity and current density for the production of multi-
carbon products from both CO2 and CO reduction.
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