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Energy-efficient CO(2) conversion to
multicarbon products at high rates on CuGa
bimetallic catalyst

LeiChen1, JunmeiChen1,Weiwei Fu1, JiayiChen1, DiWang1, YukunXiao2, ShiboXi3,
Yongfei Ji4 & Lei Wang 1,5

Electrocatalytic CO2 reduction to multi-carbon products is a promising
approach for achieving carbon-neutral economies. However, the energy effi-
ciency of these processes remains low, particularly at high current densities.
Herein, we demonstrate that the low energy efficiencies are, in part, some-
times significantly, attributed to the high concentration overpotential result-
ing from the instability (i.e., flooding) of catalyst-layer during electrolysis. To
tackle this challenge, we develop copper/gallium bimetallic catalysts with
reduced activation energies for the formation of multi-carbon products.
Consequently, the reduced activation overpotential allows us to achieve
practical-relevant current densities for CO2 reduction at low cathodic poten-
tials, ensuring good stability of the catalyst-layer and thereby minimizing the
undesired concentration overpotential. The optimized bimetallic catalyst
achieves over 50% cathodic energy efficiency for multi-carbon production at a
high current density of over 1:0Acm�2. Furthermore, we achieve current
densities exceeding 2:0Acm�2 in a zero-gap membrane-electrode-assembly
reactor, with a full-cell energy efficiency surpassing 30%.

Electrochemical reduction of carbon dioxide/monoxide (CO2/COR) to
valuable fuels and chemicals, powered by renewable electrical energy,
emerges as a promising approach for achieving carbon neutrality and
advancing sustainability transition1–3. Currently, achieving practical
relevant CO2R/COR current density (>0.2 A cm−2) and selectivity (in
regard of Faradaic Efficiency, FE > 80%) for the production of multi-
carbon (C2+) products e.g., ethylene (C2H4)

4,5, ethanol (C2H5OH)
6,7,

acetate8,9, and n-propanol10,11, are feasible by employing Cu-based
catalysts. However, a noteworthy challenge that often gets overlooked
is achieving sufficiently high energy efficiency (EE), especially at high
current densities (>1 A cm−2)12,13. To enhance energy efficiency, it’s
essential to understand and be able to tune the components of over-
potential during catalysis. Generally, the overall cathodic over-
potentials (ηtot) primarily consist of three distinct elements: activation

(ηact), concentration (ηcon.), and ohmic overpotentials (ηohmic)
14. Taking

C2H4 production as an example (Fig. 1a), the total overpotential for
C2H4 production can be described by Eq. (1):

ηtot = ηact : +ηcon:+ηohmic ð1Þ

Tremendous efforts have been devoted tominimizing these three
overpotentials15,16. Various catalyst development strategies, such as
tuning oxidation state17,18, alloying19,20, and non-metal element
doping21, have been developed for achieving improved activity,
resulting in reduced activation overpotential. Besides, tuning micro-
environment at the reaction interface has been demonstrated to
effectively alter both the activation overpotential and concentration
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overpotential22,23. Furthermore, there has been extensive recent
exploration of the zero-gap membrane electrode assembly (MEA),
formed by directly pressing the cathode gas diffusion electrode (GDE)
and anode catalyst on each side of the ion exchange membrane, aim-
ing to minimize the ohmic overpotentials across the reactor24–26.
Despite significant progress achieved through the above strategies,
the energy efficiency of CO2R/COR remains in its infancy, particularly
at high current densities (EE below ~10–20% at >1 A cm−2)4,12.

To tackle on this grand challenge, we carefully examined the
correlations between the apparent current density and the applied
cathodic potential using data obtained from the recently developed
state-of-the-art Cu-based catalysts (Supplementary Table 1)13,20,23,27–29.
Surprisingly, even though from different studies, we observed similar
potential dependent-current density trends when plotting these data
together, as shown in Fig. 1b. Inspired by previous research30,31, we
assumed that this trend can be divided into three distinct areas for
analysis: a commonprimary activation-controlled kinetic regionwithin
the potential range of approximately −0.2 to −0.7 V versus the rever-
sible hydrogen electrode (VRHE), followed by a mixed-controlled
kinetics region (~−0.75 to −0.9VRHE), and then a severely mass-
transport-controlled kinetic region at high potentials (~−0.9 to
−1.2 VRHE) for these documented Cu-based electrocatalysts. We rea-
soned that the onset of CO2 mass transfer limitation, starting from the
mixed-control potential region, could be attributed to two factors: (1)
insufficient intrinsic CO2 gas transport capability of the commercial
GDE materials (such as YLS-30T, SGL-28BC, and PTFE film, etc.,); (2)
reaction interface destruction, such as flooding and salt precipitation
at the catalyst layer, resulting in substantially increase in concentration
overpotential for CO2R and favouring the competing reaction of
hydrogen evolution reaction (HER). To validate the first hypothesis, we
conducted a similar analysis on the state-of-the-art CO2R systems for
CO and formate production32–37. We observed that CO and/or formate
could be formed at even higher current density within this mixed-
control region using the same GDE materials (Fig. 1c, Supplementary
Tables 2, 3). Considering that each CO2 molecules requires fewer
electrons to formCO and formate compared to other C2+ products, we
believe the surface concentration of CO2 on conventional GDE is suf-
ficient to support higher C2+ current. Thus, the observed CO2 mass
transport limitations are likely a result of catalyst layer flooding/car-
bonate salt precipitation, which we believe is, at least partially,

associated with the applied cathodic potential. This observation aligns
well with recent studies that indicate a correlation between the applied
voltage and theH2Ocontent across theGDE layer14,31,38,39. Therefore, if a
catalyst candidate can afford a sufficient CO2R current with a small
applied cathodic potential before entering the mixed-control region,
we can anticipate significantly enhanced CO2R stability, concurrently,
enhanced EE at high current densities.

To validate the above hypothesis, it is essential to develop elec-
trocatalysts with enhanced intrinsic activity for CO2R. Previously,
bimetallicmaterials havedemonstratedpromise in improving theCO2/
COR performance through various mechanisms, including electronic
effect8,40, strain effect41,42, and geometric effect8,43,44. For example,
alloying Cuwith different oxyphilic Lanthanidemetals can regulate the
adsorption energies of key intermediates (*CO and *CHxO) on Cu,
thereby enhancing the production of C2H4 and CH4

45. Therefore, it
could be an effective approach for our purpose. Gallium (Ga) exhibits
strong oxygen affinity and reduced electronegativity than Cu46–48.
Besides, previous studies have shown that *CO binds weakly on Ga49,50,
thereby, by incorporating Ga into Cu, we anticipate the ability to tune
theCOadsorption behavior onCu, with the aimof achieving enhanced
intrinsic activity. During the preparationof ourmanuscript, a couple of
CuGa bimetallic catalysts were studied elsewhere very recently. Raf-
faella et al. found that the Ga can stabilizes the valence state of Cu at
the open-circuit potential (OCV), and the interaction between Cu and
Ga greatly improved the structure stability of nanoparticles under the
operating conditions of CO2R

51. Meanwhile, Han et al. and Zheng et al.
found that Cu-Ga bimetallic catalysts can result improved selectivity
towards C2+ products, i.e., FE exceeding 70%52,53. Nevertheless, these
studies primarily focused on exploring the changes of C2+ product in
CO2R selectivity after doping Cu with Ga, here we focus on detailed
explorations onwhetherGadoping could enhance the intrinsic activity
of Cu towards CO(2)R.

