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Abstract: Electroreduction of CO2 represents a promising solution for addressing the global 

challenges in energy and sustainability. The reaction is highly sensitive to the surface structure of 

electrocatalysts and the local electrochemical environment. We have investigated the effect of Cu 

nanoparticle shape on the electrocatalysis of CO2 reduction by using gas-diffusion electrodes 

(GDEs) and flowing alkaline catholytes. Cu nanocubes of ~70 nm in edge length are synthesized 

with {100} facets preferentially exposed on the surface. They are demonstrated to possess 

substantially enhanced catalytic activity and selectivity for CO2 reduction as compared to Cu 

nanospheres of similar particle sizes, with the electrocatalytic performance further found to be 

dependent on the concentration of electrolyte (KOH). The Cu nanocubes reach a Faradaic 

efficiency (FE) of 60% and a partial current density of 144 mA/cm2 toward ethylene (C2H4) 

production, with the catalytic enhancement attributable to a combination of surface structure and 

electrolyte alkalinity effects.  
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Electroreduction of CO2 represents a promising approach toward artificial carbon recycling and 

solar-fuel conversion.1-3 Among the many materials investigated for CO2 reduction, copper (Cu) 

has attracted the most attention due to its unique capability of producing hydrocarbon products at 

significant rates.4-7 The reaction is highly sensitive to the surface structure of Cu, with (100) 

favoring the production of ethylene and (110) for oxygenated hydrocarbons such as ethanol and 

acetic acid.8-12 The unique four-fold symmetry of atomic configurations on these Cu facets is likely 

the key to accommodate the transition state of C-C bond formation between adsorbed CO (*CO), 

giving rise to more favorable kinetics for the pathways toward C2 products than on Cu(111).13 All 

of these fundamental insights point to the importance of controlling the morphology and thereby 

surface structure of Cu electrocatalysts for selective reduction of CO2 to valuable C2 products.7 

 The electrocatalytic performance of Cu in CO2 reduction is however not only determined 

by its surface structure, but also by the local electrochemical environment. The CO2 reduction 

reaction, as well as the side hydrogen evolution reaction (HER), generates hydroxide anions and 

raise the local pH near the electrode surface. The high local pH could play a complex role in the 

CO2 reduction electrocatalysis, being either beneficial by suppressing the evolution of hydrogen 

and enhancing the selectivity toward C2 products,14-18 or detrimental by shifting the acid-base 

reaction equilibrium of (bi)carbonate and limiting the mass transfer of CO2
19-21. The performance 

of CO2 electrolyzers can also be subject to spatial geometry of the electrodes,22-25 ions and/or 

ligands present at the electrochemical interface,19, 26-28 bulk pH and buffering strength of the 

electrolyte,17, 29-30 (partial) pressures of the reactant and products,31-32 fluidics of the gas and 

liquid,33-34 local effect of catalyst areal density,35-36 etc. For fundamental understanding of the 

structure-property relationships of high-surface-area electrocatalysts, it is important to decouple 

these mechanisms from the surface structure effects in studying the electroreduction of CO2.37 
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Here we report on the electrocatalytic study of particle shape effect on CO2 reduction using 

gas-diffusion electrodes (GDEs). Cubic Cu nanocrystals of ~70 nm in edge length were 

synthesized with preferential exposure of {100} facets on the surface. Cu nanoparticles of similar 

particle sizes but in a sphere-like shape were also synthesized for comparative studies. By 

employing GDEs with flowing alkaline catholytes, we were able to evaluate the electrocatalytic 

performance of these Cu nanocrystals without concerning the mass transfer limitation and local 

pH effects (Scheme 1), while still achieving high selectivity toward C2 products. Comparison of 

the two types of Cu nanocrystals thus allows us to reveal the effects of particle morphology and 

surface structure on the CO2 reduction electrocatalysis.  

