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Abstract 19 

Upgrading carbon dioxide to high-value multi-carbon (C2+) products is one promising avenue for fuel and 20 
chemical production. Among all monometallic catalysts, copper has attracted much attention because of its 21 
unique ability to convert CO2 or CO to C2+ products with an appreciable selectivity. While numerous 22 
attempts have been made to synthesize Cu materials that expose desired facets, it still remains a challenge 23 
to obtain high-quality nanostructured Cu catalysts for electroreduction of CO2/CO. Herein, we report a 24 
facile synthesis of freestanding triangular-shaped two-dimensional Cu nanosheets, that selectively expose 25 
the (111) surface. In a 2M KOH electrolyte, the Cu nanosheets exhibit an acetate Faradaic efficiency of 48% 26 
with an acetate partial current density up to 131 mA cm-2 in electrochemical CO reduction. Further analysis 27 
suggest that the high acetate selectivity is attributed to the suppression of ethylene and ethanol formation, 28 
likely due to the reduction of exposed (100) and (110) surfaces.  29 

 30 

 31 

  32 
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Introduction 33 

Carbon dioxide electrolysis process powered by renewable electricity at decreasing price is an attractive 34 

approach for the sustainable production of fuels and chemicals because this process uses greenhouse CO2 35 

gas rather than fossil sources as the carbon feedstock.1-10 To achieve a high-performing CO2 electrolysis 36 

process, efficient CO2 electrocatalysts are required to minimize the energy barriers for CO2 activation. 37 

Among all the existing CO2 electrocatalysts, copper is one of the most widely studied material because it is 38 

able to convert CO2 (or CO2-derived carbon monoxide) to multi-carbon (C2+) products at relatively high 39 

selectivities in comparison to other monometallics.1-6,9,11-16 Many efforts have been devoted toward 40 

engineering Cu-based catalysts, such as nanostructuring, thermal annealing, and alloying, in the hopes of 41 

steering product selectivity and boosting catalytic activity. Although some progresses have been made, a 42 

good understanding of the structure-activity relationship is still lacking in Cu-catalyzed CO2/CO 43 

electroreduction, which is mainly due to the difficulties in synthesizing well-defined Cu materials with 44 

surfaces terminated with desired facets. For example, the well-defined Cu (111) model surface at nanoscale 45 

is still missing, while the Cu (100) has been offered by solution-phase-synthesized Cu nanocubes.17-20    46 

Recently we have shown that micron-sized and oxide-derived Cu (OD-Cu) catalysts are able to reduce CO 47 

to C2+ products at high rates in an alkaline electrolyte.3 Among all the C2+ products, acetate with a Faradaic 48 

efficiency of ~20% was observed, which is higher than what is typically observed in CO2 electroreduction 49 

(<5%).3,14 Transport modeling suggests a highly alkaline environment (a high pH value) near the electrode-50 

electrolyte interface may promote the formation of acetate.3 However, it is still unclear whether the surface 51 

nature of the catalyst also plays a role in enhancing acetate production. Because of the polycrystalline nature 52 

of both catalysts, correlating the observed acetate selectivity with the catalytic surface structure is difficult. 53 

Therefore, new synthetic methods for engineering Cu nanomaterials with well-controlled surfaces are 54 

urgently required.    55 

Herein, we report the synthesis of freestanding high-quality Cu nanosheets with two-dimensional (2D) 56 

triangular shaped morphology using a solution-phase-synthesis procedure. The as-synthesized Cu 57 

nanosheets are ~5 nm thick, which selectively exposed Cu {111} facets. As a model catalyst for CO 58 

electroreduction, the Cu nanosheets exhibit an acetate Faradaic efficiency as high as 48%, representing the 59 

among highest acetate selectivity that has been achieved in electrochemical CO2/CO electroreduction at 60 

practical rates of reaction (>100 mA cm-2). The enhanced acetate formation is attributed to the suppression 61 

of other C2+ products, due of the reduction of exposed (100) and (110) surfaces that are known to be 62 

favorable toward ethylene and ethanol formation. Furthermore, computation studies suggest that the 63 