In this work, our objective is to develop a guiding strategy to
achieve high EE, i.e., reduce activation overpotential and maintain low
concentration overpotential. Specifically, we employed an
alloying–dealloying strategy to synthesize Cu-Ga bimetallic catalysts
with enhanced activity for CO2/CO conversion. Using this CuGa
bimetallic material as a model catalyst, we demonstrated that low
activation overpotential is critical for achieving high current densities
while maintaining low concentration overpotential, consequently,

Fig. 1 | Analysis of current-potential correlations for CO2R. a illustrations of
activation, concentration, and ohimc overpotentials for C2H4 production. b, c The
partial current density of C2+, CO, and HCOOH as function of applied potentials.
The different colors represented different commercial GDL types. The data were

adopted form these literatures: Gd-Cu20, M-H Cu27, Stable Cu23, CuZn13, M-Cu1/Cu
NP28, T-Cu29, NiSA/PCFM32, Ni-N/PC0.833, NiPc34, CuPb35, Bi/Bi SnOx36,In-NCN37.
Relevant source data are provided in the Source Data file.

Article https://doi.org/10.1038/s41467-024-51466-8

Nature Communications |         (2024) 15:7053 2



enhancing EE.We found thatminor Ga doping onto the Cu surface can
lower the activation energy of CO2 to *COOH and binding energy of
*CO on the Cu-Ga site, promoting CO production at reduced over-
potentials in theCO2R. The resulting increased local COconcentration,
combined with the defect-rich sites originated from the dealloying
process, significantly boost the C-C coupling process, thereby
achieving improved C2+ current density at low overpotentials. As we
anticipated, the lowactivation overpotential of CuGa allows theGDE to
operate within the kinetic-controlled region, minimizing the con-
centration overpotential induced by catalyst layer flooding. As a result,
the CuGa-based GDE in this study achieved high cathodic energy effi-
ciency exceeding 50% for C2+ products at high current density of
1 A cm−2. To further reduce the ohmic overpotential, we assessed the
CuGa catalyst in a zero-gap MEA reactor. Likewise, enhanced EE were
achieved for both CO2R and COR. Particularly for COR, a high current
density of 2.5 A cm−2 was achieved at a low cell voltage of ~3 V. At
1 A cm−2, high EE exceeding 35% was obtained for C2+ production sur-
passing literature benchmarks. Furthermore, as anticipated, the CuGa
based-GDE exhibited a stable CO2R and COR performance. It main-
tained ~90% C2+ Faraday efficiency (FE) during continuous COR
operation for up to 120h (at 0.3A cm−2), whereas the counter sample
Cu-GDE only lasted less than 20h under identical conditions. Overall,
our study demonstrates that optimizing the adsorption behavior of
reaction intermediates could effectively reduce activation over-
potential for CO(2)R. This reduced activation overpotential, in turn,
helps maintain low concentration overpotential, facilitating the
energy-efficient electrosynthesis of C2+ products from CO(2).

Results
Synthesis and characterization of Cu and bimetallic CuGa
catalysts
The Cu and CuGa catalysts were synthesized via a one-step reduction
procedure (see Method). By varying the feed ratio of Cu2+ and Ga3+, a
series of CuGa catalyst-precursors were obtained. For instance, the
notation of “Cu5Ga1” indicates a Cu

2+ to Ga3+ molar ratio of 5:1 was used
for synthesizing the catalystprecursor.We alsodetermined theprecise
Cu/Ga ratio by inductively coupled plasma mass spectrometry (ICP-
MS). The ICP-determinedCu/Ga ratios are typically lower than the feed
ratio, which is likely resulted from the insufficient doping of Ga during
the rapid nucleation and growth of Cu nanoparticles (Supplementary
Fig. 1). Note, we chose the sample of Cu5Ga1 as the model catalyst for
the following discussions owning to its high activity, vide infra.

From the results of scanning electron microscopy (SEM), the
introduction of Ga slightly increased the surface roughness of Cu
nanoparticles (Supplementary Fig. 2), which is further confirmed by
the measurement of electrochemical active surface area (Supplemen-
tary Fig. 3). Transmission electron microscope (TEM) images suggest
that (Supplementary Fig. 4) both Cu andCu5Ga1 exhibit similar particle
size distributions ranging from 20 to 50nm. Additionally, lattice spa-
cing of 0.18 and 0.21 nm were identified for Cu (200) and Cu (111) in
high-resolution TEM (HR-TEM) image of as-prepared Cu sample
(Supplementary Fig. 5). Likewise, for the as-prepared Cu5Ga1, obvious
crystal planes of Cu2O (110) and (200) with lattice spacing of 0.30 and
0.21 nm, respectively, can be observed on their corresponding HR-
TEM images (Fig. 2a). Furthermore, electron energy loss spectroscopy
(EELS) mapping (with multiple linear least squares fitting) of the as-
prepared Cu5Ga1 confirmed the presence of Cu and Ga and their even
distributions across the sample particles (Fig. 2a bottom). We also
examined the morphology of these catalysts after CO2R assessments,
and observed varying degrees of surface fragmentation in all catalysts.
Notably, more pronounced degree of fragmentation and reorganiza-
tion occurred in the CuGa catalysts, marked by the presence of finely
spread small particles (Supplementary Fig. 6). Additionally, post CO2R,
Cu predominately exhibits Cu (111) facet with high crystallinity, as
evidenced by HR-TEM images (Supplementary Fig. 7). As for Cu5Ga1, a

more diverse array of facets, including Cu (200), along with numerous
disordered boundaries and defects in addition to the Cu (111) facets, is
observable (Fig. 2b). We hypothesize that the introduction of rich
boundaries and defects is a result of the Cu-Ga alloying and dealloying
process during CO2 reduction. In general, these rich boundaries and
defects are typically recognized as highly active sites for CO2R, espe-
cially for C2+ production54–56. Furthermore, EELS mapping of post-
Cu5Ga1 confirmed that the presence of Ga on the catalyst surface
(Supplementary Fig. 8).

The powders X-ray diffraction (PXRD) pattern of the as-prepared
Cu (Fig. 2c) exhibits three distinctive peaks at 43.4, 50.4, and 74.2°,
attributing to Cu (111), (200), and (220), respectively. In contrast, new
peaks at 36.5, 42.3, and 61.3° were observed in the as-prepared Cu5Ga1
sample. These patterns further confirm the presence of significant
amount of oxidized Cu on the surface of Cu5Ga1, primarily in the form
of Cu2O (PDF#77-0199). Notably, no apparent characteristic XRD
peaks were not identified for Ga, neither metallic Ga nor oxidized
forms of Ga.We attribute this to both the lowquantity of Ga doping, as
well as the atomic dispersions of Ga into the Cu2O lattices. Similar
phenomenon was observed in other related systems20,35. X-ray photo-
electron spectroscopy (XPS) was employed to reveal the electronic
state of Cuof bothCu andCu5Ga1 (Supplementary Fig. 9). As expected,
weobservedXPSpeaks at 952.5 and932.5 eV corresponding toCu 2p1/2
and Cu 2p3/2, respectively. The shake-up peaks at 945 and 965 eV
correspond to the surface native oxide layer of Cu. We analyzed the
Cu LMM Auger spectra to evaluate the Cu valence state of the bulk
samples of Cu and Cu5Ga1. As shown in Fig. 2d, no apparent Cu0 peak
was observed in either Cu or Cu5Ga1. Besides, the oxidation state of Cu
in Cu5Ga1 is predominantly +1, lower than that of the as-prepared Cu
catalyst (+2). We tentatively attribute this difference to the higher
oxophilicity of Ga, preventing Cu in CuGa from being oxidized to CuO
under ambient conditions, consistent with the results observed by
Raffaella et al.51. High-resolution Ga 2p and Ga 3d spectra were also
collected (Fig. 2e, and Supplementary Fig. 10). Separately, the peak
position of Ga 3d overlaps with that of K 3p, a common impurity
expected in CO2R systems. Hence, we collected and analyzed Ga 2p
spectra for more reliable interpretations of the catalyst composition.
As shown in Fig. 2e, the two peaks at 1145 and 1119 eV observed for the
as-prepared Cu5Ga1 can be assigned to Ga 2p1/2 and Ga 2p3/2,
respectively.