 The Cu nanocubes were synthesized by following a previously reported method (see the 

Experimental Methods in the Supporting Information).38 Figure 1a shows a representative 

transmission electron microscopy (TEM) image of the as-synthesized Cu nanocubes. The uniform 

Cu nanocrystals possess an edge length of ~70 nm (see Figure S1 for the size histograms), forming 

assemblies with a four-fold symmetry due to the uniform cubic shape. Figure 1b compares the X-

ray diffraction patterns for the Cu nanocubes to the Cu nanospheres of similar particle size but in 

a sphere-like shape (see Figure S2 for TEM images). Both the two types of nanocrystals possess a 

face-centered cubic phase of metallic Cu. Compared to the nanospheres, the nanocubes exhibit a 

much more pronounced (200) peak than (111), which can also be attributed to the formation of 

cubic assemblies and confirm the uniform shape of the nanocrystals. To depict the surface structure 

of the nanocrystals, we collected high-resolution TEM (HRTEM) images along the [011] zone 

axis by tilting the sample holder (Figures 1c and d). The HRTEM images show lattice fringes 

corresponding to (100) and (110) of Cu with inter-layer distances of 0.18 and 0.13 nm, respectively. 

As expected, the surface facets of the nanocubes are identified to be (100), albeit exposure of some 
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other planes (such as (110) and (111)) probably around the corners and edges. It should be pointed 

out here that direct imaging along [001] was found to be challenging, due to the rather thick crystal 

for the electron beam to penetrate in this direction. The distinct surface structures of the Cu 

nanocubes and nanospheres were further confirmed with OH- adsorption measurements, with only 

the Cu nanocubes showing the pronounced feature of Cu(100) (Figure S3). 

 Electrocatalytic studies were performed on the Cu nanocrystals by employing a GDE cell 

design developed by Whipple et al (Figure S4).33 Ligands on the Cu nanocubes were cleaned by 

extensive washing with ethanol/toluene mixture but more violent methods (such as thermal 

annealing in air) were avoided in order to preserve the cubic shape and surface structure of the Cu 

nanocrystals.39-40 The Cu nanocrystals dispersed in hexane were sprayed directly onto a 

microporous gas diffusion layer (GDL) (purchased from the Freudenberg Group), which was then 

applied as the working electrode for CO2 reduction (Scheme 1).  CO2 was fed into the cell by 

flowing through the backside of the GDL. Liquid electrolyte (KOH) was flown through the cathode 

compartment between the catalyst and the anion-exchange membrane (Fuel Cell Store, Fumasep 

FAB-PK-130). The gas- and liquid-phase products were analyzed online by using a gas 

chromatography-mass spectrometry (GC-MS) and offline by using a nuclear magnetic resonance 

(NMR) spectrometer, respectively. Measurements were performed in the potential region from -

0.3 to -0.8 V (vs. the reversible hydrogen electrode, RHE; the same potentials scale is used 

throughout this discussion), which corresponds to ca. -0.30~ -0.72 V after iR correction (see Table 

S1 for the estimated resistances). The absence of mass transfer limitation in the GDE was 

confirmed by measurements at different gas and liquid flow rates (Figure S5).  

 Figure 2 summarizes the results collected by using 1 M of KOH as the catholyte (see Figure 

S6 for the iR-corrected version). The Cu nanocubes and nanospheres show similar trend in total 
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geometric current densities (Jtot). As the potential changes from -0.3 to -0.8 V, Jtot of Cu 

nanospheres increases from 1.6 mA/cm2
geo to 130 mA/cm2

geo, while that for Cu nanocubes changes 

from 4.3 mA/cm2
geo to 160 mA/cm2

geo (Figures 2a and c). Potential-dependent Faradaic 

efficiencies (FEs) of the reaction products are plotted in Figures 2b and d for the Cu nanocubes 

and nanospheres, respectively. For the Cu nanocubes, the overall FE of CO2 reduction (FECO2) is 

consistently at 70 – 90% throughout the investigated potential region. CO is the dominant product 

at relatively low overpotentials (from -0.3 to -0.5 V), with FECO being up to 70% at -0.3 V. As the 

potential becomes more negative, FECO decreases, down to 24% at -0.8 V. This is accompanied 

with the rise of C2 products formation, with the FE toward ethylene (FEC2H4) increasing from 14% 

at -0.6 V to 51% at -0.8 V. The catalysts collected after the reaction preserved the cubic 

morphology (Figure S7), indicating high stability of the 70 nm Cu nanocubes under the CO2 

reduction reaction conditions. The electrocatalytic performance of the Cu nanocubes was also 

found to be stable for continuous operations of up to 3 h (at -0.6 V in 1 M KOH, Figure S8). It is 

noticed that nanoparticle restructuring and loss of activity may take place when subjected to longer 

runs and more negative potentials.41 Compared to the Cu nanocubes, the Cu nanospheres exhibit 

slightly lower FECO2 in the low-overpotential region, ranging from 52% at -0.3 V to 81% at -0.5 

V. Formate is the primary product in this potential region, with FEHCOO¯ being up to 55% at -0.5 

V. In the high-overpotential region (from -0.6 to -0.8 V), the nanospheres also have FECO2 in the 

range of 80-90%, but produce less C2 species, with FEC2H4 and the total FE toward C2 products 

(FEC2) being up to only 20% and 27% at -0.8 V, respectively.   

