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ABSTRACT: The development of highly active and selective electrocatalysts with low cost and 
earth abundance for electrochemical CO2 reduction (ECR) remains an important area of interest. Here 

we report the modification of CuO with other metal (Bi, Sb, Cd and Zr) oxides to form bimetallic oxide 

nanocomposite catalysts exhibiting efficient ECR. In particular, CuO-Sb2O3 nanoparticles anchored 

on carbon black (CB) facilitated ECR selectively to CO at low overpotentials, providing a CO faradaic 

efficiency (FE) of up to 90.0% at −0.8 V versus reversible hydrogen electrode, in contrast to individual 

CuO/CB and Sb2O3/CB which gave rise to CO FEs of less than 31.0%, outperforming many previously 

reported catalysts. Strong interaction between CuO and Sb2O3 is found, which likely contributes to 

the enhanced ECR activity.

KEYWORDS: CO2 reduction, electrocatalysis, CO, CuO, Sb2O3

INTRODUCTION
Renewable energy-powered electrochemical CO2 reduction (ECR) to gaseous fuels or liquids 

with high energy densities offers a sustainable route for storing intermittent energy and 

managing the global carbon balance.1-3 To achieve a high yield of targeted products, the 

design and discovery of new electrocatalysts is critical. Massive efforts have thus been made 

in the past decades to screen and develop a variety of electrocatalysts for CO2 reduction.4-10 

CO, one of the reduction products of ECR, is an important feedstock that can be further 

converted into value-added chemicals via industrial Fisher-Tropsch process. Noble metals 

including Au,11,12 Ag,13,14 and Pd15,16 have been demonstrated for ECR to produce CO with good 

catalytic activity. However, their high price and scarcity impede widespread practical 

application in ECR. Exploration of cost-effective and earth-abundant materials for efficient 

electrocatalytic CO2 conversion is therefore highly demanded.

Creation of heterostructures with tunable components provides an effective way to 

enhance CO2 adsorption and activation, thus facilitating ECR.17-19 For example, alloying with 
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a second metal has been adopted to accelerate ECR by breaking the linear relationship 

between the binding strengths of different intermediates.20 Various Cu alloys including Cu-

Zn, Cu-Ni, Cu-Pb, Cu-Cd, Cu-Sn, and Cu-Ag have been investigated, which displayed 

catalytic behaviour distinct from single metals.21 Alternatively, construction of metal/metal 

oxide hybrids has also been recognized to be beneficial to promoting CO2 reduction 

performance.22-24 A synergy between Au and CeOx was demonstrated, which increased the 

stability of the carboxyl intermediate (*COOH), leading to much higher activity than Au or 

CeOx alone for ECR. 23 The faradaic efficiency (FE) for CO formation over Au-CeOx was 89.1% 

at an applied potential of −0.89 V versus reversible hydrogen electrode (vs. RHE). Despite 

these recent advances, interface engineering of multiple metal oxides for ECR has been rarely 

explored. We believe that properly tuning the composition and interaction of different metal 

oxides will allow one to improve reaction kinetics and optimize the binding of intermediates, 

and so achieve better electrocatalysis of CO2 reduction. 

In this work, we report the synthesis of CuO-Sb2O3 nanocomposites and demonstrate their 

application for enhanced ECR. CuO was selected for incorporation of a second phase because 

of its low cost, ready availability, tunable surface properties, and its renown to effectively 

catalyze ECR.21 Importantly, the as-obtained CuO-Sb2O3 immobilized on carbon black (CB) 

was observed to greatly facilitate CO2 reduction with a CO FE exceeding 80.0% in a wide 

potential range from −0.75 to −0.9 V (vs. RHE), reaching 90.0% at −0.8 V (vs. RHE), 

dramatically surpassing individual CuO and Sb2O3 with CO FEs of less than 31.0%. The 

product FE of CuO-Sb2O3/CB catalysts can be easily adjusted by taking advantage of the two 

metal oxide interactions with varying composition, interface contact, and microstructure. 

Moreover, possible enhancement in ECR activity is analyzed, which is closely associated with 

the strong interaction between the two metal oxides.

