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Abstract 

Catalysts play a vital role in electrochemical reduction of CO2 to valuable products. Only based 

on effective catalysts, CO2 electrolysis process can be advanced toward industrial application. In this 

work, we present a Sb-Cu2O material synthesized via one-pot microwave-assisted solvothermal route. 

The Sb-Cu2O derived bimetallic catalyst achieves a highest CO selectivity of 96% and good CO 

partial current densities of 37.3 and 74.0 mA cm-2 at -0.8 and -1.2 V vs. reversible hydrogen electrode 

(RHE), respectively. The Sb-Cu catalyst also displays good stability at current densities ranging from 

5.6 to 100 mA cm-2. Additionally, for the first time, a complete theoretical study reveals the critical 

roles of Sb in selective CO2 conversion to CO on this bimetallic material, including stabilizing 

stepped Cu surfaces selective for the reaction, lowering energy barriers for the formation of key 

intermediate and favouring CO desorption. 
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1. Introduction 

Excessive CO2 emitted from burning fossil fuels is considered one of the main climate change 

causes. Strategies such as CO2 capture and storage have been applied, aiming at decelerating and even 

at discontinuing the accumulation of CO2 in the atmosphere. Further transformation of the captured 

CO2 into fuels and chemicals is of crucial importance for a sustainable carbon cycle and the long-

term energy storage. Among many technologies, electrochemical conversion is considered 

particularly attractive since it can use electricity generated from renewable sources as energy input 

[1-5]. This technology, although being very promising, confronts many challenges due to the high 

energy barriers, slow kinetics and complex pathways of the CO2 reduction reaction (CO2RR). 

Therefore, rationally designed electrocatalysts are essential to boost the reaction and to tune the 

selectivity for a specific product. In the last decades, copper (Cu) has received the greatest attention 

as electrocatalytic material for the CO2RR, due to its unique properties from the early experimental 

studies by Hori et al [6, 7] as well as the computational investigations by Nørskov et al [8, 9] and 

Bagger et al [10]. Except bulk Cu and nanostructured Cu [11-15], Cu-based bimetallic systems have 

been widely explored and they demonstrated the most encouraging performance [16-19]. Among 

many secondary metals, post-transition metals such as tin (Sn), indium (In) and bismuth (Bi) are 

intensively studied since they alone are demonstrated to be active for the CO2RR and coupling them 

with Cu can catalyze the CO2RR to carbon monoxide (CO) and formate (HCOO-) selectively [20-

25]. Even though antimony (Sb) is adjacent to these metals in the periodic table, it has attracted 

negligible attention in the community of the electrochemical CO2RR, probably due to the poor 

performance of the electrodeposited Sb reported earlier by Rosenthal et al. [26]. Until 2017, Zhang 

et al. [27] reported two-dimensional “few-layer” Sb nanosheets (SbNSs) that deliver a maximum 

faradaic efficiency (FE) of 84% and a maximum geometric current density of 3.1 mA cm-2 for formate 

production at potentials from -0.7 V to -1.4 V vs. the reversible hydrogen electrode (RHE) in a CO2-

saturated 0.5 M NaHCO3 solution. In 2019, Sun et al. [28] synthesized Sb single atoms supported on 

N-doped porous carbon that reached an FE of about 82.0% and a highest current density of 2.4 mA 

cm-2 for CO formation at -0.9 V vs. RHE in a CO2-saturated 0.1 M KHCO3 solution. It is only very 

recently that Cu-Sb bimetallic materials were proposed for the CO2RR, achieving good CO selectivity 

of 85-90% [29-32] and moderate C2H4 selectivity of 49.7% [33]. Among these work, only Cai et al. 

[32] performed a theoretical study through DFT calculations by designing a thermodynamic structure 

model of the Sb/Cu surface that considers the lattice mismatch between Cu and Sb at a high Sb 

coverage. The DFT study qualitatively consists with the in situ ATR-SEIRAS experimental 

observations, suggesting that the weak bonding of *CO on Cu-Sb favors CO desorption and 

ultimately promotes CO formation. Despite the significance of this work, the good selectivity toward 



CO production against the competing hydrogen evolution reaction (HER) and HCOOH formation, 

and the possible reaction pathways are not explained. So far, a thorough understanding of the 

electrochemical performance of Cu-Sb materials still calls for additional insights into the role of Sb 

and into the mechanisms of the competing CO2RR and HER. 

The present study couples Sb and Cu for the CO2RR and, for the first time, explores the origin of 

the high CO selectivity and the reaction mechanism on the bimetallic catalyst through a complete 

theoretical study. Several Sb incorporated Cu2O powder-like materials were synthesized via a one-

pot microwave-assisted solvothermal route. The optimal Sb-Cu catalyst derived from Sb-Cu2O is 

characterized by an outstanding CO selectivity (FECO 90-95%) in a wide potential window from -0.7 

V to -1.2 V vs. RHE in 0.1 M KHCO3 aqueous electrolyte. With increasing KHCO3 concentration, 

the good CO selectivity is maintained and a highest CO partial current density of 74.2 mA cm-2 is 

observed. By means of ab initio simulations based on Density Functional Theory (DFT) and the 

Cluster Expansion (CE) method, we correlated the striking selectivity toward CO production to the 

change in Cu surface stability induced by Sb atoms. Under CO2RR conditions, Cu2O is reduced to 

metal Cu and Sb tends to segregate to the surface. Optimal surface concentrations of Sb appear to 

favor the exposure of stepped and reactive surface, on which CO2 is selectively reduced to CO thanks 

to the lower kinetic barriers. In addition, the reaction mechanism was also illustrated by the theoretical 

study combining with electrokinetic experimental data. 

2. Material and methods 

2.1 Chemicals  

Antimony(III) acetate (Sb(OAc)3, 99.99%), Copper(II) acetate hydrate (Cu(OAc)2·xH2O, 98.0%), 

potassium bicarbonate (KHCO3, 99.7%), ethylene glycol (EG, 99.8 %), Nafion® 117 solution (5 

wt.%) and isopropanol were purchased from Sigma-Aldrich. Unless otherwise specified, all the 

materials were used as received in this work. 