pathway toward acetate formation goes through a ketene intermediate, with the incorporation of one oxygen 64 

atom from the electrolyte and the other originating from the CO reactant.   65 

Results 66 

Synthesis of Cu nanosheets. The 2D Cu nanosheets were synthesized through a chemical reduction of 67 

copper(II) nitrate by L-ascorbic acid in the presence of hexadecyltrimethylammonium bromide (CTAB) 68 

and hexamethylenetetramine (HMTA). Transmission electron microscope (TEM) image (Figures 1a) 69 

reveals that the as-synthesized Cu nanosheets are triangular with an average edge length of ~1.7 ± 0.5 μm. 70 

The high resolution TEM (HRTEM) image shows the projection of the basal plane exhibiting angles of 71 

~60° between fringes (Figure 1b). The hexagonal pattern seen in HRTEM as well as in the selective area 72 

electron diffraction (SAED) can be attributed to either 1/3{422} of the fcc structure along the [111] 73 
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direction (Figure 1c, inset) or (100) of the hcp structure along the [001] direction.21 However, further 74 

analysis with X-ray diffraction (XRD, Figure 1c and Supplementary Figure 1) confirmed that the structure 75 

of the Cu nanosheets is fcc and not hcp. Note that, the 1/3{422} reflections of an fcc structure should be 76 

forbidden; however, exceptions may exist for  non-3n layers with thicknesses within a few nanometers.21 77 

The substantially enhanced (111) peak shown in the XRD pattern (Figure 1c), which was obtained from 78 

assembling the nanosheets on a Si wafer, indicates that the preferentially oriented {111} planes were 79 

parallel to the Si substrate. The fringe distances of 0.15 nm and 0.13 nm as shown in Figure 1b closely 80 

match the Cu {112} and Cu {220} lattice distances, respectively. This suggests that the projection seen in 81 

the HRTEM image (Figure 1b) is indeed {111} in the <111> direction. In the region where two nanosheets 82 

overlapped, a Moire pattern can be seen directly in the HRTEM image (Figure 1d) as well as in the 83 

corresponding fast Fourier transform (FFT) pattern (Figure 1e).  The observed secondary pattern in the FFT 84 

pattern further confirms the presence of {111} basal planes. The atomic force microscopy (AFM) line scan 85 

(Figure 1f) reveals that the thickness of the Cu nanosheets is ~5 nm. With these observations, it was 86 

concluded that the as-synthesized Cu nanosheets are ultra-thin and enclose by two {111} basal planes. In 87 

addition, Cu nanocubes that selectively expose {100} facets as the Cu (100) model surface were also 88 

synthesized by a modified method as previously reported.20 TEM image (Figure 1g) shows an edge length 89 

of 41.4 ± 3.6 nm, and the HRTEM image (Figure 1h) confirms the presence of {100} planes by the cubic 90 

arrangement of Cu atoms. The fringe distance of 0.18 nm matches the lattice spacing of Cu {200}. The 91 

XRD pattern (Figure 1i) of the preferentially oriented Cu nanocubes shows an enhanced (200) peak, further 92 

indicating the dominant {100} planes.  93 

 94 
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 95 

Figure 1. Characterization of Cu nanosheets and Cu nanocubes. a) TEM image of triangular Cu 96 

nanosheets; b) HRTEM image showing the basal plane projection of a Cu nanosheet; c) XRD pattern of 97 

Cu nanosheets assembled on a Si wafer, preferentially showing the (111) peak, inset of c) SAED pattern 98 

of Cu nanosheets; d) HRTEM image and e) corresponding FFT pattern showing a Moire pattern from two 99 

overlapped Cu nanosheets; f) AFM image showing the thickness of a single Cu nanosheet; g) TEM image 100 

and h) HRTEM image of Cu nanocubes; and i) XRD pattern of Cu nanocubes assembled on a Si wafer, 101 

preferentially showing (200) peak, inset of i) SAED pattern of Cu nanocubes. Scale bars: a, f) 500nm, b, 102 

h) 1 nm, d) 20nm, and g) 100 nm.  103 

 104 

The combination of appropriate reducing agent, ligand, and surfactant was the key for the successful 105 

synthesis of {111}-enclosed Cu nanosheets (Supplementary Figure 2). As a long-life reducing agent, L-106 

ascorbic acid not only reduces Cu (II) to Cu (0) via Cu(I), but also protects the final product from oxidation. 107 
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The as-synthesized Cu nanosheets exhibited a red color (Supplementary Figures 3a, 4, and 5) which 108 

suggests the presence of Cu (0), and the observed liquid-crystal-like texture was the result of stacking of 109 

nanosheets. Such appearance remained unchanged for at least four months under ambient conditions 110 