RESULTS AND DISCUSSION
Here the CuO-Sb2O3/CB catalysts were synthesized through a simple wet-chemical route 

with manipulation of composition, metal oxide loading, and structure (Table S1). Individual 

CuO/CB and Sb2O3/CB catalysts were also prepared as references for comparison. The X-ray 

diffraction (XRD) patterns of CuO/CB, Sb2O3/CB, and CuO-Sb2O3/CB (Cu-to-Sb mole ratio 

of 10:1) are provided in Fig. 1a. Two reflections at approximately 35.1 and 38.0° are clearly 

observed in CuO-Sb2O3/CB, which can be well assigned to the (002) and (111) planes of CuO, 

respectively. This indicates the yield of crystalline CuO in the CuO-Sb2O3/CB. We note that 

the two peaks shift to lower 2θ values compared to CuO/CB, possibly caused by the 

interactions of CuO and Sb2O3. Typical diffraction peaks corresponding to Sb2O3 are also 

identified in the CuO-Sb2O3/CB catalyst. The peak intensities are relatively lower than CuO 

due to the low percentage of Sb2O3 in the composite. 
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Figure 1. (a) XRD patterns of CuO/CB, Sb2O3/CB, and CuO-Sb2O3/CB. (b) Cu 2p XPS spectra and (c) Raman 

spectra of CuO/CB and CuO-Sb2O3/CB. (d) H2-TPR diagrams of CuO/CB, Sb2O3/CB, and CuO-Sb2O3/CB. 

(e) CO2 adsorption isotherms of CuO/CB and CuO-Sb2O3/CB. The molar ratio Cu and Sb in all the CuO-

Sb2O3/CB is 10:1.

The chemical composition and electronic state of surface species in CuO-Sb2O3/CB 

samples were probed by X-ray photoelectron spectroscopy (XPS). The Cu 2p XPS spectrum 

of CuO/CB displays pronounced Cu 2p1/2 and 2p3/2 peaks with binding energies (BEs) at 953.8 

and 933.9 eV,12 respectively, along with their respective satellite peaks (Fig. 1b). An apparent 

shift of the Cu 2p BEs in CuO-Sb2O3/CB to higher values can be seen relative to the BEs of 

CuO/CB, implying electron transfer from Cu to Sb. Fig. S1 is the Sb 3d XPS spectrum of the 

CuO-Sb2O3/CB sample. It indicates Sb 3d3/2 and Sb 3d5/2 peaks at 539.8 and 530.4 eV 

respectively, which can be attributed to Sb (III).24 These BEs are negatively shifted by ∼0.2 

eV compared to those of pure Sb2O3. The XPS results suggest alteration of the electronic 
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structures of CuO and Sb2O3, likely triggered by the lattice constant mismatch of the metal 

oxide interface.28 The Raman spectrum of the CuO-Sb2O3/CB composite (Fig. 1c) reveals two 

apparent peaks at 283 and 621 cm−1 originating from CuO and three additional small peaks 

at 248, 374 and 448 cm−1 attributed to Sb2O3
26. Notably, the characteristic peaks of CuO in 

the composite shift to higher wavenumbers compared to those observed for CuO/CB, which 

may indicate strong interaction between CuO and Sb2O3.

As illustrated in Fig. 1d, the temperature-programmed reduction of hydrogen (H2-TPR) 

analysis showed two main peaks at about 200.0 and 325.0 °C, which correspond to the 

reduction of Cuδ+ to Cu+ and Cu+ to Cu0 by consuming reducible oxygen from the CuOx 

species in CuO-Sb2O3/CB. The first TPR peak shifts to lower temperature in the composite 

as compared to CuO/CB, likely due to spillover of H atoms (probably generated by the 

reduced Sb) to CuO. The second reduction peak occurs at a noticeably higher temperature 

which may result from the strong interaction of CuO and Sb2O3 and more difficulty in further 

reduction of Cu+ to Cu0. It is worth noting that CuO-Sb2O3/CB possesses significantly higher 

CO2 adsorption capability than CuO/CB, as shown in Fig. 1e. This could result in enriched 

CO2 on the local surface of the working electrode, being advantageous to CO2 activation and 

reduction.
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Figure 2. (a) HAADF-STEM image of CuO-Sb2O3/CB. EDS elemental maps of (b) C, (c) O, (d) Cu, and (e) 

Sb over the region shown in image a. (f) HRTEM image of CuO-Sb2O3/CB. The right bottom inset shows the 

magnified image of the region encased in the pink square. (g) and (h) correspond to Fast Fourier transforms 

(FFTs) of the areas encased in the yellow and green squares in image f, with g showing CuO viewed close to 

the [010] axis. (i) BF-STEM image of an individual CuO-Sb2O3 along with EDS elemental maps of Cu and Sb 

(j and k). (l) HRTEM image of CuO-Sb2O3/CB. (m-p) correspond to magnified image and corresponding 

FFTs of the regions encased by the yellow and blue rectangles in image l. The magnified CuO image in (n) 

was captured at a different defocus to (l), to aid visualizing the lattice structure. The molar ratio of Cu and 

Sb in all the cases is 10:1.