2.2 Synthesis of Sb-Cu2O materials 

The pre-catalysts Sb-Cu2O were fabricated through a microwave-assisted solvothermal route. Four 

Sb-Cu2O materials were synthesized and named SbxCu2O (x = 0.11, 0.22, 0.33 and 0.55), where x 

was the nominal atomic ratio of Sb(OAc)3/Cu(OAc)2 in the precursor solution. Two samples with 

only Sb or Cu precursor were also prepared and named Sb2O3 and Cu2O, respectively. The details of 

the synthesis are shown in the Synthesis section and Table S1 of the supporting information. 

2.3 Physical and chemical characterizations 



The morphology was studied by Field Emission Scanning Electron Microscopy (FESEM, ZEISS 

Supra 40). X-ray diffraction (XRD) was performed in Bragg-Brentano symmetric geometry by using 

a PANalytical X’Pert Pro instrument (Cu-Kα radiation, 40 kV and 30 mA) equipped with an 

X’Celerator detector. MAUD software [34] was used for full XRD pattern fitting based on the 

Rietveld method (XRD characterization section of supporting information). Transmission Electron 

Microscopy (TEM) was carried out on a FEI Tecnai G2 F20 S-Twin instrument, operated at 200 kV 

acceleration voltage. The microscope is equipped with a EDAX detector (30 mm2 active area, Si(Li) 

technology) for Energy-Dispersive X-ray spectroscopy (EDX). Regarding TEM sample preparation, 

the dry powders were dispersed in high-purity ethanol, sonicated for 30 min and subsequently drop-

casted on Au holey carbon grids. The sonication time was chosen in accordance with the electrode 

preparation procedure. X-ray photoelectron spectroscopy (XPS) analysis has been performed by 

means of a PHI 5000 Versaprobe spectrometer, equipped with a monochromated Al K-alpha source 

(1486.6 eV). A double charge compensation system, comprised of an electron and Ar+ ion gun, was 

used to neutralize surface charging. Survey and high resolution (HR) spectra were acquired using 

Pass Energy (PE) values of 187.85 and 23.50 eV, respectively. C1s peak at 284.5 eV was chosen as 

the reference shift. Tougaard background function was subtracted from HR spectra to remove 

background signal and pseudo-Voigt functions were used to deconvolute the HR curves. Casa XPS 

Version 2.3.18 dedicated software has been used to analyze the raw spectra.  

2.4 Electrode preparation, electrochemical tests and product analyses 

The pre-catalysts were coated onto a carbon paper, as detailed in the Electrode preparation section 

of supporting information, in order to enable the electrochemical evaluation of the materials toward 

the CO2RR. Cyclic voltammetry (CV), linear sweep voltammetry (LSV) and electrochemical 

impedance spectroscopy (EIS) were performed in a three-electrode single-compartment cell at room 

temperature with a CHI760D electrochemical workstation, as described in the Electrochemical 

characterizations section of supporting information.  

The CO2RR experiments in KHCO3 electrolyte were conducted in a custom-made H-type cell 

(Figure S1a) and those in KOH electrolyte were carried out in a custom-made flow cell (Figure S1b), 

Chronoamperometric (CA) technique was applied for the CO2RR with a CHI760D electrochemical 

workstation. The Electrochemical characterizations section of supporting information shows the 

details of the cells and processes. The reported potentials were corrected by compensating 85% of the 

ohmic drop (iR-compensation). Electrode potentials after iR-compensation were rescaled to the RHE 

reference by applying Nernst equation, Evs.RHE = Evs.Ag/AgCl + EAg/AgCl (3M Cl
-
) + 0.0591 × pH.  

Gas-phase products were analyzed on-line with a micro gas chromatograph (µGC, Fusion®, 

INFICON) and liquid products were analyzed by a High Performance Liquid Chromatograph 



(ThermoFischer Ultimate 3000), as detailed in the Product analysis section of supporting 

information.  

2.5 Mass transport model 

The local concentrations of CO2 and HCO3
- in proximity of the electrode ([CO2]local and [HCO3

-

]local) in different bulk [HCO3
-] electrolytes were calculated employing the mass transport model 

described in details in our previous work [35]. The diffusion coefficients and the equilibrium 

concentrations of various chemical species as well as the electrolyte viscosity are dependent on the 

bulk [HCO3
-] and different values were used for 0.1 M, 0.5 M, 1.0 M and 2.0 M KHCO3 electrolyte 

[36]. Correction was not made for the effect of ionic strength on CO2 solubility. 

2.6 Computational methods 

When working under potentials and pH values suitable for CO2 electroreduction, Cu oxides are 

rapidly reduced to metallic Cu [37], whose most stable surface can then be assumed to be most largely 

involved in the CO2RR. However, the presence of Sb atoms dispersed in metallic Cu can significantly 

affect the surface stability and, in turn, the activity and selectivity of the catalyst. The prediction of 

the structure and stability of Sb modified Cu surfaces has been carried out by combining DFT and 

CE methods. CE simulations were performed by employing the ATAT software [38], while for the 

DFT calculations the QUANTUM ESPRESSO software package was used [39, 40]. The coupled CE-

DFT approach makes it possible to accurately predict concentration-dependent phase diagrams and 

surface phase diagrams of a given alloy, following a step-by-step process based on alternating DFT 

total energy calculations and CE structural predictions [41]. Details on this procedure can be found 

in the Supporting Information and in the literature [42, 43]. The analysis of electrochemical reactions 

on the catalyst was carried out within the computational hydrogen electrode framework [44], which 

allows obtaining reaction free energies as a function of the applied potential. A correction to the 

adsorbate free energies was added to account for solvation effects due to the aqueous environment 

[8]. Activation barriers for each reduction reaction step were obtained with nudged elastic band 

(NEB) calculations at the equilibrium potential of the relative step, and their values at different 

potentials were derived within the Butler-Volmer formalism [45-47]. Activation barriers for the HER 

were obtained from the literature [48].  