(Supplementary Figure 4). However, Cu nanoparticles were completely oxidized within one hour 111 

(Supplementary Figures 3c and 3d), as indicated by a red-to-blue color change. Diffuse reflectance infrared 112 

Fourier transform spectroscopic (DRIFT) measurement (Supplementary Figure 6) shows the presence of 113 

ascorbic acid in the Cu nanosheets sample. It is likely that surface absorbed ascorbic acid is responsible for 114 

the improved chemical stability. Although ascorbic acid was used as the surfactant, an acidic environment 115 

is not preferred during synthesis as the Cu nanocrystal growth cannot be controlled. The cuprous ions easily 116 

disproportionate in an acidic solution, resulting in an uncontrolled rate of reduction. To provide an alkaline 117 

environment, CTAB and HMTA were both used to stabilize the cuprous ion in the aqueous solution. By 118 

doing so, the coordination number of the cuprous ion was three and the coordination geometry was trigonal 119 

planar, which directed the anisotropic growth of the Cu nanosheets.   120 

With an edge length of ~1.7 μm and a thickness of ~5 nm, theoretically, at least 99% of the exposed surface 121 

(i.e. basal planes) should be (111). As shown in scanning electron microscope (SEM) and TEM images 122 

(Supplementary Figures 7a and 7b), the majority of the nanosheet (shadowed area) has a single-crystal 123 

morphology with {111} basal plane while the edges are polycrystalline and oxidized. This was confirmed 124 

with X-ray photoelectron spectroscopy (XPS), as the as-synthesized Cu nanosheets show partial oxidization 125 

to Cu (II) (Supplementary Figure 7d). The single-crystal region remained intact even after CO 126 

electroreduction; however, the oxidized region corroded away (Supplementary Figure 7c). This was also 127 

confirmed by post-reaction XPS as majority of the Cu is in its reduced state. Slight oxidation was observed 128 

likely due to sample handling after CO electroreduction experiments. These observations indicate that the 129 

most striking feature of the Cu nanosheets have extraordinarily stable (111) surface, and such a stable zero-130 

valence Cu (111) surface is crucial for catalysis studies. As surface reconstruction is well known22,23 (i.e. 131 

the oxidation/reduction cycles may change the atomic arrangement of metal surfaces), it is difficult to obtain 132 

Cu (111) directly from reducing CuO (111) or Cu2O (111). 133 

CO electroreduction performance. The CO electroreduction properties of Cu nanosheets were evaluated 134 

using a three-compartment flow-cell electrolyzer. As described in previous works,3,11,24-27 the use of a flow-135 

cell electrolyzer enables high-rate of CO conversion (>100 mA cm-2) which cannot be typically achieve 136 

with conventional batch reactors due to the low solubility limitation of CO in aqueous electrolytes. The CO 137 

electroreduction performances in 0.5-2M KOH electrolyte are summarized in Figure 2a and Supplementary 138 

Figures 8 and 9. The current densities increased near-exponentially with increasing applied potentials, 139 

indicating that the mass transport limitation of CO was minimal. In 2M KOH, a maximum C2+ products 140 

Faradaic efficiency of ~70% was achieved with the major C2+ products being ethylene and acetate with 141 

minor amounts of ethanol and n-propanol. At more negative potentials, small amount of methane was 142 

produced. Interestingly, a maximum acetate Faradaic efficiency of ~48% (Figure 2a) and an acetate partial 143 

current density up to 131 mA cm-2 were achieved in 2M KOH (Figure 2c), among the highest reported to 144 

date toward acetate formation. The CO electroreduction performances are tabulated in Supplementary Table 145 