Transmission electron microscopy (TEM) equiped with energy-dispersive X-ray 

spectroscopy (EDS) was adopted to investigate the composition, morphology, and 

microstructure of the resulting CuO-Sb2O3/CB (Fig. 2). Aberration corrected high-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM) combined 

with EDS maps (Fig. 2a-e) shows the presence of a number of CuO and Sb2O3 nanoparticles 

(NPs) that are uniformly distributed on CB. The average particle size is about 5 to 10 nm. 
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High-resolution TEM images (Fig. 2f and j), along with EDS maps and Fast Fourier 

transforms (FFTs) reveal the good crystallinity of the metal oxide NPs. Most Sb2O3 NPs were 

observed to have a large contact area with CuO NPs, as shown in Fig. 2f and i, with many 

particles overlapping into clusters, as displayed in Fig. 2f. A small fraction of Sb2O3 NPs are 

anchored on the surface of CB (Fig. 2l and m), which allowed us to image the structure of 

individual nanoparticles more clearly.
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Figure 3. (a) LSV results of CuO-Sb2O3/CB on glassy carbon electrode in Ar-saturated (dashed black line) 

or CO2-saturated (solid red line) 0.1 M aqueous KHCO3 with a scan rate of 5.0 mV s−1. (b) FE (bar) and 

current density (ball) of CuO-Sb2O3/CB as a function of Cu-to-Sb mole ratio for ECR in 0.1 M aqueous 

KHCO3 at −0.8 V (vs. RHE). (c) CO FE and CO partial current density of CuO-Sb2O3/CB against metallic 

oxide loading at −0.8 V (vs. RHE). (d) CO partial current densities and (e) CO FEs of Sb2O3/CB, CuO/CB, 

CB, CuO-Sb2O3/CB, and CuO-Sb2O3/CB-mix at different applied potentials. The molar ratio of Cu and Sb in 

all CuO-Sb2O3/CB is 10:1 except in Fig. 3b. The metal oxide loading is 75.0 wt% in all the cases except in Fig. 

3c. Standard errors were added in parts b, c, d, and e.

The CuO-Sb2O3/CB composite was evaluated as electrocatalysts for ECR in an H-type cell 
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(Fig. S2) separated by Nafion 117 at room temperature and atmospheric pressure.27 All 

potentials here are relative to the RHE unless specified otherwise. Shown in Fig. 3a are the 

linear sweep voltammetry (LSV) plots of CuO-Sb2O3/CB in 0.1 M KHCO3 solutions saturated 

with Ar and CO2. It is apparent that the current densities of CuO-Sb2O3/CB in the CO2-

saturated electrolyte are substantially higher than that of Ar-saturated electrolyte, indicating 

predominant occurrence of CO2 reduction. CO, H2 and HCOOH were identified at applied 

potentials ranging from −0.4 to −1.0 V in a CO2-saturated 0.1 M KHCO3 solution (pH 6.8). 

CuO/CB exhibits rather low ECR activity with a CO FE of 31.0% and HCOOH FE of 1.1% at 

−0.8 V whereas Sb2O3/CB mainly reduces CO2 to HCOOH with a FE of 30.0% (Fig. 3b). 

Interestingly, addition of a small amount of Sb2O3 in CuO remarkably inhibits the parasitic 

hydrogen evolution reaction (HER) and enhances ECR selectively to CO. The catalysts 

feature a composition-dependent product selectivity (Fig. 3b). The FE for CO formation 

increases with the increase of Sb2O3, reaching up to 90.0% at the Cu-to-Sb mole ratio of 10:1, 

whilst further increase of the Sb content leads to drop of the CO FE.

Keeping the Cu-to-Sb mole ratio constant at 10:1, we investigated the impact of bimetallic 

oxide loading content on CO2 reduction. The CuO-Sb2O3 loading of 75.0 wt% was found to 

provide the best performance (Fig. 3c). To examine the possible synergistic effect of 

CuO/Sb2O3 interfaces on catalytic performance, we further compared CuO-Sb2O3/CB with 

pure CuO/CB, Sb2O3/CB, CB, and a physical mixture of CuO/CB and Sb2O3/CB (CuO-

Sb2O3/CB-mix) for ECR at potentials from −1.0 to −0.5 V. The results show that the CuO-

Sb2O3/CB composite catalyst outperforms all the other reference catalysts throughout the 

potential range (Fig. 3d and e), delivering CO FEs above 80.0% at potentials from −0.75 to 