3. Results and Discussion 

3.1 Synthesis and characterization of SbxCu2O pre-catalysts 



Figure 1a illustrates the synthesis of pre-catalysts via one-pot microwave-assisted solvothermal 

method. The obtained Cu2O sample is composed of submicrometric cubic and micrometric polyhedral 

aggregates with irregular external surface populated by nanoplatelets (Figure 1b and inset of Figure 

1b). The addition of Sb has remarkable effect on the morphology of the materials. Uniform and large 

spheres (diameter in the range of 4-7 μm) are formed in all Sb-Cu2O materials (Figure 1c-f) and these 

spheres consist of loosely packed nanoparticles with diameter less than 15 nm (inset of Figure 1c-f). 

The spheres become less compact with increasing the percentage of Sb salt in the precursor solution. 

The Sb2O3 sample contains submicrometric rhombohedral particles with a wide size distribution from 

500 nm to 800 nm (Figure 1g). It is worth noting that similar particles of Sb species are also present 

in the Sb0.55Cu2O sample, while these particles are absent in the other Sb-Cu2O materials. 

XRD analysis has been employed to identify the crystalline phase compositions of the materials. 

The patterns of various materials and the fitting results obtained by Rietveld refinement are shown in 

Figure S2 and Table S2. For the Cu2O sample, all peaks are associated to the (110), (111), (200), 

(211), (220), (311) and (222) planes of Cu2O with a cubic structure (JCPDS 00-005-0667). The Cu2O 

phase has a bimodal crystallite size distribution centered at 307 ± 33 nm and 35 ± 5 nm. The Sb2O3 

sample exhibits peaks related to only the cubic Sb2O3 (JCPDS 01-071-0365) structure, with a refined 

crystallite size of 191 ± 1 nm. All Sb-Cu2O materials show peaks corresponding to the cubic Cu2O 

phase. No peaks related to crystalline Sb species are observed for the Sb0.11Cu2O, Sb0.22Cu2O and 

Sb0.33Cu2O samples, while peaks associated to Sb2O3 crystallite phase are present in the XRD 

pattern of the Sb0.55Cu2O sample. The Cu2O crystallites in the Sb0.11Cu2O sample display a bimodal 

size distribution centered at 86 ± 4 nm and 9 ± 1 nm and the crystallite size values for the Sb0.22Cu2O, 

Sb0.33Cu2O and Sb0.55Cu2O samples are estimated as 15 ± 2 nm, 12 ± 4 nm and 14 ± 1 nm, 

respectively. In addition to Cu2O, the Sb0.55Cu2O sample also contains cubic Sb2O3 crystalline phase 

with an estimated crystallite size of 109 ± 5 nm, which is slightly smaller than those in the Sb2O3 

sample. The detailed XRD analysis unveils that the addition of Sb has dramatically reduced the 

crystallite size of the Cu2O phase and that its incorporation up to a high nominal content of 25 at.% 

(Sb0.33Cu2O sample) has not resulted in crystalline Sb species. It is further noticed that the lattice 

constant is slightly altered due to the Sb incorporation, with a percentage variation lower than 0.5 % 

for the Sb-Cu2O samples with respect to the Cu2O sample (Table S2). Even though the insignificant 

variation in the lattice parameter, it is not ruled out that Sb could be successful incorporated into Cu2O 

crystal host at high concentrations, due to the similar radius size of Sb(III) with that of Cu(I) [49-51]. 

The uniform incorporation of Sb in the Cu2O crystalline phase has further been investigated for 

the Sb0.22Cu2O sample by means of TEM, through Selected Area Electron Diffraction (SAED), 

high-resolution (HR) TEM imaging and EDX elemental maps. Since the micrometric spheres of 

Sb0.22Cu2O are not electron transparent, the powder sample was sonicated for 30 min before TEM 



analysis in order to detach some nanometric particles which constitute the micro-spheres. 

Representative results for the TEM characterization are provided in Figure 2. The sonication 

procedure allows to obtain electron-transparent regions (Figure 2a) from which it is possible to 

acquire SAED patterns, such as the one shown in Figure 2b. The presence of diffraction rings is 

characteristic of the polycrystalline nature of the material and careful analysis of the diffraction 

pattern (Table S3) confirms that the crystalline phase is Cu2O, without any signature of Sb2O3 phase, 

in accordance with XRD results. Nanoscale structural analysis by HRTEM (Figure 2c-e) shows that 

Cu2O crystallites have a characteristic size in accordance with the one (15 ± 2 nm) obtained from the 

Rietveld analysis of XRD data. Moreover, analysis of HRTEM images confirms the absence of Sb2O3 

phase and suggests the incorporation of Sb in the Cu2O crystalline phase. Further indication is 

obtained by EDX elemental mapping. Figure 2f presents a High-Angle Annular Dark-Field (HAADF) 

Scanning Transmission Electron Microscopy (STEM) image, coupled with its corresponding 

elemental Cu and Sb maps. Since the elemental contrast in both EDX maps correlates with the atomic-

number contrast (Z-contrast) of the HAADF image, it is reasonable to assume that Sb is uniformly 

incorporated into the Cu2O nanostructures at the nanoscale. It is important to notice that elemental 

distribution (EDX maps) and structural information (HRTEM analysis at the edges) were also 

obtained for the microspheres (Figure S3) and these results are in accordance with the ones obtained 

from the electron-transparent regions. Hence, it is possible to state the Sb distribution is homogeneous 

at both nanometric and micrometric scales.  

XPS measurements have been performed on the Sb2O3, Sb-Cu2O and Cu2O samples to investigate 

the chemical composition of the surface. From the survey spectra, Cu, Sb, O and C are the main 

elements for all Sb-Cu2O samples (Table S4). It is important to note that the Sb/Cu atomic ratios are 

close to the nominal ones, especially for the Sb0.11Cu2O, Sb0.22Cu2O and Sb0.33Cu2O samples. 