1. The stability of Cu nanosheets was also examined under a constant current of 100 mA cm-2
 for 3 hours 146 

in 2M KOH (Figure 2b).  The results show a stable acetate Faradaic efficiency over the span of the stability 147 

test, except for the first 30 min, which could be caused by initial activation of catalyst layer. The oscillation 148 

of the potential is due to bubble accumulation and sudden flush out in the cathode chamber during 149 
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electrolysis. Operando X-ray absorption spectroscopy (XAS) was also used to investigate the structural 150 

change of the Cu nanosheets under CO electroreduction conditions in a flow-cell electrolyzer 151 

(Supplementary Figure 10). Both the X-ray absorption near-edge spectroscopy (XANES) and extended X-152 

ray absorption fine structure (EXAFS) spectrums (Supplementary Figure 11) show that the catalyst was in 153 

its metallic Cu0 state and appear similar throughout the reaction, further confirming the structural stability 154 

of the catalyst.   155 

 156 

Figure 2. CO electroreduction performance of Cu nanosheets.  a) Total current density and Faradaic 157 

efficiencies vs. applied potential for CO electroreduction on Cu nanosheets in 2M KOH. b) Stability test 158 

over a span of 3-hour electrolysis in 2M KOH. c) The acetate production performance on copper 159 

nanosheets in various KOH concentrations. d) Acetate partial current density and inset) Tafel analysis on 160 

the SHE scale. Error bars represent the standard deviation from at least three independent measurements 161 

and Tafel lines were determined with linear fit. 162 

To examine the influence of pH on acetate formation in CO electroreduction, the acetate partial 163 

current densities in different electrolytes (0.5-2M) were plotted against the absolute potential scale (SHE), 164 

and Tafel slopes were derived from the three lowest partial current densities (Figure 2d). The other 165 

electroreduction products are shown in Supplementary Figure 12. Low current densities were chosen to 166 

obtain Tafel slopes as accurately as possible, since at higher current densities, significant amount of gas 167 

products was produced which can cause voltage fluctuation. It must be noted that Tafel analyses have 168 
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limitations and are typically done at low overpotentials and low currents to avoid mass transport limitation 169 

caused by not only the transport of reactant to the catalytic surface, but also by the adsorption of cations.28 170 

From Figure 2d, it is clear that acetate production has a strong pH dependence. As the hydroxide ion 171 

concentration increased, a positive shift in onset potential for acetate and a change to lower Tafel slopes 172 

(Figure 2d, inset) were observed, indicating that acetate formation is favored in highly alkaline 173 

environments. C18O labeling studies (Supplementary Figure 13) on Cu nanosheets show that the produced 174 

acetate in the form of acetic acid is partially-labeled where one oxygen of the acetate is originated from the 175 

CO feed and the other oxygen is originated from the electrolyte as consistent with previous studies,3,29 176 

further supporting that acetate formation is strongly dependent on the alkalinity of the electrolyte. Ethanol, 177 

n-propanol, and acetaldehyde were also detected (Supplementary Figures 11, b-d), and the labeling results 178 

were similar to our previous work.3 Kanan and co-workers have also observed an enhancement in acetate 179 

formation, accompanied with a decrease in ethanol, at high pH on oxide-derived Cu and have attributed to 180 

the attack of a hydroxide ion to a surface-bound ketene or other carbonyl-containing intermediate.9 The 181 

formation of hydrogen and ethylene are insensitive to the changes in pH (Supplementary Figure 12), as 182 

consistent with other reports;16,30-32 while ethanol has a small pH dependence at low overpotentials. 183 

 184 

Figure 3. Comparison of copper nanosheets with commercial copper particles in 1M KOH. a) 185 