We note that most of the previous studies for CO2 reduction on Cu nanocrystals of similar 

morphologies were performed in H-type electrochemical cells with bicarbonate electrolytes.42-45 

In an investigation of Pd@Cu core@shell nanocubes, Z. Wang et al. found CH4 as the dominant 
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hydrocarbon product (~45% FE at -1.4 V in 0.25 M K2CO3).43 A. Loiudice et al. evaluated the Cu 

nanocubes of different sizes in 0.1 M KHCO3 and obtained FEC2H4 as high as 41% at -1.1 V.44 In 

our electrocatalytic studies using GDEs, we were able to obtain much larger fluxes of CO2 

reduction products at lower overpotentials. We achieved JCO2 of 153 mA/cm2
geo at -0.8 V for the 

Cu nanocubes (Figure 2a), versus the highest JCO2 of <5 mA/cm2
geo obtained at -1.1 V in the 

previous studies using H-type cells.44 This enhancement is not only due to the mitigation of mass 

transfer limitation, but also the employment of flowing alkaline electrolytes, which is believed to 

be beneficial for suppressing hydrogen evolution, lowering the energy barrier for CO2 activation 

and enhancing C-C coupling between *CO.16, 23, 29, 33, 46-48 To further elucidate this beneficial role, 

we have also performed the electrocatalytic studies using more concentrated KOH electrolytes and 

1 M of KHCO3 as the flowing catholyte (see Figure 3 for 10 M of KOH, with iR-corrected version 

provided in Figure S9; see also Figure S10 for 5 M of KOH).  

The Cu nanocubes deliver 259, 219 and 144 mA/cm2
geo for Jtot, JCO2 and JC2H4 at -0.8 V, 

respectively, when 10 M KOH was used as the electrolyte (Figure 3a). The onset potential for 

hydrocarbons are lowered by more than 300 mV than in the case using 1 M KOH, with FEC2H4 

reaching 23% at -0.3 V and JC2H4 reaching 46 mA/cm2
geo at -0.5 V (Figure 3b). The selectivity 

toward C2 products is also enhanced by increasing the electrolyte alkalinity, with FEC2H4 achieving 

60% at -0.5 V and FEC2 being up to 72% at -0.7 V. Electrocatalytic performance of the Cu 

nanospheres got improved as well when the electrolyte was changed from 1 M to 10 M KOH 

(Figure 3c and d). Jtot reaches 174 mA/cm2
geo at -0.8 V. The production of formate is suppressed 

in the low-overpotential region, with the highest FEHCOO¯ being 35% at -0.3 V. The selectivity 

toward C2 species (FEC2) achieves 60% at -0.8 V, which is substantially higher than that (27%) 

obtained with 1 M of KOH. Compared to the Cu nanocubes, the Cu nanospheres produce more 
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acetate at high overpotentials in 10 M of KOH, with FECH3COO¯ reaching 26% (versus 38% for 

FEC2H4) at -0.6 V. For both Cu nanocubes and nanospheres, the trends for total current densities 

and partial current densities toward C2 products follow the trend 1M KOH < 5M KOH < 10M 

KOH, underlining a strong correlation between KOH concentration and activity of CO2 reduction 

to C2 products (Figure S11). This trend is consistent the report by Dinh et al. who used GDEs with 

polycrystalline Cu films prepared by thermal evaporation.23 In contrast to the enhanced activity 

and selectivity by increasing the concentration of KOH, (oxygenated) hydrocarbons were barely 

obtained from the measurements employing 1 M of KHCO3 (pH ~ 8.9, not saturated with CO2 in 

GDEs), from which H2, CO and formate were the major products throughout the potential range 

of -0.8 V < E < -0.3 V (Figure S12). CO is the dominant product on the Cu nanocubes, with FECO 

ranging from 30% at -0.3 V to 50% at -0.8 V, comparing to 8-26% for the Cu nanospheres within 

the same potential range. Given with the substantially higher activity and selectivity obtained with 