Detailed information on the oxidation states of Sb and Cu elements on the Sb0.22Cu2O sample have 

been obtained from HR analysis (Figure 3). In order to get information from the Sb3d doublet, we 

had to deconvolute its signal starting from Sb3d3/2 peak, since the Sb3d5/2 overlaps with O1s signal. 

Hence, the intensity and binding energy of Sb3d5/2 peak have been set by the Sb3d3/2 peak’s position 

and intensity, according to the spin-orbit splitting (Δ = 9.39 eV) and ratio (0.7), and the remaining 

area in the Sb3d5/2 peak is attributed to O 1s signal. As shown in Figure 3a, the Sb3d doublet shows 

only one oxidation state related to Sb(III) [52]. O1s contribution has been deconvoluted in three peaks 

associated to metal oxide (530 eV), C=O (~531 eV) and C-O (~532 eV), in which the latter two are 

due to ambient contamination (adsorbates). The Cu2p doublet represents always a tricky region to be 

analyzed, since Cu(I) and Cu(0) are commonly reported at the same binding energy, while Cu(II) is 

well recognizable due to the presence of its satellite between 940 and 945 eV. To overcome this issue, 

Auger CuLMM region has also been acquired to enable the calculation of the Auger parameter, which 



can help to understand the average Cu oxidation state. From the Cu2p3/2 position (932.5 eV) and small 

satellite at 942 eV (Figure 3b), we can appreciate the presence of main Cu(I) oxidation state with 

minor Cu(II) [53]. From the maximum position (EK = 916.8 eV) of the CuLMM peak (inset of Figure 

3b), an Auger parameter of 1848.8 eV is obtained (Table S5) and it is commonly attributed to Cu(I) 

[53], in accordance with the XRD and TEM analyses. Cu(II) is absent in the diffraction analyses, 

probably due to their low amount or their amorphous phase [54, 55]. The oxides in the upmost layer 

can be formed due to the exposure to atmosphere [54, 56]. Other Sb-Cu2O samples possess similar 

surface chemical characteristics with respect to the Sb0.22Cu2O, except that all these samples have 

notable differences in the surface atomic ratio of Sb/Cu, as shown in Table S4 and S5. With raising 

the ratio of the Sb/Cu salts in the precursor solution, the Sb percentage on the Sb-Cu2O surface 

increases and the Sb content quantified by the inductively coupled plasma optical emission 

spectroscopy (ICP-OES) analysis rises as well (Table S6). The monometallic samples, Cu2O and 

Sb2O3, are also analyzed (Figure S4 and S5). The surface of Cu2O sample is rich of Cu (II) and thus 

is more oxidized compared to that of Sb-Cu2O samples, while the Sb element on the Sb2O3 sample 

shows Sb(III) as the only oxidation state as observed on the Sb-Cu2O samples. 

3.2 Comparison of CO2RR activity on Sb-Cu2O derived catalysts 

Voltammetric study has been performed at various electrodes in a CO2-saturated 0.1 M KHCO3 

electrolyte in order to study the electrochemical characteristics of the materials. Unless otherwise 

specified, all potentials refer to the RHE in this work. From cyclic voltammograms in Figure S6a and 

S6b, the electrodes with Cu2O and Sb2O3 show characteristic redox peaks of Cu and Sb species, 

respectively. All electrodes with Sb-Cu2O show a cathodic peak attributed to the reduction of Sb 

species, and this peak increases in intensity from the electrode with Sb0.11Cu2O to that with 

Sb0.55Cu2O (Figure S6c). On contrast, the redox peak of Cu species at high potential range shows 

an opposite trend. This outcome is in accordance with the surface composition of the materials, that 

is, Sb increases and Cu decreases from Sb0.11Cu2O to Sb0.55Cu2O. The reduction peaks of Sb and 

Cu cations indicate that both Cu and Sb oxides are (partially) reduced at potentials more positive than 

those where the CO2RR experiments were conducted in this work (≤ -0.4 V). Hence, under the 

CO2RR conditions, the Sb2O3, Cu2O and Sb-Cu2O (SbxCu2O) materials are restructured to form real 

catalysts, and the electrodes prepared with these materials are named Sb, Cu and Sb-Cu (SbxCu), 

respectively.  

Figure S6d shows the linear sweep voltammograms of various electrodes in the potential range 

where the CO2RR and its competing HER occur. All Sb-Cu electrodes display much lower onset 

potentials compared to the Cu one and they show much smaller current density with respect to the Sb 

electrode at low potentials (< -0.85 V), demonstrating notable differences among the bimetallic and 



monometallic electrodes. Since the current normalized by geometric surface area of the electrode 

does not reflect the activity of the catalyst, we calculated the current normalized by the 

electrochemically active surface area (ECSA), as detailed in Table S7 and Figure S7. As shown in 

Figure S6e, the activity of these catalysts toward the reduction reactions follows a trend, Cu >> 

Sb0.11Cu > Sb0.22Cu > Sb0.33Cu ≈ Sb0.55Cu, at potentials lower than -0.55 V. It is clear that 

addition of Sb decreases the overall activity of Cu catalyst toward the reduction reactions and an 

increase in the Sb content leads to a decrease in the activity of the Sb-Cu catalyst. The Sb catalyst 

shows slow activity at potentials higher than -0.75 V and displays a fast increase in activity with 

lowering the potential in the more negative potential range. With respect to the Sb, the Sb-Cu catalysts 

show similar onset potentials but much lower activity in the low potential range (< -0.9 V). This 

outcome implies that the Sb-Cu catalysts are also distinct from the Sb one toward the reduction 

reactions.      