Voltammograms of OHads peaks collected in Ar-purged 1M KOH batch cell. b) Acetate molar production 186 

fraction excluding hydrogen. c-e) ECSA corrected acetate, ethylene, and ethanol partial current densities 187 

of various Cu catalysts, respectively.  188 

To further understand the high acetate selectivity of Cu nanosheets, CO electroreduction was performed on 189 

commercial 1 m and 25 nm Cu particles (Supplementary Figure 14) with a similar catalyst loading of 0.5 190 

mg cm-2, and the catalytic performances were compared. Electrosorption of hydroxide (OHads) was first 191 

used to probe the surface structure of the commercial Cu particles and Cu nanosheets.33,34 Qualitatively, the 192 
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Cu nanosheets have a pronounced (111) OHads feature, suggesting a high surface density of (111). As for 193 

the commercial particles, the (100), (110), and (111) OHads peaks are similar in relative intensities, reflecting 194 

the polycrystalline surface nature of the commercial particles. In-situ OHads studies on the Cu nanosheets 195 

were also conducted in the flow-cell electrolyzer prior to and immediate after CO electrolysis by switching 196 

the gas feed to avoid potential oxidation during sample handling. The pre- and post-reaction 197 

voltammograms (Supplementary Figure 15) show similar features, indicating that the high surface density 198 

of (111) was preserved and that the catalytic performance of the Cu nanosheets is not attributed to surface 199 

reconstruction. In comparison to the commercial Cu particles, the Cu nanosheets have a higher acetate 200 

molar production fraction (excluding hydrogen) in the similar potential region, indicating that the Cu 201 

nanosheets are more selective toward converting CO to acetate (Figure 3b). To further compare the reaction 202 

rates, the performances (Supplementary Figures 16 and 17) were normalized to the electrochemical surface 203 

area (ECSA; see Supplementary Figure 18 for measurement). Surprisingly, the trend in specific acetate 204 

current density of the Cu nanosheets is similar to commercial Cu particles (Figure 3c), suggesting that all 205 

Cu catalysts have similar intrinsic activity toward acetate formation. However, the intrinsic activities toward 206 

ethylene and ethanol formation are much lower on the Cu nanosheets than commercial Cu particles (Figure 207 

4d and 4e). To rule out the effects of ascorbic acid, which was critical for the successful synthesis of the 208 

Cu nanosheets, commercial 25 nm Cu particles were treated with ascorbic acid and tested for CO 209 

electroreduction. The performance of the treated Cu particles (Supplementary Figure 19) is similar to the 210 

untreated Cu particles, demonstrating that ascorbic acid has a minimal effect on catalytic performance. With 211 

these observations, we therefore attribute the overall enhancement of acetate formation on Cu nanosheet to 212 

the suppression of ethylene and ethanol formation. Previous single-crystal studies on CO electroreduction 213 

have shown that  the (111) surface is unfavorable for the formation of ethylene and ethanol; while, (100) 214 

and (110) surfaces are more favorable.35,36 The Cu nanosheets selectively expose {111} surfaces, 215 

theoretically 99% of the as-synthesized surface is (111), which reduce the overall surface density of (100) 216 

and (110). This consequentially suppresses ethylene and ethanol formation while enhancing the overall 217 

selectivity toward acetate. However, to the best of our knowledge, the mechanistic understanding of acetate 218 

on Cu surfaces has yet been fully elucidated and further work is needed. In addition, Cu nanocubes with 219 

exposed {100} surfaces exhibits similar CO electroreduction performance (Supplementary Figure 20) as 220 

the 25 nm commercial Cu particles.  221 

DFT calculations.  To understand the acetate formation pathway on Cu surfaces, density functional theory 222 

(DFT) calculations were performed and the calculation details can be found in Methods. Based on the 223 

isotopic labelling studies, H2O incorporation must be involved during acetate formation to introduce 16O. 224 

As *CO-COH (* denotes a binding site) is known be a common intermediate proposed in literature for the 225 

formation of C2+ products,37-40 we focused our calculations from this initial intermediate. It must be noted 226 

that the pathway toward acetic acid, the protonated form of acetate, was determined such that the 227 

intermediate species are charge neutral. Starting from *CO-COH, acetic acid may form through: *CO-COH 228 