To gather more insights to the valence state and coordination
environment of Cu in these two samples, both X-ray adsorption near-
edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS) weremonitored. As shown in Fig. 2f, the CuK-edge features of
the as-prepared Cu and Cu5Ga1 are closed to the standard samples of
CuO and Cu2O, respectively. Besides, the corresponding Fourier
transform of EXAFS spectra (FT-EXAF) indicates a Cu-O bond length
close to CuO (~1.49 Å) reference for the as-prepared Cu, and a bond
length closer to Cu2O reference (~1.39 Å) for Cu5Ga1 (Fig. 2g), aligning
with the above XPS analysis. Additionally, the Ga K-edge signal for
Cu5Ga1 catalyst before and post COR revealed that Ga mostly exists in
the form of Ga2O3. However, following COR, a new peak at ~2.1 Å
appears in FT-EXAF spectra (Fig. 2h), indicating the formation of the
bimetallic Cu-Ga composition during electrocatalysis, which we
believe will quickly convert to Ga2O3 upon cessation of the reaction.
Note that, we chose to conduct the operando experiment under COR
due to its generally high data quality, i.e., no carbonate formation.
However, as CO2 to CO is not the limiting step, we believe the data
obtained is relevant for our analysis.

Determining the intrinsic activity ofCuGacatalyst towardsCO2R
The as-preparedCuandCu5Ga1 catalystswere assessed forCO2Runder
identical conditions. We first conducted a series of CO2R measure-
ments under different temperatures to explore the intrinsic activities
of these two catalysts toward CO2R (H-cell, 0.1M KHCO3, and
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−1.0VRHE). Note that temperature can affect CO2 solubility in aqueous
electrolyte57, we thus carefully determined the temperature window to
ensure that there were no apparent CO2 mass transfer limitations, at
least at our test potentials (−1.0 VRHE). As shown in Fig. 3a, b, Cu5Ga1
exhibits a similar product distribution as Cu, including ethylene
(C2H4), ethanol (C2H5OH), methane (CH4), formic acid (HCOOH), etc.
However, Cu5Ga1 demonstrates enhanced selectivity and partial cur-
rent density towards C2+ products and suppressed HER compared to
the reference Cu catalyst at all tested temperatures. Furthermore, we
plotted the trends of the selectivity, measured in terms of Faraday
efficiency (FE) of each product as a function of the electrolyte tem-
perature (Supplementary Fig. 11). We found that the FEs of bothH2 and
C2H4 decrease as the temperature decreases, while the FEs of CH4 and
C2H5OH exhibit the opposite trend. These different trends may result
from direct and/or indirect effects of temperature, such as changes in
CO coverage, local pH, and surface structure, etc.58. As ethylene is the
major C2+ product, we first plotted the logarithmic dependence of

ECSA normalized partial current density of C2H4 with reciprocal of
temperature to estimate the corresponding activation energy (Ea)
based on the Arrhenius equation (2). The same analysis was conducted
for H2 production as it is the major competing reaction.

ln ið Þ= � Ea
R

1
T

� �
+ ln Að Þ ð2Þ

where i is the partial current density of the specific product, Ea is the
corresponding activation energy, R is the ideal gas constant, T is the
reaction temperature, and A is the pre-exponential factor58. Conse-
quently, as depicted in Fig. 3c, Cu5Ga1 exhibits a substantially lower Ea
of 28.5 kJ/mol at −1 VRHE towards C2H4 production compared to that of
Cu (33.1 kJ/mol at −1 VRHE) under identical conditions. Moreover,
Cu5Ga1 also demonstrates much higher Ea for H2 production (39.7 kJ/
mol at −1 VRHE) compare to that of Cu (27.3 kJ/mol at −1 VRHE, Fig. 3d).
Taken together, one can anticipate that Cu5Ga1 can inhibit the

Fig. 2 | Synthesis and characterization of Cu and bimetallic CuGa. HR-TEM
images and EELS-mapping of the (a) as-prepared and (b) post-CO2RCu5Ga1 catalyst.
The PXRD patterns (c) and Cu LMM Auger XPS spectra (d) of as-prepared Cu and
Cu5Ga1 catalysts. e High-resolution Ga 2p XPS of as-prepared Cu5Ga1. f Ex-situ
XANES at the Cu and Ga K-edge of as-prepared Cu and Cu5Ga1 catalysts. g FT-EXAF

spectra at Cu K-edge of Cu and Cu5Ga1 catalyst. h FT-EXAF at the Ga K-edge of the
as-prepared and post-catalysis Cu5Ga1. Cu foil, Cu2O, CuO, and Ga2O3 are shown as
reference. Post-catalysis XAS of Cu5Ga1was performed immediately after electro-
catalytic COR experiment. Relevant source data are provided in the Source
Data file.
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competing HER during CO2R and facilitate the production of C2+

products, particularly C2H4.
To further assess the performance of Cu5Ga1 under practical

relevant conditions, we conducted CO2R in a flow cell configuration
(Supplementary Fig. 12) and employed diluted CO2 streams. As shown
in Fig. 3e, f, we present the product distributions of Cu5Ga1 and Cu at
the same current density of 0.5 A cm−2, under different CO2 partial
pressure using N2 as the inert balance gas. At 100% CO2 partial pres-
sure, Cu5Ga1 (FE = ~68%) exhibits slightly lower C2+ selectivity com-
pared to Cu (FE = ~80%), which can be attribute the smaller
overpotential applied. However, upon reducing the CO2 partial pres-
sure from 100% to 75%, the FEC2+ of Cu decreased rapidly (to ~40%),
coupled with a significant increase in FECH4 (from ~5% to ~30%). This

result indicates that flooding likely occurred at the GDE surface.
Notably, the applied potentialwas recorded to be approximately−0.87
VRHE (Fig. 3g left) for Cu at 75% CO2 partial pressure, aligning with the
mass transport region we proposed earlier (Fig. 1b). When we further
reduce the CO2 partial pressure to 50% and 25%, H2 became the pre-
dominate product for Cu, as anticipated (Fig. 3g right). In contrast,
Cu5Ga1 catalyst exhibits a distinct behavior. Specifically, as the CO2

partial pressure decreases, the FEC2+ increases instead of decreasing,
reaching the highest FEC2+ (~83%) and FEC2H4(~53%) at 50% CO2, while
the FEH2 only increases modestly from 4% to 8%. This intriguing trend
further supports our hypothesis on the potential-dependent regions
for electrode flooding, as the applied potential for Cu5Ga1 is only −0.7
VRHE at 50% CO2. When we further reduce the CO2 partial pressure to

Fig. 3 | Activation energy assessment and CO2R using CO2 streams with dif-
ferent partial pressures. CO2R current densities and FEs for all measurable pro-
ducts at different temperatures at applied potential of –1.0 VRHE in 0.1MKHCO3 for
Cu5Ga1 (a) and Cu (b). a, bNo iR correction. The corresponding Arrhenius plots for
C2H4 (c) and H2 (d) productions during CO2R. The ECSA for Cu and Cu5Ga1 in H-cell
is 83.4 and 91.3 cm2, respectively. CO2R product distribution using different CO2

partial pressure at current density of 0.5 A cm–2 for Cu (e) and Cu5Ga1 (f), measured
in flow cell using 1M KOH as the electrolyte. gThe applied potential (left) and the
ratio of FEC2+ to FEH2 (right) under different CO2 partial pressure for CO2R on Cu

and Cu5Ga1 under different current density. 100% iR correction was applied to
calculate the applied potential. The solution resistance (R): Cu-100, 3.23 ± 0.9Ω;
Cu-500, 2.61 ± 0.6Ω; Cu5Ga1-500, 2.21 ± 0.8Ω; Cu5Ga1-1000, 2.06± 0.4Ω. Details
about the recorded process can be found in the Method section. h The FEC2+ for
CO2R on Cu and Cu5Ga1 catalysts at different current densities with different CO2

partial pressure. The error bars in a–dwere standard deviations which determined
from at least 3 independent experiments. Relevant source data for this figure are
provided in the Source Data file.
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25%, the applied potential increased significantly to compensate for
the CO2 concentration overpotential. Consequently, we observed a
significant decrease in FEC2+ (~60%), and increase in selectivity towards
to CH4 and H2, indicative of flooding at the GDE reaction layer.