In order to understand the differences in the activity and selectivity among the Cu, Sb-Cu and Sb 

catalysts for the CO2RR, CA measurements were carried out in a three-electrode H-type cell (Figure 

S1a) in a CO2-saturated 0.1 M KHCO3 solution. Typical i-t curves and product analyses are shown 

in Figure S8. Various electrodes are compared in Figure 4a and 4b at -0.8 V and -1.0 V, respectively, 

in terms of both selectivity and geometric activity. The Cu electrode has poor selectivity for the 

CO2RR, with FECO below 10% and FEHCOOH below 6% at both potentials. In contrast, at the Sb 

electrode, the HCOOH selectivity reaches a considerable value of 40% at -0.8 V and it becomes less 

significant at -1.0 V, while no trace of CO is detected at both potentials. Differing from the Cu and 

Sb electrodes, the Sb-Cu ones mainly produce CO with minor HCOOH. Particularly, the Sb0.22Cu 

and Sb0.33Cu demonstrate a good selectivity for CO and relatively high geometric current densities 

at both potentials. The ECSA-normalized current densities on each electrode at -0.8 V and -1.0 V are 

shown in Figure 4c and 4d, respectively. The Cu catalyst has much higher activity for the H2 

formation compared to that for CO and HCOOH formation, as evidenced by a normalized partial 

current density for H2 10-20 times larger than those for the latter two. With addition of 9.6 at.% of Sb 

(Sb0.11Cu sample), the formation of both H2 and HCOOH is dramatically suppressed, while the CO 

formation is impressively boosted. With respect to the Cu catalyst, the Sb0.11Cu reduces the activity 

for H2 formation by 15 times at -0.8 V and by 6 times at -1.0 V, while it increases the activity for CO 

formation by 4-5 times. A further increase of Sb content leads to declined activity for CO formation 

but sustained inhibition of both HCOOH and H2 formation at the Sb0.22Cu and Sb0.33Cu catalysts. 

Concerning the total activity for both CO2RR and HER, with respect to the Cu catalyst, 9.6 at.% of 

Sb addition leads to a significant decrease of 50-60% and further Sb addition results in a tremendous 

decrease of 75%, as also observed from the linear sweep voltammetry analysis. The Sb0.11Cu catalyst 

shows the highest activity for CO formation (Figure 4c and 4d), while its electrode shows much lower 



geometric activity than the Sb0.22Cu and Sb0.33Cu electrodes (Figure 4a and 4b), due to the much 

smaller ESCA of the former (Table S7). From comparison, the Sb0.22Cu electrode demonstrates the 

best selectivity and highest geometric current densities for CO formation. 

3.3 CO2 electrolysis on the Sb0.22Cu sample 

Further investigations have been performed at the Sb0.22Cu electrode in a wide potential range 

from -0.5 V to -1.2 V in 0.1 M KHCO3 electrolyte. As shown in Figure 5a, the Sb0.22Cu electrode 

exhibits good potential for converting CO2 to CO. It is the main product from the CO2RR and becomes 

dominant at potentials lower than -0.5 V. The CO selectivity is characterized by an FE value of about 

85% at -0.6 V (overpotential η = 490 mV) and enhanced up to 90-95% from -0.7 V to -1.2 V (η = 

690 - 990 mV). The FEH2 maintains at low values (≤ 7%) from -0.7 V to -1.2 V and the FEHCOOH 

formation occupies even lower FE (1-3%) at potentials more negative than -0.7 V. The current density 

for CO formation is 0.41 mA cm-2 at -0.5 V and it rapidly increases to 15.2 mA cm-2 at -1.2 V. The 

obtained current densities are in the range of reported values in aqueous CO2 system with similar 

electrolytes and the low values are attributed to the limited reducible CO2 in aqueous electrolyte [57, 

58]. The long-term stability of the Sb0.22Cu electrode was further evaluated at -0.8 V, as shown in 

Figure 5b. During a 45-hour test, the production rate of CO shows a good retention of about 93%, 

decreasing from about 0.086 mmol cm-2 h-1 at the first hours to approximately 0.08 mmol cm-2 h-1 at 

the end. The FECO displays a similar trend and it decreased from 94% to 90% during the test. The 

good retention of the electrode indicates satisfactory durability of Sb0.22Cu under working 

conditions. 

The performance of the Sb0.22Cu electrode for the CO2RR to CO has been studied in KHCO3 

electrolyte with various concentrations. As shown in Figure 6a-c, the selectivity of the electrode is 

slightly affected by the KHCO3 concentration from -0.6 V to -0.9 V and excellent FE values (90-

96%) for CO formation are obtained in all electrolytes. At potentials higher than -0.6 V, the CO 

selectivity is slightly enhanced as increasing the KHCO3 concentration until 1.0 M, while the CO 

formation is less favored at potentials lower than -0.9 V when increasing the KHCO3 concentration 

to 2.0 M. In contrast to the selectivity, the electrode activity is dramatically influenced by the 

electrolyte composition and it is significantly boosted by increasing the KHCO3 concentration at each 

potential. In 2.0 M KHCO3 electrolyte, the Sb0.22Cu electrode achieves CO partial current density 

densities of 37.3 mA cm-2 and 74.0 mA cm-2 at -0.8 V and -1.2 V, respectively. The Sb0.22Cu 

electrode was also tested in KOH electrolyte with a flow reactor (Figure S1b) and it can produce a 

CO partial current density of approximately 60 mA cm-2 at -0.8 V (Figure S9), which is even superior 

to the highest value obtained in KHCO3 electrolyte at the same potential, implying that this electrode 

could be suitable to be applied in a wide range of electrolytes. Figure 6d-f show the selectivity of the 



main gas products and CO partial current density on the Sb0.22Cu electrode at -0.8 V in KHCO3 

electrolyte during prolonged tests. It is demonstrated that the electrode possesses good stability in 

terms of selectivity and activity in KHCO3 electrolyte with various concentrations. Together with the 

prolonged tests at -1.2 V (Figure S10), it is possible to state that the Sb0.22Cu electrode possesses 

good durability at various current densities ranging from 5.6 mA cm-2 to 100 mA cm-2. By comparison 

with other reported CO-selective catalysts (Table S8), it is evident that the herein proposed Sb-Cu 

material shows outstanding performance for the CO2RR to CO in terms of selectivity, activity and 

durability. 