+ H2O+ e- → *C-CO + H2O + OH-, *C-CO + H2O + e- → *CH-CO + OH-, *CH-CO + H2O + e- →  *CH2-229 

CO + OH-, *CH2-CO + H2O → CH3-COOH (Figure 4a). Note that in alkaline conditions, no protons are 230 

available for reaction, and thus, water is likely the proton donator.32 This pathway involves the water 231 

incorporation into ethenone (CH2-CO), a ketene specie, to form acetic acid (CH3-COOH), and the DFT 232 

calculations of the free energy evolutions show that this pathway is thermodynamically feasible (Figure 4b). 233 

In addition, the barrier for water incorporation into the ketene is only 0.61 eV (Supplementary Figure 21), 234 

suggesting it is also kinetically feasible. We also found that ethenone is weakly adsorbed on Cu surfaces 235 
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with a binding energy of 0.06 eV for (111) and 0.21 eV for (100); therefore, the water incorporation into 236 

the ketene specie to form acetic acid is less affected by the difference in Cu surfaces, explaining its weak 237 

surface dependence. Lastly, acetic acid may also form without involving a ketene as the intermediate, 238 

through: *CH-CO + H2O →  *CH2-COOH, *CH2-COOH + H2O + e- → CH3-COOH + OH- (Supplementary 239 

Figure 22). However, calculations show that this pathway has a higher energy barrier for water 240 

incorporation (0.76 eV, Supplementary Figure 21). Therefore, the formation pathway involving ethenone, 241 

the ketene specie, is more likely. As OH- ions are more nucleophilic than H2O, it is likely that OH-
 ions also 242 

interact with the ketene intermediate to form acetate; however, the computation assessment of charged 243 

species is currently difficult. The alcohol pathway (Figure 4a) shares a common *CH-CO intermediate with 244 

the acetic acid pathway and this could explain the competitive formation of ethanol and acetate that have 245 

been previously observed.9 The *CH-CO intermediate was proposed by Calle-Vallejo and Koper as a 246 

possible intermediate toward C2+ products,40 and our calculations show that the pathway toward ethanol 247 

through *CH-CO is thermodynamically feasible (Supplementary Figure 23). To further elucidate the 248 

influence of pH, future work should also focus on calculating the kinetic barriers of each step as a function 249 

of pH, as the pH could affect the overall pathways toward various C2+ products.   250 

 251 

Figure 4. DFT calculations. a) Proposed mechanism for the electroreduction of CO to C2+ products. b) 252 

Energy evolution for acetic acid formation on Cu (111) at 0 V (vs RHE).  253 

As described in previous reports,41 multiple beneficial properties can be added up toward one catalytic 254 

process. In this paper, we demonstrated that a highly selective CO-to-acetate conversion can be achieved 255 

solely by materials engineering. Very recently, Kanan and co-workers developed an electrolyzer (i.e. 256 

through chemical reactor engineering) utilizing an interdigitated flow field that can produce highly 257 
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concentrated acetate product (~1.1M) using a proton-exchange membrane (Nafion).2 Therefore, a design 258 

incorporating materials engineering and reactor engineering may push the acetate conversion to the level 259 

that is economically viable. For instance, an electrolyzer design can be explored by utilizing Cu nanosheets 260 

with an anion-exchange membrane at a maximal local alkalinity near the catalytic interface to further boost 261 

acetate production.  262 

Methods 263 
 264 
Synthesis of copper nanosheets 265 
In a typical synthesis of Cu nanosheets, copper(II) nitrate trihydrate (Cu(NO3)2·3H2O, 50 mg), L-ascorbic 266 
acid (100 mg) and 15.0 mL deionized water were added into a vial (volume: 20 mL). After forming a 267 
homogeneous solution, hexadecyltrimethylammonium bromide (100 mg) and hexamethylenetetramine 268 
(100 mg) were added. After 30 min stirring, the vial of solution was capped and heated from room 269 
temperature to 80 °C (~2 °C/min) and kept at 80 °C for 3 h in an oil bath. The resulting products were 270 
collected by centrifugation and washed three times with an ethanol/deionized water mixture. 271 
 272 
Synthesis of copper nanocubes 273 
In a typical synthesis of Cu nanocubes, 35.0 mL oleylamine and 3.0 g trioctylphosphine oxide were mixed 274 
at room temperature and were heated to 60 °C (~5 °C/min) under vacuum. After kept at 60 °C for 20 min, 275 
the vacuum was replaced by Ar atmosphere, and 215.0 mg CuBr was rapidly added into the mixture. The 276 
solution was then heated 265 °C (~7 °C/min) and kept for 20 min before naturally cooling to room 277 
temperature. The resulting products were collected by centrifugation and washed three times with 278 
hexane/ethanol. 279 