To further validate the hypothesis on the potential-dependent
electrode flooding behavior, we varied the applied potential for both
Cu and Cu5Ga1 based on our preliminary categorization of different
kinetic regions (Fig. 1b). As shown in Fig. 3g, we chose current densities
of 0.1 and 0.5 A cm−2 for Cu, and current densities of 0.5 and 1 A cm−2

for Cu5Ga1 for this assessment, respectively. At the current density of
0.1 A cm–2, appliedpotentials forCu atdifferentCO2partial pressure lie
in the kinetic and mixed-control region, indicating flooding may not
occur significantly. These applied potentials are similar to those
applied to Cu5Ga1 at 0.5 A cm–2, as anticipated, we observed similar
trends in the ratio of CO2R/HER (Fig. 3g right) and the changes of FEC2+
(Fig. 3h and Supplementary Fig. 13). To drive a higher current density,
as depicted in Fig. 3g, the applied potentials for both Cu5Ga1(1 A cm−2)
and Cu (0.5 A cm–2) quickly enter the mixed-control region (negative
than −0.75 VRHE) and then the severely flooded region as CO2 partial
pressuredecreases. As expected, we observed a rapid decrease in both
the ratio of FECO2R/FEH2 and the overall FEC2+ (Fig. 3g, h). These cor-
relations indicate that the GDE reaction interface stability regarding
flooding ismost likely related to applied potential. Taken together, our
results suggested that the introduction of Ga can significantly reduce
the activation overpotential for the production of C2+ products, e.g.,
C2H4, and inhibit HER process. Benefiting from the reduced activation
overpotential, the overall applied cathodic potential is sufficiently low
in the case of Cu5Ga1 for achieving high current density for C2+ pro-
duction while preventing sever electrode flooding.

Exploring the origin of improved activity of the CuGa catalyst
In addition to the morphological changes (Fig. 2d), we also observed
that thepresenceof theGaexhibits a noticeable effect onpreventingCu
oxidation under ambient conditions, as evidenced by XRD, Cu 2p XPS,
and Cu LMM Auger results (Supplementary Figs. 14 and 15). We believe
this effect is likely due to the high oxophilicity and lowelectronegativity
of Ga. Furthermore, we observed a substantial loss of Ga from the CuGa
catalysts after CO2R, as evidenced by EELS fitting, Ga 2p XPS, and ICP-
MS (Supplementary Figs. 8, 16, and 17).We propose that the Ga loss can
be attributed to two factors. Firstly, it may occur during the
alloying–dealloying process. Secondly, the hydrophobicity of the GDE
electrode decreases upon reaction cessation, leading to the etching of
the Ga2O3 layer by KOH. Nevertheless, we believe the residual minor Ga
on the catalyst surface could still play a significant role during catalysis.
We will delve into a detailed discussion on this aspect thereinafter.

We also investigated the dynamic changes in Cu and CuGa cata-
lysts underworking conditions by in-situ XANES.Due to the insufficient
signal-to-noise ratio caused by interfacial instability in alkaline CO2R
reaction (i.e., carbonate formation) under practical relevant current
densities, we opted to perform COR instead of CO2R, since the CO2 to
CO step is most likely not the limiting step on both Cu and CuGa in our
experimental conditions59. As shown in Fig. 4a, the Cu K-edge nor-
malized absorption spectra of Cu5Ga1 and Cu catalysts at the OCV state
reveal that in the as prepared Cu5Ga1 sample, Cu exists predominately
in the state of Cu2O,whereas in the as synthesizedCu catalyst, itmostly
exists in the state of CuO (Supplementary Fig. 18). Upon the application
of a negative potential to initiate the COR, the Cu matrix of both cat-
alysts undergoes a swift conversion fromoxidized states to themetallic
state during electrocatalysis. While previous reports suggest that the
presence of Cu+1 can promote C2H4 selectivity and stability60,61, there is
insufficient evidence to support the notion that Ga can help maintain
the +1-oxidation state in our system. As depicted in Fig. 4b, FT-EXAF
conversion reveals that at applied negative potentials (–0.48, and
–0.63 VRHE), the length of Cu-Cu bond in Cu5Ga1 (~2.25 Å) slightly
exceeds that of the standard Cu foil (~2.18 Å). As the potential becomes

more negative, the Cu-Cu bond length returns to the standard length.
However, obtaining high-quality in-situ signals for the Ga K-edge was
not successful due to its low content and significant background
fluorescence interference fromCu35,62. Nonetheless, Cu-Ga bond canbe
clearly observed in the same measurement after COR reduction
(Fig. 2h). Taking into account the theoretical potentials for Ga3+/Ga0

(EGa2O3/Ga
0 = –0.485 VRHE, EGaOOH/Ga0 = –0.493 VRHE, EGa(OH)3/

Ga0 = –0.415 VRHE)
63 and the above results, we reasonably speculate

that the above potential-dependent change in Cu-Cu bond length is a
result of alloying and dealloying processes.We believe that Ga tends to
redeposit onto the Cu lattice during catalysis, consistent with similar
observations made elsewhere51.

Attenuated total reflection surface-enhanced infrared absorption
spectroscopy (ATR-SEIRAS) was employed to monitor adsorption
behavior of *CO, a key intermediate for CO2/COR reaction. Previous
work has suggested that the CO2 to CO steps is not rate-limiting on Cu
for C2+ products

59. Therefore, to eliminate the influence from the CO2

to CO steps, we carried out IR measurements directly under the COR
conditions to monitor the *CO on Cu5Ga1 and Cu, ensuring a fair
comparison. As shown in Supplementary Fig. 19a, b, as the cathodic
potential increases from OCV, a distinct band in the range of 2000
-2100 cm–1, attributed to the atop-bound CO (COad) on the catalyst
surface, emerged on both Cu5Ga1 and Cu. Note, the observed COad

peak are well described by a commonly used model consisting of the
“low frequency band” and the “high frequency band” (Fig. 4c, d)64,65.
Assuming Beer’s law holds, the integrated COad peak area is directly
proportional to the COad coverage66. In this case, one could observe
that the COad coverage on Cu5Ga1 is higher than that of Cu (Supple-
mentary Fig. 19c). Noted, other factors, such as surface enhancement
efficiency, ECSA of catalysts, etc., will also affect this high “COad peak
area”. On the other hand, the wavenumber of COad is more closely
associated with the COad binding strength on a given catalyst67. As a
result, we observed that the wavenumbers of both COad peaks on
Cu5Ga1 consistently remain slightly higher than those on Cu (Supple-
mentary Fig. 19d), indicating that the binding strength of COad on
Cu5Ga1 is slightly lower than on the pristine Cu.