Finally, to study the effect of [HCO3
-], we performed the CO2 electrolysis at a constant potential 

of -0.8 V in electrolytes with various [HCO3
-] ranging from 0.05 to 2.0 M. As shown in Figure 7a, 

the CO2RR to CO rate increases with increasing the HCO3
- concentration. A plot of log (jCO) in 

function of log ([HCO3
−]bulk) shows a slope of 0.8, indicating approximately first-order dependence 

of the reaction rate on the [HCO3
−]bulk. Based on this outcome, it is widely accepted that the HCO3

- 

ions act as proton donors and participate in the CO2RR to CO [59-62]. However, Dunwell et al. [63] 

found that replacing the HCO3
− with other similar proton donors such as [HPO4

2−] fails to maintain 

the first-order dependence of the reaction rate on the [HPO4
2−], suggesting that the primary role of 

the HCO3
− ions could be not proton donor. They proposed that HCO3

− enhances the CO2RR to CO 

rate by increasing the availability of CO2 near the electrode surface ([CO2]local) through rapid 

equilibrium between HCO3
− and dissolved CO2. To correlate [CO2]local and [HCO3

−]local with 

[HCO3
−]bulk, we employed a diffusion model reported in our previous work [35], taking into 

consideration the bubble-induced mass transport near the electrode. The model is based on fitting the 

experimental data reported in Figure 5a and 6a-c. The evaluation of the size of gas bubbles is the 

basic step of the bubble-induced mass transport modelling. The bubble aperture diameters able to 

give the best fits between the experimental data and the calculated CO partial current density-potential 

curves are found to be equal to 500 µm, 75 µm, 20 µm and 10 µm in 0.1 M, 0.5 M, 1.0 M and 2.0 M 

KHCO3 electrolyte, respectively, as shown in Figure S11. The bubble-induced mass transport model 

then proceeded with the values of the bubble aperture diameters, as detailed in our previous work 

[35]. As shown in Figure S12, the [CO2]local quickly decreases with lowering the applied potentials in 

each electrolyte and it increases as raising the [HCO3
-]bulk at the same potential in the high 

overpotential range (-1.0 V - -1.2 V). In contrast, the [HCO3
-]local shows a slower decrease while 

negatively shifting the potential and it remains significantly higher in larger [HCO3
-]bulk solution 

(Figure S13). The [CO2]local and [HCO3
-]local are plotted as function of [HCO3

-]bulk at -1.2 V where the 

reaction rate is the highest in each [HCO3
-]bulk electrolyte (Figure 7b). It is clear that a higher [HCO3

-

]bulk dramatically enhances both [CO2]local and [HCO3
-]local. When plotting log [CO2]local in function 

of log [HCO3
-]local, a slope of 1.0 is obtained,  as shown in Figure 7c. The first-order dependence of 



[CO2]local on [HCO3
-]local reflects significant relevance between reducible CO2 and HCO3

- ions, 

indicating that the enhancement of the CO2RR to CO rate by increasing [HCO3
-]bulk is likely attributed 

to the improvement of CO2 availability near the electrode surface.  

3.4 Characterizations of the tested electrodes 

Further analyses have been performed on the tested Sb, Cu and Sb0.22Cu electrodes in order to 

investigate the restructuring of the materials. XRD analysis shows that metallic Cu and Cu2O are 

observed in the reduced Cu and Sb0.22Cu electrodes (Figure S14). No evidence of crystalline Sb 

species is observed in the Sb0.22Cu electrode, while only diffraction peaks associated to metallic Sb 

appear in the Sb electrode. XPS analysis evidences that only Cu(0) and Sb(III) exist on the surface of 

the Sb0.22Cu electrode (Figure S15a-c), and Sb(III) is partially reduced to Sb(0) on the surface of the 

Sb electrode (Figure S15d). Based on these results, it is believed that the small quantity of Cu2O 

detected by XRD can be formed during the sample preparation and the ex-situ measurement in air, 

and Cu oxides are fully reduced to metallic Cu under negative potentials for the CO2RR, which is 

consistent with the widely reported results obtained by in-situ/operando techniques [64-68]. 

Regarding the Sb species under the CO2RR conditions, it is convincing that Sb(0) is formed, while it 

is impossible to exclude the coexistence of cationic Sb with the herein used ex-situ techniques. 

3.5 Mechanism study of the CO2RR to CO on Sb-Cu materials 

To elucidate the mechanism of CO2RR on Sb-Cu samples, it is important to primarily determine 

the geometry of the most stable catalyst surface, on which the electrochemical reactions are likely to 

take place. Thermodynamic data and above-mentioned discussion suggest that Cu(I) in the as-

synthesized catalyst is reduced to Cu(0) under catalytic conditions. Among the possible Cu surfaces, 

we focused on terraced Cu(111), the most stable surface exposed by pristine metallic Cu, and on 

Cu(211), as representative of higher energy stepped structure. By means of DFT calculations, we 

found that for both (111) and (211) terminations, Sb atoms prefer to segregate toward the outer surface 

layers since the configuration containing the dopant atom in the top surface layer is 

thermodynamically more stable compared to sub-surface positions (energy gain of 2.10 eV). 

Furthermore, the formation of Sb clusters on the surface is found to be thermodynamically unfavored, 

confirming the finding based on TEM and EDX maps analysis (Figure 2). A combined DFT and CE 

approach was employed to predict the structural properties of SbxCu(1-x) alloys and to compare the 



stability of SbxCu(1-x)(111) and SbxCu(1-x)(211) surfaces. A null surface concentration (x=0) consists 

of pure Cu surfaces while a surface concentration x=1 corresponds to a Cu surface where all exposed 

Cu atoms are substituted by Sb atoms. Results of CE performed on both surfaces are plotted in Figure 

S16, showing the DFT calculated surface formation energy form used for the CE fitting ttogether with 

the resulting predicted form from the CE.  The Cu(211) surface CE is plotted in blue, Cu(111) surface 

CE in red, and the dashed lines represent all the ground states throughout the phase diagram. From 

Figure S16 it is possible to notice that as Sb is added to the Cu surface layer, the formation energy of 

the SbxCu(1-x)(111) surface increases monotonically, while formation energy of the Cu(1-x)Sbx(211) 

surface decreases, reaching a minimum at x=0.5. The effect of Sb atoms is therefore the stabilization 

of the stepped (211) surface with respect to the flat (111). Moving from x=0 to x=1, the most stable 