Preparation of electrodes 280 
To construct the cathode electrode, a catalyst slurry containing 25 mg of as-synthesized Cu nanosheets, 3 281 
mL isopropanol, and 20 µL of Nafion ionomer solution (5 wt% in H2O) was first mixed and sonicated. 282 
Next, the catalyst slurry was slowly dropcast onto a Sigracet 29 BC GDL (Fuel Cell Store) to achieve a 283 
catalyst loading of ~0.5 mg cm-2. A similar procedure was used to for commercial 1 µm Cu particles (0.5-284 
1.5 µm, 99%; Alfa Aesar) and 25 nm Cu particles (25nm nanopowder; Sigma-Aldrich). As for the anode 285 
electrode, IrO2 nanoparticles (99%; Alfa Aesar) was used instead.  286 
  287 
Material Characterization 288 
TEM images were taken with a Hitachi 8100 at an acceleration voltage of 200 kV. High-resolution TEM 289 
images were taken with a JEOL ARM300F at an acceleration voltage of 200 kV. AFM measurements were 290 
performed on a Dimension Icon (Bruker) to obtain 3D profiles of the patterns. XRD spectra were collected 291 
on a Rigaku SmartLab Thin-film Diffraction Workstation with a Cu Kα source. A high intensity 9 kW 292 
copper rotating anode x-ray source is coupled to a multilayer optic. An Auriga 60 Cross Beam scanning 293 
electrode microscopy (SEM) instrument was used to obtain SEM images of the copper nanosheets. To 294 
analyze the composition near the surface, a K-Alpha X-ray Photoelectron Spectrometer System (Thermo 295 
Fisher Scientific) was used. CasaXPS software was used to analyze the XPS data and conduct peak analysis. 296 
The adventitious carbon peak was calibrated to 284.5 eV and all peaks were fitted using a 297 
Gaussian/Lorentzian product line shape with a Shirley background. 298 
 299 
The ECSA was determined by measuring the double-layer capacitance (CDL) of the as-prepared electrodes 300 
in Ar-purged 0.1M HClO4 in a H-cell. The scan rate was varied from 10 to 100 mV sec-1 in the non-Faradaic 301 
potential region and the observed current was plotted as a function of scan rate to obtain the CDL. The ECSA 302 
was determining by normalizing the CDL to that of a copper foil.  303 
 304 
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OHads studies were conducted by performing cyclic voltammetry in an Ar-purged 1M KOH in a H-cell. The 305 
voltammogram was collected at 100 mV sec-1. In-situ OHads studies was conducted by flowing Ar in the 306 
flow-cell electrolyzer. The electrolyte flow rate was stopped to minimize the fluctuation in the 307 
voltammogram. Next, CO electrolysis was conducted at constant current density of 100 mA cm-2 for one 308 
hour by switching the gas feed to CO and flowing the electrolyte. Immediately after electrolysis, the gas 309 
feed was switch back to Ar, the electrolyte flow rate was stopped, and then cyclic voltammetry was 310 
performed.  311 
 312 
Operando XAS was performed at the 8-ID Beamline of the National Synchrotron Light Source II at 313 
Brookhaven National Laboratory. A modified two-compartment flow-cell electrolyzer made from acrylic 314 
was used for operando XAS studies (Supplementary Figure 10). The gas chamber had a small window cut 315 
out sealed with Kapton film to allow fluorescence signals to pass from the electrode to the detector. XAS 316 
data were processed using the IFEFFIT package, including ATHENE and ARTEMIS.42 317 
 318 
Flow-cell CO electrolysis 319 
CO reduction was conducted in a three-chamber flow cell as previously described.  The dimension of the 320 
flow channels was 2 cm × 0.5 cm × 0.15 cm. The CO gas flow rate was controlled using a mass flow 321 
controller (MKS GE50) and set to 15 sccm. Aqueous potassium hydroxide solution (99.99%; Sigma-322 
Aldrich) was used as both the catholyte and the anolyte. Peristaltic pumps were used to control the flow 323 