To further understand the effect of CO adsorptions, we analyzed
CO generation during CO2R and found that Cu5Ga1 indeed exhibited
substantially higher selectivity and partial current density towards CO,
particularly at low potentials compared to Cu (Supplementary Fig. 20).
As shown in Fig. 4e, Cu5Ga1 consistently exhibits a higher partial cur-
rent density (CO and C2+ combined) than that of Cu across a broad
overpotentialwindow, evenwhennormalized to its higher ECSA. Given
theminimal production of CH4 and HCOOH, we believe this enhanced
intrinsic activity of Cu5Ga1 is most likely resulted from its weaker COad

binding strength and more favorable COad activation coupling step.
We then conducted density function theoretical (DFT) calcula-

tions on CuGa catalyst to further understand the improved intrinsic
activity of the bimetallic CuGa catalyst. The corresponding optimized
computational model structure of Ga on Cu (100) are provided in
Supplementary Data 1. Despite the experimentally determined Ga/Cu
ratio in post-Cu5Ga being ~1:20, we found that Ga doping at the top-
most layer is energetically favored by 0.43 eV than at the subsurface,
which is substantial. Therefore, a higher Ga concentration on the sur-
face of CuGa catalysts should be expected. However, determining the
actual coverage of Ga is challenging. Alternatively, we have considered
four different Ga coverages on Cu surface: 0.0ML, 1/6ML, 1/4ML, and
1/2ML.On thepristineCu (100) surface, we found thatCOprefers to be
adsorbed on the hollow site, which is more stable by 0.06 eV than the
bridge site, andby0.13 eV than the atop site. The calculated free energy
barrier for CO-CO coupling is 0.76 eV, aligning well with the previous
calculations68. In a recent work, the Ga-doping on Cu(111) surface was
found topromote theCOadsorption52.We found that COadsorption at
the Ga site on Cu (100) is suppressed rather than promoted. The
adsorption energy of CO at the Ga site was calculated to be 0.86 eV
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higher than that of at the Cu atop site on the pristine Cu (100) surface.
Additionally, after structural optimization, all theCOmolecules initially
placed at the Cu-Ga bridge site or the 3Cu-Ga hollow site will diffuse to
theCuatop site. Therefore, themost favorable adsorption site forCO is
expected to varywith theGacoverage.With 1/6MLGa,COcan still park
at hollow sites that are not adjacent to Ga. However, with 1/4ML and 1/
2ML Ga, the hollow site becomes coordinated to at least one Ga atom,
making the atop site becomes the favorable site for CO adsorption. In
all, as the Ga coverage increases, we found a weakening in the
adsorption of all the reaction intermediates (Fig. 4f). For instance, the
adsorption free energy of CO on the pristine Cu (100) surface is
–0.32 eV, and it is weakened to –0.23 eV, –0.04 eV, and 0.12 eV with 1/
6ML, 1/4ML, and 1/2ML of Ga, respectively. Besides, Bader charge
analysis reveals that each Ga atom doped on Cu (100) surface will
donate about 0.22 electrons to the surrounding Cu atoms due to the
lower electronegativity of Ga compared to Cu. It has been previously
demonstrated that the interaction between CO and Cu is governed by
both the π-bonding and σ-repulsion69, with the latter being sensitive to
the occupancy of Cu sp-band. Consequently, the electrons donated by
Ga occupy more Cu sp-bands, resulting in higher σ-repulsion and,
therefore, weaker CO adsorption.

Owning to the weakening of CO adsorption, the free energy sur-
faces suggest that the surface can efficiently reduce CO2 to CO (Fig. 4f,
Supplementary Fig. 21). As a result, we found that the effective barriers
for CO-CO coupling to formOCCO are substantially lowered upon Ga-
doping. Specifically, the reaction barriers are reduced by 0.08 eV,
0.10 eV, and 0.05 eV with Ga coverages of 1/6ML, 1/4ML, and 1/2ML,
respectively, suggesting that Ga-doping can promote the formation of
C2+ products across a wide range of Ga coverages. We believe the
weakened adsorption of CO leads to reduced activation energy
required for reaching the transition state for CO-CO coupling or
forming other activated CO states, resulting in enhanced activity
towards C2+ products as we observed experimentally.

Energy efficiency assessment of CO2/COR on Cu5Ga1
After pinpointing the enhanced activity of the CuGa catalysts, we pro-
ceeded to validate its performance for CO2/COR reaction in more
practical relevant reactors. We first analyzed the product distributions
for both CO2R and COR on CuGa (Supplementary Figs. 22–27) and
compared them to those observed on pristine Cu to investigate the
effect of Ga-doping on C2+ products selectivity. As shown in Supple-
mentary Figs. 26, 27, we observed similar products distributions,

Fig. 4 | In-situ characterization of Cu and Cu5Ga1 during CO/CO2R. a In-situ
XANES at the Cu K-edge of Cu5Ga1 catalysts during COR condition (1M KOH, flow
cell) with different applied potentials. 100% iR (4.3 ± 0.3 Ω) correction was applied
to calculate the applied potential. b the corresponding FT-EXAF spectra at Cu K-
edge of Cu5Ga1 catalyst. Cu foil is shown as reference. In-situ ATR-SEIRAS spectra of
Cu (c) andCu5Ga1 (d) duringCORatdifferent appliedpotentials. 100% iR correction
was applied to calculate the applied potential. The solution resistance (R) for Cu
andCu5Ga1 is18.2 and 10.2Ω, respectively. e Potential-dependentCOadpeak areaon
Cu and Cu5Ga1 in in-situ ATR-SEIRAS spectra. e The partial current density of CO

(top), C2+ products(middle), and its sum (bottom) in CO2R reduction (1M KOH,
flow cell) under different applied potential. 100% iR correction was applied to
calculate the applied potential. The solution resistance (R) for above analysis canbe
found in figure caption of supplementary Fig. S22. Details about the recorded
process can be found in theMethod section. fThe free energy surface (FES) forCO2

reduction to CO and CO-CO coupling with Cu (100) surface with 0.0, 1/6, and
1/4ML of Ga. Right sides are the structures of the *OCCO on the1/6ML Ga and
pristine Cu (100). Atom color code: Cu, dark yellow; Ga, light purple; C, black;
O, red; H, white. Relevant source data are provided in the Source Data file.
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i.e., ethylene-to-oxygenates ratios, on both Cu5Ga1 and Cu, for both
CO2R and COR before flooding occurs. However, as the current density
increased, this ratio on Cu5Ga1 only increased slightly, while the ratio on
pristine Cu increased dramatically due to the decrease in liquid pro-
ducts. This is likely inducedby electrolyteflooding causedby the rapidly
increased cathodic potential for the pristine Cu. Separately, favored
liquid C2+ products (~50%), especially for acetate (~20%), were observed
in COR compared to CO2R (liquid C2+ products ~30%, acetate ~5%) on
both CuGa andCu.We believe this observation is likely attributed to the
higher local pH and CO partial pressure during COR (Supplementary
Note 1, Supplementary Table 4)70. Taken together, we believe that Ga-
doping into Cu predominately facilitates the kinetic rate-limiting step
(*CO activation) and consequently enhances the overall C2+ production
activity. As this kinetic rate-limiting step precedes the selectivity-
determining step for C2+ production, we did not observe an obvious
difference in terms of C2+ selectivity and ethylene-to-oxygenate ratios
betweenCuGa andCu, for bothCO2R andCOR.Consequently, as shown
inFig. 5a, theoptimalCuGa catalyst (Cu5Ga1) achieveshigh FEC2+ (> 80%)
and low FEH2 (<~5%) (Fig. 5b) across a wide current density range of
0.8−1.3 A cm−2 in CO2R. The excellent performance of Cu5Ga1 is even

more pronounced in COR, achieving more than 85% FEC2+ selectivity in
the wide current density range of 0.5−1.5 A cm−2. Furthermore, we also
found that, for both CO2/COR, CuGa catalysts achieve the highest FEC2+
at much lower overpotential compared to Cu. Notably, the decrease in
overpotential is more pronounced in the case of COR. For instance, at
small current densities (0.1−0.3A cm−2) where flooding may not occur,
or at least not severely, the reduction in overpotentials already exceeds
100mV. (Fig. 5c, Supplementary Fig. 28).