SbxCu(1-x) (211) surface structures consist of a progressive Sb substitution of Cu atoms starting from 

the edge of the steps in such a manner that each Sb first-neighbor site is occupied by a Cu atom, as 

shown in Figures 9b-c, confirming the Sb tendency to prefer undercoordinated positions. Sb atoms 

introduce distortions in the surface plane that alter the initial atomic arrangement and allow for 

outward relaxation of Sb atoms. In SbxCu(1-x)(211) structures with x  0.5 the surface reconstruction 

is such to expose Sb atoms only. As confirmed by the experiments, DFT calculations predict that Sb 

activity in the CO2RR is extremely low (see Supporting Information, Table S9), therefore high Sb 

concentrations (x  0.5) prevent the interactions between reactants and Cu active sites, thus hindering 

the electrocatalytic performances. For these reasons, we argue that the most likely surface 

concentration values of the active catalysts will fall around intermediate values (0.2<x<0.5) at which 

the (211) surface is stabilized and not yet covered by a full Sb monolayer. In the study of the reaction 

mechanism, we considered the (211) surface at x=0.33. 

To enable the mechanism study, we then obtained the electrokinetic experimental data, thanks to 

the highly efficient and stable CO2RR to CO on the Sb0.22Cu electrode. Tafel analysis is considered 

one of the most important tools in the mechanism prediction, even though it has some limitations 

[69]. As shown in Figure 7d, the Tafel plot is built by plotting overpotential as function of CO partial 

current density (jCO) in logarithm scale. A Tafel slope of 69 mV dec-1 is obtained at low overpotentials 

(η < 300 mV), which is close to 56 mV dec-1, indicating a chemical step (e.g. proton transfer) as the 

rate-limiting step, following a first electron transfer or a first coupled electron-proton transfer. This 

outcome is in agreement with a recent work by Nørskov et al. [70], in which it is found that the 

electron transfer to adsorbed *CO2 is very facile and thus unlikely to be rate-determining in CO2 

adsorption.  

Assuming, then, an electron-proton transfer as the first step, CO2RR can proceed through the 

following steps, where hydronium ions in the solution are the proton sources  



A1a                  CO2 + 𝐻3𝑂+ + e− + ∗ ↔ COOH∗ +  𝐻2𝑂 

A2a                  𝐶𝑂𝑂𝐻∗ + 𝐻3𝑂+ + e− ↔ CO +  2𝐻2𝑂 + ∗ 

leading to CO production, or through 

A1b                  CO2 + 𝐻3𝑂+ + e− + ∗ ↔ OCHO∗ + 𝐻2𝑂 

A2b                  𝑂𝐶𝐻𝑂∗ + 𝐻3𝑂+ + e− ↔ HCOOH +   𝐻2𝑂 + ∗ 

yielding formic acid. In competition to CO2RR, HER will unfold through the Volmer and Heyrovsky 

steps as 

AH1                  𝐻3𝑂+ + e− + ∗ ↔ H∗ + 𝐻2𝑂 

AH2                  𝐻∗ + 𝐻3𝑂+ + e− ↔ 𝐻2 + 𝐻2𝑂 + ∗  

We do not consider the Tafel path for HER since on the catalyst surface H2 dissociation is strongly 

disfavored due to the alternating presence of Cu and Sb atoms (H does not bind at Sb sites). CO2RR 

can also proceed with water as proton source, through the following steps  

B1a                  CO2 + 𝐻2O + 𝑒− + ∗ ↔ COOH∗ + 𝑂𝐻− 

B2a                  𝐶𝑂𝑂𝐻∗ + 𝐻2O +  𝑒− + ∗ ↔ CO +  𝐻2𝑂 + 𝑂𝐻− + ∗ 

B1b                  CO2 + 𝐻2O +  𝑒− + ∗ ↔ OCHO∗ + 𝑂𝐻− 

B2b                  𝑂𝐶𝐻𝑂∗ + 𝐻2O +  𝑒− + ∗ ↔ HCOOH + 𝑂𝐻− + ∗ 

Similarly, HER will unfold via the alkaline Volmer-Heyrovsky mechanism 

BH1                  𝐻2𝑂 + e− + ∗ ↔ H∗ + 𝑂𝐻− 

BH2                  𝐻∗ + 𝐻2𝑂 + e−  ↔ 𝐻2 + 𝑂𝐻− + ∗ 

The free energy diagrams with activation barriers of CO2RR unfolding along the steps A (A1a+A2a 

toward CO and A1b+A2b toward HCOOH) and of HER along steps AH (AH1+AH2), at pH=6.8 and 

U=-0.5 V, are reported in Figure 8a. The intermediate state geometries of *COOH, *OCHO and *H 

are reported in Figure 8c-d. Transition state geometries are reported in Figure S17 for completeness. 

From Figure 8a, it is possible to notice that step AH1 shows the lowest activation barrier and HER 

proceeds through proton consumption. When the applied potential is lowered and the reaction rate 



increases significantly, HER through AH1 and AH2 steps will be limited by proton diffusion from 

the bulk, determining an increase of local pH in the double layer [46, 47, 71, 72]. The proton depletion 

in the double layer implies that reactions can proceed only from water splitting, unfolding along the 

B pathways. In Figure 8b we report the free energy diagram with activation barriers of CO2RR 

following steps B (B1a+B2a toward CO and B1b+B2b toward HCOOH) and of HER along steps BH 

(BH1+BH2) at U=-1.0 V and pH=9. It is worth to note that the barrier of step BH1 is higher than the 

activation energy of step B1a, implying that HER is now disfavored with respect to CO2RR via the 

*COOH intermediate. We also notice that the barriers of steps A1b and B1b are always higher than 

those of A1a and B1a, respectively, disfavoring HCOOH production. The interplay between the 

kinetics of surface reactions, local pH and mass transport is therefore crucial to understand the 

mechanism of CO2RR. At high potentials, HER is favored or competing with CO2RR, since diffusion 

can keep up with proton consumption at the surface. At more negative potentials, acidic HER is 

hindered by proton depletion in the double layer, which, in turn, causes an increase of local pH and a 

switch to the alkaline mechanisms. In the latter case, our calculations unveil that the Cu-Sb stepped 

surface presents a kinetic barrier for step B1a on our catalyst lower than that for BH1, thus favoring 

the *COOH intermediate. The surface morphology is also crucial in the following steps, since (see 

Figure 8a,b), on this surface, adsorbed *CO, resulted from *COOH protonation, readily desorbs to 

CO(g), implying that electroreduction does not proceed further and the main product is indeed CO. 