KOH than with neutral KHCO3, it should be noted that the employment of alkaline electrolytes in 

GDEs may lead to the formation of bicarbonate, although it has been argued that the short diffusion 

distance for CO2 in the GDEs can allow for reduction reaction before it is converted into 

bicarbonate.23 While specific study of alkaline electrolyte degradation has not been seen in the 

literature, several reports have discussed the use of anion-exchange membrane (AEM)-based 

electrolyzers to mitigate this issue.49-50  

For better evaluation of the intrinsic differences in electrocatalytic performance, we have 

performed electrochemical analyses to estimate the electrochemically active surface areas (ECSAs) 

for the two types of Cu nanocrystals (see Experimental Method in the Supporting Information). 

This was achieved by measuring the charge associated with surface oxidation of Cu to Cu2O.51-52 

It is considered to be an appropriate method for the Cu nanocrystals loaded on the carbon-based 
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GDLs, as other methods (e.g., electrochemical capacitance measurements53) are usually subject to 

the large background signal of the high-surface-area substrates. At the same metal loading (1 

mgCu/cm2
geo), the ECSAs of the Cu nanocubes and nanospheres were estimated to be 7.89 and 9.09 

cm2, respectively (Figure S13). With the estimated ECSAs, we are then able to compare the 

specific activities (current densities normalized with ECSAs) for the two types of Cu nanocrystals.   

Figure 4 summarizes the specific activities determined for the Cu nanocubes and 

nanospheres in 10 M of KOH. The Cu nanocubes deliver an overall specific activity (jtot) of 32 

mA/cm2
Cu, versus 19 mA/cm2

Cu for the Cu nanospheres, at -0.8 V (Figure 4a). The Cu nanocubes 

are found to be more active than the Cu nanospheres for CO2 reduction throughout the investigated 

potential region, with jCO2 reaching 28 mA/cm2
Cu (versus 15 mA/cm2

Cu for the Cu nanospheres) at 

-0.8 V (Figure 4b). The different selectivities of the two types of Cu nanocrystals toward C2 

products become explicit by comparing the specific activities toward ethylene (jC2H4) and acetic 

acid (jCH3COO¯). The Cu nanocubes give rise to 5.8 mA/cm2
Cu for jC2H4 at -0.5 V, which represents 

an improvement factor of ~3.4 versus the Cu nanospheres (1.7 mA/cm2
Cu) at this potential. The 

nanospheres produce slightly more acetate in the low-overpotential region (-0.5 V and more 

positive potentials), but jCH3COO¯ becomes rather similar at higher overpotentials. Our results thus 

emphasize the importance of controlling both catalyst structures and reaction conditions to 

improve the reactivity and selectivity of CO2 reduction. 

From the above discussion, we can see that the Cu nanocubes are both more active and 

selective than the Cu nanospheres for reduction of CO2 to ethylene in alkaline electrolytes. This 

catalytic enhancement can be ascribed to the preferential exposure of (100) facets on the surface 

of the Cu nanocubes as compared to the Cu nanospheres. Cu(100) is known for favoring direct 

coupling of *CO and production of ethylene in CO2 and CO reduction.12, 54-57 This pathway has a 
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lower energy barrier than the C-C coupling via *CHO (intermediate formed by hydrogenation of 

*CO), the situation likely accountable for the formation of C2 products on Cu(111) at relatively 

high overpotentials.58, 48 The pathway via direct coupling of *CO is mediated by electron transfer 

and pH-dependent on the RHE scale, giving rise to positive shift of onset potential at increasing 

electrolyte pH.11 This mechanism explains the further enhanced catalytic activity and selectivity 

of the Cu nanocubes in more concentrated KOH (5 and 10 M). It is interesting that the 

concentration of KOH plays a more substantial role in the case of Cu nanospheres than on Cu 

nanocubes. This could be ascribed to the intrinsically higher barrier for C-C coupling on Cu(111) 

than on Cu(100), leaving larger space for improvement by tuning the alkaline concentration.10 

Debates are still present in the literature about acetate production from CO2 reduction on 

Cu electrocatalysts. Luc et al. argued acetate is more favorably produced on Cu {111} in CO 

reduction, due to the suppression of other C2 product, such as ethylene and ethanol.59 Hahn et al. 

reported that the competitive adsorption of *CO and *H makes undercoordinated stepped surfaces 

like (751) more selective for oxygenates at low over-potentials.60 Our results show that, while C-

C coupling and ethylene formation is sensitive to the catalyst surface structure, acetate production 

is quite less. The latter might be explained by the mechanism reported by Luc et al. that the 

incorporation of water into ketene-like intermediate such as ethenone (CH2–CO) to form acetic 

acid is not sensitive to the Cu surface structure due to the very weak binding of this C2 intermediate 

(0.06 eV on Cu(111) versus 0.21 eV on Cu(100)).  