Our attention also extended to the production of H2 and CH4, two
representative indictors of interface instability in Cu-based systems71.
We found that ~ −0.75 VRHE emerged as a turning point in our mea-
surements for both CO2/COR (Fig. 5d, Supplementary Figs. 29–31).
When the applied potential went below ~ −0.75 VRHE, both the FEH2 and
FECH4 quickly increased for all catalysts in both CO2/COR, indicating
flooding occurred at the reaction interface. Additionally, the ratios of
FEC2+ to FEC1+ (C1 includesbothCOandCH4) atdifferent potentials also
exhibit the same trends (Supplementary Fig. 32). Overall, these
observations align well with our hypothesis on potential-dependent
electrode-flooding behavior, and the high intrinsic activity of CuGa
catalysts ensures substantially enhanced current density can be

Fig. 5 | Energy efficiency analysis of Cu and Cu5Ga1 during CO/CO2R. The FEC2+
(a), FEH2 (b) of Cu and Cu5Ga1 in CO2 (solid) and COR (hollow). c The FE C2+

distribution of two catalysts at different applied potentials in CO2/COR. d Partial
current densities of C2+ products of Cu and Cu5Ga1 in CO2 /COR. e The normalized
partial current density of C2+ as function of applied potentials for four catalysts in
CO2R. f The EE1/2 for two catalysts at different current density under CO2R. a–e The
CO2/COR tests were performed in flow cell with 1M KOH as electrolyte, Ni foam as
counter electrode, and the flow rate of electrolyte and CO2/CO feeding is 25mL/
min.g Stability test at −0.3 A cm−2 current density in flowcell for Cu andCu5Ga1, the
anode electrolyte was regularly renewed. a–g 100% iR correction was applied to

calculate the applied potential. The solution resistance (R) for above analysis canbe
found in figure caption of supplementary Figs. S22 and S23. Details about the
recordedprocess canbe found in theMethodsection.hThe current density for two
catalysts at different cell voltages; purple area for COR with 2M KOH as anode
electrolyte; pink area for CO2R with 1M KOH as anode electrolyte. h The CO2/COR
tests were performed in MEA with different electrolytes, IrOx/Ti mesh as counter
electrode, and the flow rate of CO2/CO is 25mL/min. The error bars in a-f were
standard deviations which determined from at least 3 independent experiments.
Relevant source data are provided in the Source Data file.
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achieved with sufficiently low cathodic potentials (Fig. 5e, Supple-
mentary Figs. 33, 34). As a result, showing in Fig. 5f, Cu5Ga1 achieves an
encouragingly high cathodic EEof >50% towardsC2+products at a high
current density of 1 A cm−2, surpassing that of Cu (~30%) significantly.
Even at a further increased current of 1.5 A cm−2, Cu5Ga1 maintained
over 40% cathodic EE1/2 for C2+ products, while that of Cu rapidly
dropped to less than 10%.

Single-pass carbon conversion efficiency (SPCE) serves as another
crucial indicator for evaluating the CO2R performance. To mitigate the
severe CO2 loss in alkaline electrolyte, we assessed the CO2R perfor-
mance and SPCE in acidic electrolytes (0.5M K2SO4, pH= 2). As antici-
pated, Cu5Ga1 catalyst demonstrated substantially higher C2+ selectivity
and lower overpotential at all current densities compared to those
observed on Cu, confirming its enhanced performance observed in
alkaline CO2R (Supplementary Fig. 35). Furthermore, at the optimal CO2

flow rate, an appreciable SPCE of 40% could be achieved at a current
density of 500mAcm−2 in Cu5Ga1-based CO2R in acidic electrolyte.

Stability is equally crucial for CO(2)R. In the CO2R, Cu GDE rapidly
flooded due to the higher cathodic potential required for 0.5 A cm−2,
while the Cu5Ga1 GDE could last for significantly longer time under the
identical operating current density (Supplementary Fig. 36). Con-
sidering that salt crystallization in the CO2R also contributes to
destabilize of the GDE reaction interface. Hence, we focused on
assessing the impact of electrode potential on the stability of COR
(Fig. 5g). The results revealed that the Cu5Ga1-GDE can maintain ~90%
FEC2+ at an industrial current density (0.3 A cm−2) for more than 120h,
while the Cu-GDE experiences system failure at ~20 h. Cu-based cata-
lysts may undergo degradations due to dissolution, restructuring, and
fermentations, which can lead to unsatisfactory stability for long-term
COR electrolysis72,73. Therefore, to explore the origin of the instability
of pristine Cu electrode, we carried out detailed analysis on the
changes in ECSA, product distributions, andOH− adsorption of the two
catalysts during and after COR for various time periods (Supplemen-
tary Figs. 37–39). As a result, we conclude that the electrolyte flooding
is the predominant cause of the instability of pristine Cu during long-
term COR electrolysis, despite a certain level of surface restructuring
occurring in both catalysts.

We proceeded to assemble a MEA reactor to minimize the ohmic
overpotential and assess the performance of CuGa catalysts for CO2/
COR by using different anode electrolytes. In the CO2R reaction,
resembled those obtained in the flow-cell, the Cu5Ga1 catalyst demon-
strated a low cell voltage towards CO2R products than that of Cu. Spe-
cifically, at a current density of 0.8A cm−2, the cell voltage observed in
Cu5Ga1-MEA was ~134mV and 247mV lower compared to those of Cu-
MEA, in 0.1MKHCO3 and 1MKOH, respectively (Fig. 5h, Supplementary
Figs. 40–43). In the COR reaction, both Cu and Cu5Ga1 exhibited
enhanced activity compared to CO2R and achieved higher FEC2+ (~90%)
across a wide current density range of 0.1–1.5 A cm−2 (Supplementary
Fig. 44).More remarkably, benefiting fromthe lower cell voltage, Cu5Ga1
catalyst can achieve a high current density of 2.5 A cm−2 at a cell voltage
of 3 V and stillmaintaining a ~70%FEC2+ (with a partial current density of
C2+ of 1.6 A cm−2). As expected, the highest EE (~40%) of Cu5Ga1 in COR
can be achieved at 0.8A cm−2, and it can maintain ~30% at high current
density (2 A cm−2). In contrast, Cu-MEA will quickly shift to the HER due
to system instability at current densities exceeding 1.5 A cm−2. As for the
EE in CO2R, Cu5Ga1 also maintains high full-cell EE at larger current
densities, compared to Cu (Supplementary Fig. 45). Additionally, upon
comparing the EE1/2 and full-cell EE achieved in the flow cell and MEA
with the latest research results, we found that the Cu5Ga1 catalyst in this
study demonstrated advantages in energy efficiency especially at high
current densities (Supplementary Fig. 46 and Tables 5, 6).

Discussion
In conclusion, we observed that the currently low energy efficiency for
CO(2)R is largely resulted from the high concentration overpotentials

induced by GDE instability (i.e., flooding issue), particularly when
under high cathodic potential is applied to drive high current density.
To mitigate this challenge, we developed a bimetallic CuGa catalyst
with a reduced activation overpotential for producing C2+ products.
This improvement is attributed to the combination of the electronic
effect ofGadoping and the resultingundercoordinatedCu sites during
catalysis. As a result, the Cu-Ga basedGDEs could achieve substantially
high CO(2)R current density with sufficiently low overpotentials. This
low overpotential, in turn, enables the energy-efficient and stable
operation of CO(2)R at high current densities. For instance, using the
optimized Cu5Ga1 catalyst, we the achieved over 50% cathodic energy
efficiency towards C2+ at a high current density exceeding 1.0 A cm−2.
Moreover, when employing this Cu5Ga1 catalyst in a MEA reactor, a
notable COR current density of 2 A cm−2 was realized at a modest cell
voltage of 3 V, corresponding to a full cell energy efficiency of over
30%. Overall, the correlation between the electrode potential and the
stability of the reaction interface, along with the strategy proposed in
this study, opens a pathway for the energy-efficient electrosynthesis of
C2+ products from CO2/CO.