rate of the electrolytes at ~0.5 to 2 mL min-1. A hydroxide exchange membrane (FAA-3; Fumatech) was 324 
used to separate the cathode and anode chambers. The gas outlet backpressure of the flow cell was 325 
modulated to atmospheric pressure with a backpressure controller (Cole-Parmer).  326 
 327 
Electrolysis experiments were conducted using chronopotentiometry with a potentiostat (Autolab 328 
PGSTAT204). The cathode potentials were measured against an external Ag/AgCl reference electrode 329 
(Pine Research), and the solution resistance between the reference electrode and the cathode was measured 330 
using a current-interrupt technique before each electrolysis experiment. The measured potential was 331 
converted to the RHE scale using E (versus RHE) = E (versus Ag/AgCl) + 0.210 V + 0.0591 × pH and was 332 
iR-corrected. For each current density, products were quantified over a period of 200 s and at least three 333 
replicates were conducted to get an average and standard deviation. 334 
 335 
During electrolysis, gas products were quantified using an in-line Multiple Gas Analyzer gas 336 
chromatography system (SRI Instruments) equipped with a HayeSep D and Molsieve 5 A columns 337 
connected to a thermal conductivity detector (TCD) and a flame ionization detector (FID). Argon (99.999%) 338 
was used as the carrier gas. Liquid products were analyzed using a Bruker AVIII 600 MHz NMR 339 
spectrometer. In short, 500 µL of sampled catholyte was mixed with 100 µL D2O containing 20 ppm (m/m) 340 
dimethyl sulphoxide (≥99.9%; Alfa Aesar) as the internal standard. The one-dimensional 1H spectrum as 341 
measured with water suppression using a pre-saturation method.  342 
 343 
Labelled C18O experiment 344 
Labelling studies were conducted with a C18O lecture bottle (95 at% 18O; Sigma Aldrich). In short, C18O 345 
gas was extracted using a 30 mL syringe and a syringe pump was used to control the feed rate into the flow 346 
cell. The feed rate was set to 5 mL min-1. Constant current electrolysis was conducted at 300 mA cm-2 for 347 
5 min and the liquid product was collected for analysis. The liquid products were slightly acidified to a pH 348 
value of ~2 using hydrochloric acid to allow detection of acetate as acetic acid. Mass spectrum analysis was 349 
conducted with an integrated GC-MS (Agilent 59771A) system equipped with a DB-FFAP column and a 350 
mass spectrometry system (Agilent 59771A). Mass fragmentation patterns, focused on the parent ion of the 351 
molecules, were compared with those of the National Institute of Standards and Technology library.  352 
 353 
Computational Methods 354 
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DFT calculations were performed using the Vienna Ab-initio Simulation Package (VASP)43,44 with PAW 355 
pseudopotential45 and the Perdew-Burke-Ernzerhosf (PBE) exchange-correlation functional46. The Cu (111) 356 
surface is modelled by a 4 × 4 slab with 4 layers, and (100) surface is modelled by a 4 × 4 slab with 3 layers 357 
(Supplementary Figure 24). The slabs are separated by ~ 15 Å from its periodic images. We used 3×3×1 358 
Monkhorst Pack47 k-points, and a kinetic energy cut-off of 400 eV. All atomic positions were fully relaxed 359 
until the final force on each atom being less than 0.01 eV/Å. The free energy of the solid system was 360 
calculated by adding the adsorbate vibration contribution to the electronic energy, and the free energy of a 361 
molecule is calculated by adding the vibration, translation, and rotation (if applicable) contributions 362 
(calculated using Gaussian software)48 to the electronic energy. The pH and potential effects are included 363 
using the computational hydrogen electrode model.49 The transition state barriers were calculated using CI-364 
NEB method.50  365 
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