Concisely, Sb plays a critically important role in the CO2RR to CO process on the bimetallic catalyst 

by stabilizing stepped Cu surfaces selective for the reaction, lowering energy barriers for the 

formation of key intermediate and favouring the CO desorption instead of its further reduction. This 

explains the excellent performance of the optimal Sb-Cu catalyst for the desired reaction pathway.  

4. Conclusions 

We have presented a Sb-Cu catalyst for effective CO2RR to CO. The bimetallic material is 

successfully synthesized through a simple, green and upscalable route. Detailed analyses suggest that 

addition of Sb has promoted the formation of nanocrystalline Cu2O particles with a narrow size 

distribution. The Sb element is homogeneously incorporated into the Cu2O structure without 

formation of other crystalline phases at high contents, in accordance with the theoretical study that 

the formation of Sb clusters on the surface is thermodynamically unfavored. The optimized Sb-Cu 

bimetallic catalyst achieves excellent selectivity and high activity for the CO formation, and 

demonstrates good durability in a wide current density range. Detailed ab initio simulations firstly 

elucidate the origin of high performance of the Sb-Cu catalyst in the CO2RR to CO process, giving 

new insights into the development of multimetallic catalysts for the CO2 conversion to a desired 

product. As the most important C1-building block, CO has high relevance for the chemical industry 



and is intensively used in large industrial processes such as Fischer-Tropsch synthesis of 

hydrocarbons and Monsanto/Cativa acetic acid synthesis. The herein proposed Sb-Cu material is low-

cost and the fabrication method is environmentally friendly and energetically convenient, allowing 

their mass-scale production. Hence, it possesses good potential to be implemented in advanced CO2 

electrolysis technologies such as gas diffusion electrodes and zero-gap electrolyzers to enable 

industrial scale CO2 conversion to CO. The present work highlights the versatility of Cu-based 

electrocatalysts and the importance of rational design of Cu multimetallic materials for the CO2RR 

application.   
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Figure Captions 

 

Figure 1 (a) Schematic of a typical synthesis process. FESEM images of the materials: (b) Cu2O, (c) 

Sb0.11Cu2O, (d) Sb0.22Cu2O, (e) Sb0.33Cu2O, (f) Sb0.55Cu2O and (g) Sb2O3.  

  

Figure 2 TEM characterization of the Sb0.22Cu2O sample: (a) low-magnification image with related 

(b) SAED pattern, (c) HR investigation of the highlighted region with the FFT (d) of the 

corresponding HRTEM image (e). (f) HAADF STEM image alongside EDX elemental maps for Cu 

and Sb elements. 

 

Figure 3 XPS spectra of Sb0.22Cu2O sample: (a) HR XPS analysis of Sb element and (b) Cu2p 

doublet region acquired in HR mode and Auger CuLMM region in inset.  

 

Figure 4 FE values and geometric current densities at various electrodes in 0.1 M KHCO3 electrolyte 

under applied potential: (a) -0.8 V and (b) -1.0 V. ECSA-normalized partial and total current densities 

at various electrodes under applied potential: (c) -0.8 V and (d) -1.0 V. 

 

Figure 5 CO2RR on the Sb0.22Cu electrode in 0.1 M KHCO3 electrolyte: (a) FE values for various 

products and current densities for CO formation at various applied potentials and (b) FE values for 

main products and production rate of CO during a long-term stability test at -0.8 V. 

 

Figure 6 CO2RR on the Sb0.22Cu electrode: FE values and current densities for CO formation at 

various applied potential in KHCO3 electrolyte with different concentrations (a) 0.5 M, (b) 1.0 M and 

(c) 2.0 M; FE values for main gas products and current densities for CO formation at -0.8 V in KHCO3 

electrolyte with various concentrations (d) 0.5 M, (e) 1.0 M and (f) 2.0 M. 

 

Figure 7 Dependence of CO formation rate on the bulk HCO3
- concentration at -0.8 V (a), [CO2]local 

and [HCO3
-]local as function of [HCO3

-]bulk at -1.2 V (b), dependence of [CO2]local on [HCO3
-]local at -

1.2 V (c) and Tafel plot at Sb0.22Cu electrode in 1.0 M KHO3 electrolyte (d). 

 

Figure 8 Reaction energy diagrams for the dissociation of CO2 at -0.5 V vs RHE at pH 6.8 (a) and at 

-1.0 V vs RHE at pH 9 (b) on SbxCu(1-x)(211) surface with x=0.33; (red) electrochemical reduction to 

CO; (blue) electrochemical reduction to HCOOH; (grey) hydrogen evolution reaction. Top view of 

intermediate state geometries for the adsorption of COOH (c), OCHO (d) and H (e) on SbxCu(1-x)(211) 
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surface with x=0.33. Cu atoms are represented in ochre, Sb atoms in iceblue, C atoms in black, O 

atoms in red and H in white. 
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Highlights  

 Sb-Cu2O material is synthesized via a one-pot microwave-assisted route.  

 Sb is uniformly distributed and promotes the formation of nanocrystalline Cu2O. 

 The derived Sb-Cu shows outstanding performance for the CO2RR to CO. 

 Enhancing local CO2 concentration is demonstrated to boost CO formation rate. 

 Theoretical study reveals the critical roles of Sb in CO formation on Sb-Cu. 

Highlights (for review)
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