Methods
Chemicals
Copper (II) chloride dihydrate (CuCl2 ·2H2O, ≥99.0%), sodium borohy-
dride (NaBH4, 99.99%), hydrochloric acid (HCl, GR), Gallium (III) oxide
(Ga2O3, 99.99%), Polytetrafluoroethylene solution (PTFE, 60wt%) and
isopropyl alcohol (IPA, 99.5%), NafionTM D520 (5wt% in EtOH) were
purchased fromSigma-Aldrich. All chemicals were usedwithout further
purification. Gallium chloride (GaCl3, 99.99%), potassium hydroxide
(KOH, 99.99%), potassium bicarbonate (KHCO3, 99.99%) were pur-
chased from Macklin. Anion-exchange membrane (Sustainion X37-50
RT Grade) was purchased from Dioxide Materials. The carbon paper
with microporous Layer (YLS-30T), pure carbon paper (TGP-H-060),
and IrOx/Ti mesh were purchased from Suzhou Sinero Technology
company. All chemicals were used as received. Ultra-pure water
(18.2 MΩ. Cm, Millipore) was used throughout the experiments.

Characterizations
Ex-situ characterization. The surface morphology of as-prepared and
post reaction catalysts were characterized by field scanning electron
microscopy (FE-SEM, SU-8000, Hitachi, Tokyo). Transmission electron
microscopy (TEM) image and EELS mapping were obtained by JEOL
JEM-2010F (Japan). X-ray diffractometer (XRD, BrukerD8-advance)was
applied to characterize the crystal structure with a Cu K-α as X-ray
source. X-ray photoelectron spectroscopy (XPS) was conducted to
analysis the surface chemical compositions on an Escalab 250 Xi
(America) with an Axis Ultra DLD spectrometer (resolution 0.5 eV). In-
situ ATR-SEIRAS spectra during COR at different applied potentials
(0.5M KHCO3 as the electrolyte) was measured by Fourier transform
infrared spectroscopy (FTIR, IRTracer-100, Shimadzu).

The catalysts were dropped on a gold-coated silicon table as a
working electrode. Ex-XAS and in-situ XAS were performed at XAFCA
beamline of Singapore Synchrotron Light Source under transmission/
fluorescence mode. Cu and Ga K-edge XANES spectra were collected.
Athena was used for data process. Inductively coupled plasma optical
emission spectroscopy (ICP-OES, Thermo Scientific™ iCAP™ 7400)
analysis was applied to quantify the mass of Cu and Ga on the
electrodes.

Catalysts synthesis
The Cu and CuGa presuors were synthesized via one-step reduction
process. Specifically, the Cu5Ga1 was synthesized as follows. The
reduction solution was first prepared, including 378.3mg NaBH4 and
10mLH2O. And then prepared the CuGa precursor solution, dissolved
255.0mg of CuCl2 ·2H2O in 3mL of dilute hydrochloric acid (2M), and
then add 1mL of GaCl3 (0.3M) solution. The resulting mixed CuGa
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solution was sonicated for 5min and then added dropwise to the
NaBH4 reduction solution in an ice bath. After stirring for 1 h, the black
solid is collected by centrifugation, washed with ultrapure water and
IPA, and dried in a vacuum oven at 60 °C. To obtain Cu10Ga1 and
Cu5Ga2, the add volumes of GaCl3 solution were 0.5 and 2mL,
respectively. Cu was obtained without GaCl3 solution. The other steps
were same to the synthesis procedure of Cu5Ga1.

Electrochemical measurements
All electrochemical tests were performed using BioLogic VMP3 with a
10A booster (equipped with a built-in EIS analyzer). The solution
resistance (R) in both H-cell and flow cell was evaluated using poten-
tiostatic electrochemical impedance spectroscopy (PEIS). PEIS mea-
surements were conducted before and after the CO(2)R, with a
frequency scan range from 1MHz to 10Hz. The resulting data were
analyzed using EC-Lab software. In the PEIS results, the intersections of
the Nyquist plot with the x-axis at the high frequency regions were
used to estimate the corresponding solution resistance. All the
potential were recorded against Ag/AgCl and then converted to
reversible hydrogen electrode (RHE) with iR compensation following
the equation below:

E vs:RHEð Þ= E vs:
Ag
AgCl

� �
+0:197V+0:0591V×pH� iR ð3Þ

For the CO(2)R tests conducted in both H-cell and flow-cell setups,
the solution resistance at each applied potential was measured before
and after electrolysis to ensure 100% iR compensation. In the mem-
brane electrode assembly (MEA) setup, the full cell voltage was
recorded without iR correction.

The Ag/AgCl reference electrode was calibrated using a reversible
hydrogen electrode (RHE) in a high-purity H2-saturated 0.5M H2SO4

electrolyte (pH =0), with a Pt wire as the working electrode and a
graphite rod as the counter electrode. Cyclic voltammetry (CV) was
conducted at a scan rate of 1mV/s, and the thermodynamic potential
for the hydrogen evolution reaction (E =0V vs. RHE) was determined
as the average of the two potentials where the current was zero. The
above calibration resulted in a measured RHE value of −0.197 V vs.
Ag/AgCl. Hence, −0.197 Vwas used for converting the applied cathodic
potentials to RHE in our experiments.

Different electrolytes were employed in this study. For the H-cell,
0.1/0.5MKHCO3was used. Forflow-cell tests, the electrolytes included
1M KOH, 0.5M K2SO4 (acidic, H2SO4 was used to adjust pH to 2),
and 1M KHCO3 (neutral). For the MEA tests, 0.1M KHCO3, a 1M KOH,
and 2M KOH served as neutral and alkaline electrolytes, respectively.
Fresh electrolytes were prepared by dissolving the appropriate
amounts of KOH, K2SO4, and KHCO3 in 1 L of ultrapurewater, stored in
a sealed polypropylene bottle. The pH of the solutions was measured
using aMettler-ToledoS400benchtoppHmeter,with the pHvalues of
0.1M KHCO3 (CO2 saturated), 0.5M KHCO3 (CO2 saturated), 1M KOH,
and 2M KOH being 6.81 ± 0.03, 8.3 ± 0.05, 14.10 ±0.03, and
14.35 ± 0.05, respectively.

Gaseous products were analyzed and quantified using gas chro-
matograph (GC, Shimadzu 2014), with the actual gas flow rates, mea-
suredby abubbleflowmeter, at the inlet ofGC (after outlet of theCO2R
reactor) for gaseous product quantification for each single experi-
ments. On the other hand, liquid CO(2)R products were analyzed and
quantified by 1H NMR spectrum (Bruker 400MHZ system) using
DMSO and Phenol as the internal standard.

Temperature dependent CO2R experiments
These experiments were performed in a H-Cell purchased from
GaossUnion using 0.1 M KHCO3 as the electrolyte. The working
electrode (carbon paper, TGP-H-060) in the H-cell was prepared
by the drop-coating method. Specially, the catalyst ink was

prepared by dispersing 1 mg of catalyst in 1 mL mixture solution
(with a water and isopropyl alcohol ratio of 7:3) containing 5 μL of
Nafion, followed by thorough ultrasonication. Then, the resulted
catalyst ink was coated on the carbon paper (TGP-H-060) with an
active area of 1 cm2. The catalyst mass loadings were estimated to
be ~1 mg/cm2 by weighing the carbon paper electrodes before and
after the catalyst loading after drying. Besides, Pt foil and Ag/AgCl
were employed as the reference electrode and counter electrode
in the H-cell, respectively. AEM (Sustainion X37-50 RT Grade) was
used to separate the cathode and anode chambers. The entire
H-cell was placed in a water bath in order to achieve adjustable
temperatures. The CO2R assessments were performed for at least
3 times after the water bath temperature was stabilized at the
desired temperature for 10min. During these CO2R tests, the CO2

gas flow rate was regulated by a mass flow controller (MFC, Alicat
Scientific) at 25mLmin−1.