Formation of *CO, as well as the corresponding desorption product CO(g) and further 

reduced C2 products (through C-C coupling) originates from a carboxyl adsorbate (*COOH) after 

activation of CO2, whereas  formate can be generated from either *COOH or *HCOO (adsorbed 

formate).61-62 Formate production is much more favorable on Cu{111} via the *HCOO pathway 
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than on Cu{100} via either *HCOO or *COOH. This explains the more preferential production of 

formate at relatively low overpotentials (e.g., more positive than -0.5 V in 1 and 10 M KOH) on 

Cu nanospheres than on Cu nanocubes (Figures 2 and 3), which is also consistent with the report 

on Cu single crystals.8, 12 For example, in the study of Huang et al., CO is the main product of CO2 

reduction on Cu(100) at potentials more positive than -0.6 V (FECO < 10%), whereas formate is 

the major product on Cu(111) at potentials more positive than -1.0 V (FEformate up to 20% versus 

<10% for FECO).12 The low-overpotential production of formate at significant rates is also 

consistent with the reports on Cu electrocatalysts using H-type cells.59, 63-64 At high overpotentials, 

formation of *CO becomes feasible on both Cu{111} and Cu{100}, but C-C coupling between 

*CO is more favorable on Cu{100} than on Cu{111}, giving rise to the higher activity of Cu 

nanocubes than Cu nanospheres toward C2 products (see comparison of jC2H4 in Figure 4c). It 

should be pointed out that formate was not observed in significant amounts from the previous GDE 

studies of CO2 reduction on Cu-based electrocatalysts.23, 46 Although there is usually a lack of 

surface structure information, we hypothesize that the highly polycrystalline and disordered 

catalysts employed in the previous studies are abundant with surface defects (e.g., high-angle grain 

boundaries, steps and corners), which may give rise to dissimilar catalytic behaviors from the Cu 

nanocrystals of single-crystal nature as investigated here.  

In summary, we have performed comparative electrocatalytic study of CO2 reduction on 

Cu nanocubes and nanospheres by using gas-diffusion electrodes with flowing alkaline catholytes. 

The Cu nanocubes were found to exhibit enhanced catalytic activity for reduction of CO2 to 

ethylene as compared to the Cu nanospheres. The electrocatalytic performance was further 

improved by using more concentrated alkaline catholyte. Our work highlights the importance of 
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controlling both surface structure and electrochemical environment for improving the energy 

conversion and chemical transformation efficiencies of CO2 reduction.  
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Scheme 1. Illustration of the GDE employed for electrocatalytic studies of CO2 reduction on the 

truncated Cu nanocubes. 
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Figure 1. (a) Representative TEM image of Cu nanocubes. (b) Powder X-ray diffraction patterns 

collected on the Cu nanocubes and nanospheres. (c, d) HRTEM images taken along the [01�1] zone 

axis on a Cu nanocube. To reduce the penetration depth for electron beam, (d) is collected from 

the edge of the tilted nanocube, as labeled by the white dash box shown in (c). 
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Figure 2. (a) Total electrode current densities (Jtot, per geometric area) and (b) Faradaic 

efficiencies (FEs) measured for the Cu nanocubes by using 1 M of KOH as the catholyte. (c, d) 

Corresponding results for the Cu nanospheres.  
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Figure 3. (a) Total electrode current densities (Jtot, per geometric area) and (b) Faradaic 

efficiencies (FEs) measured for the Cu nanocubes by using 10 M of KOH as the catholyte. (c, d) 

Corresponding results for the Cu nanospheres. 
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Figure 4. Comparison of specific activities for the two types of Cu nanocrystals in 10 M of KOH: 

(a) total current densities (jtot); (b) current densities for CO2 reduction by counting all the 

carbonaceous products (jCO2); (c) partial current densities for ethylene production (jC2H4); (d) 

partial current densities toward acetate (jCH3COO¯).  
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