CO2/COR measurements in flow cell
All GDEs used in the CO2/COR measurements in flow cell underwent
treatment with a PTFE solution to enhance their hydrophobicity. The
detailed procedure of this functionalization is as follows: 20mL of
ultrasonically treated 10wt% PTFE solution was air-brushed evenly
onto the gas diffusion layer of commercial GDE carbon paper (YLS-
30T, 10 cm2). Subsequently, the spray-coated carbon paper was
transferred to amuffle furnace and calcined at 330 °C for 30min under
Ar. After the calcination procedure, the resultedGDEwas then used for
catalyst loading. It’s important to note that our method can effectively
address the variances in hydrophobicity between different batches of
carbon paper, even from the same manufacturers, thereby enhancing
the stability and repeatability of our catalytic experiments.

The working electrode was prepared through a spray-coating
process. Specifically, 10mg Cu-based catalyst was dispersed in a 2mL
isopropyl alcohol solution, containing 50 μL Nafion, followed by
thorough ultrasonication. Subsequently, the catalyst precursor inks
were air-brushed onto the micro porous layer of the carbon paper
(YLS-30T). The catalyst loadings on each GDE electrodes were con-
trolled to be ~0.6mg/cm2 by weighing the carbon paper electrodes
before and after the catalyst coating with thorough drying.

The CO2/COR performance were assessed using a customized
flow electrolytic reactor (Supplementary Fig. 12), with 1 cm2 as the
active working electrode area. A reference electrode (Ag/AgCl with
double salt bridge) and a counter electrode (Ni foam) were employed
in our tests. Anion exchange membrane (AEM), Sustainion X37-50 RT
Grade, was used to separate the cathode and anode chambers and the
electrolytes. Besides, the electrolyte was circulated by a peristaltic
pump at a liquid flow rate of 25mLmin−1. The gas flow rate of CO2 and
COwas regulated by anMFC at 25mLmin−1. Regarding the acidicCO2R
reaction, 0.5MK2SO4 (pH= 2)was used as the electrolyte, and aproton
exchange membrane (Nafion 117) was used. The other testing condi-
tions were kept the same.

CO2/COR measurements in MEA cell
The working electrode preparation in the MEA tests is nearly identical
to what used in the flow cell, with the exception that the catalyst
loading was increased to ~1.2mg cm−2. The MEA (1 cm2 working area,
Shanghai leinuo Technology company) setup was illustrated as in
Supplementary Fig. 40.

The MEA was fabricated through a hot-pressing procedure
involving a cathodic GDE (1 × 1 cm2), an AEM (Sustainion X37-50 RT
Grade, 1.5 × 1.5 cm2, thickness 50μm), and an anodic IrOx/Ti mesh
(1 × 1 cm2). The hot-pressing was carried out at 70 °Cwith a pressure of
~ 5MPa for a duration of 1.5min. Note that the AEM membrane was
activated in 1M KOH solution for 24 h before use.

In the MEA testing, 0.1M KHCO3 and 1M KOH were used as the
electrolytes for CO2R. As for COR, 2M KOH were used the electrolyte.
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The anolyte temperature was kept as 80 °C to facilitate the oxygen
evolution reaction (OER). The electrolyte flow rate was regulated by a
peristaltic pump at a rate of 50mLmin−1. The gas flow rate of CO2/CO
was controlled by an MFC at 25mLmin−1.

Faradic efficiency
The Faradic Efficiency (FE) of each product in CO2R or COR were
estimated using the equation below:

FE %ð Þ= amount of the productðmolÞ×n× F
C

× 100 ð4Þ

where n is the number of electrons needed for a specific product, F is
the Faradaic constant (96,485 Cmol−1). The amount of products (mol)
were quantified by GC and NMR accordingly. C denotes for the total
charge passing through during the catalysis.

Cathodic energy efficiency of C2+ products (EE1/2)
For a specific C2+ product in CO(2)R, such as ethylene, ethanol, acetate,
and n-propanol, the half-cell energy efficiency of this product was
estimated by the equation below:

EE 1
2
=
E0
CO2=product � E0

OER

Eapplied
COð2ÞR � E0

OER

× FE × 100% ð5Þ

Where the E0
CO2=product and E0

OER are the thermodynatic potentials for
CO2R to a specific product (cathodic reaction) and OER (anodic reac-
tion), respectivley. FE is the faradic efficiency for the product mea-
sured at a given potentials. The thermodynatic potential for OER is
1.23 V vs. RHE. The themrodynamic potentials for different CO2R
products are listed in Supplementary Table 7. And the EE1/2 of C2+

products is the sum of all individal proudcts.

Full cell energy efficiency of C2+ products
The full-cell energy efficiency for CO(2)R products was calculated by
follow equation:

EE =
ð1:23 + ð�E0

AÞÞ
�EApplied

cell voltage

× FEproduct × 100% ð6Þ

Where E0
A is the thermodynatic potential of CO(2) to the specific

product10. E0
Ethylene =0.17 VRHE; E0

Ethanol =0.178 VRHE; E0
acetate = 0.454

VRHE; E
0
n�PrOH =0.2 VRHE. FE is the faradic efficiency for A at different

potentials. EApplied
cell voltage is the measured cell voltage in the MEA system

without any iR compensations.

Single-pass carbon efficiency (SPCE)
The SPCE for CO2R was estimated based on the following equation:

SPCE=
60s ×

P
I × xi ×FEproduct � n× Fð Þ

� �
gasflowrate 1

min

� �
× 1min�24:5 1

mol

� � ð7Þ

Where I is the partial current density, FEA is the FE of A, xi is mole ratio
of CO2 to products (xi = 1 for C1 products, xi = 2 for C2 products), n is
the number of electrons needed for a specific produce, F is the Far-
adaic constant.

DFT calculations
All the calculations were performed with VASP at the spin-polarized
GGA level with the Perdew−Burke−Ernzerhof exchange−correlation
functional, and the projector-augmented-wave pseudopotential74,75,76.
An energy cutoff of 400eV was applied for the plan-wave basis set75.

Cu(100) surface was selected because it has been proposed to be
responsible for the C-C coupling77. The surface was described by a
three-layer slabmodelwith a vacuum layer of 14 Å. A 4 × 4 supercell was
used with the Brillouin zone sampled by a 3 × 3 grid of Monkhorst-Pack
k-points78. For the surface with 1/6 monolayer (ML) of Ga, a
3 × 4 supercell was used with a 4 × 3 grid of Monkhorst-Pack k-points.
The dispersive interaction was treated with the DFT+D3 scheme79.
Solvation effectswere includedwith the implicit solvationmodelwithin
VASPsol80. With the atoms in the bottom layer fixed to the bulk posi-
tions, the atoms in the up-two layers were allowed to relax until the
maximum force on the atoms was smaller than 0.02 eV/Å. To simulate
the CO-CO coupling process, two water molecules were adsorbed on
the surface to stabilize the OCCO intermediates. Transition states were
searched with the nudged elastic bandmethod with climbing images81.
The free energy profiles were calculated with the computational
hydrogen electrode model82. Free energy corrections (including the
zero-point energy, enthalpy, and entropy contributions) were included
in the harmonic approximation59. The gas-phase molecules were trea-
ted as ideal gases. Energy corrections of 0.13 eV and –0.29 eV was
applied to the CO2 and CO molecules such that the calculated gas-
phase thermochemical reaction enthalpies are consistent with the
experimental values83.

Data availability
Source data of this paper are provided in this paper and are also
available from the corresponding authors upon request. Source data
are provided with this paper.
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