−0.9 V. This indicates a synergy between CuO and Sb2O3 that facilitates CO2-to-CO 

conversion. Note that the CuO-Sb2O3/CB is superior to CuO-Sb2O3/CB-mix for ECR, 

suggesting that an intimate contact to afford a large interface between the two metal oxides 

plays a role in enhancing electrocatalysis of CO2 reduction to CO. The electrocatalytic 

properties were tunable and optimized by adjusting the quantity and feeding sequence of 

the metal salt precursors (Table S2).
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Figure 4. (a) Tafel plots and (b) EIS profiles of CuO-Sb2O3/CB, CuO/CB, and Sb2O3/CB. (c) CO FEs and CO 

partial current densities for CuO-Sb2O3/CB during cycles with an interval of 1 h in CO2-saturated and Ar-

saturated 0.1 M KHCO3. (d) Current density, CO FE, and H2 FE time responses of CuO-Sb2O3/CB at −0.8 V 

(vs. RHE).

The CO formation turnover frequency (TOF) was calculated and plotted aginst applied 

potential, as illustrated in Fig. S3. The CuO-Sb2O3/CB was found to exhibit a larger CO 

formation TOF than both individual CuO/CB and Sb2O3/CB. To further explain the 

remarkable activity of CuO-Sb2O3/CB, the electrochemical active surface area (ECSA), Tafel 

slope, and electrochemical impedance were probed. The as-made CuO-Sb2O3/CB exhibit 

larger double-layer capacitance than both CuO/CB and Sb2O3/CB (Fig. S4), indicative of its 

highest ECSA in the three catalysts, which is beneficial for ECR. Alternatively, CuO-

Sb2O3/CB displays a Tafel slope of 121.2 mV dec−1, less than 190.2 mV dec−1 for CuO/CB and 

245.5 mV dec−1 for Sb2O3/CB (Fig. 4a), indicating that the former composite catalyst has 

faster kinetics for ECR than the latter two catalysts. This also implys that the first electron 

transfer to yield the *COOH intermediate on the catalyst surface determines the reaction 

rate for CO production.10 Nyquist plots (Fig. 4b) show that the CuO-Sb2O3/CB catalyst 

facilitates more favorable interfacial charge transfer between the catalyst film and reactants 

in the electrolyte compared to CuO/CB and Sb2O3/CB, in agreement with its observed 

superior catalytic performance. Further, 

Alternated electrolysis cycling measurements between Ar- and CO2-saturated electrolytes 

show that the generated CO originates from the raw CO2 and is stable even after eight cycles 

(Fig. 4c). In addition, the CuO-Sb2O3/CB catalyst retains reasonable stability without much 
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loss in CO FE and reduction current even after 10 h of successive electrolysis at −0.8 V (Fig. 

4d). XPS measurements (Fig. S5) indicated increased surface percentages of Cu0 and Sb0 with 

prolonged electrolysis, resulting from reduction of the two metal oxides at the potential 

applied. It is inferred that surface Cu0 and Sb0 are probably the major catalytic active centers 

for CO2 reduction.
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Figure 5. (a) Comparison of CuO-Sb2O3/CB with other reported electrocatalysts in terms of maximum CO 

FE. (b) CO partial current densities and CO FEs for CuO-Sb2O3/CB in various electrolytes with different 

concentrations and for many other CuO-based oxides as well as individual metal oxides.

It is worth noting that the performance of the CuO-Sb2O3/CB catalyst, in terms of 

maximum CO FE, exceeds many previously reported nanostructured Cu including Cu 

nanowires and Cu alloys such as CuAu, CuPd, CuSn, CuZnSn, and CuIn, and also other 

metal-based materials, as presented in Fig. 5a and Table S3. The impact of electrolyte on the 

performance of CuO-Sb2O3/CB for ECR was investigated in KHCO3 and KOH solutions with 

different concentrations. Despite the decrease of CO FE with the increase of electrolyte 

concentration, the CO partial current density increases correspondingly, reaching 12.5 mA 

cm−2 at −0.8 V in 1.0 M KOH solution (Fig. 5b). The active sites of metal oxides and their 

mechanistic role and for CO2 reduction are still a subject of ongoing discussion. The synergy 

between CuO and Sb2O3 for enhanced ECR may be explained from electronic and geometric 

effects. Enhanced electron density of Sb2O3, as indicated by XPS, facilitated the binding and 

stabilization of *COOH intermediate. From the geometric effect point of view, the surface 

of Sb2O3 is oxophilic, which also increased the affinity for *COOH. The stabilized *COOH 

species were adsorbed on an adjacent CuO center by interacting with one of the oxygen 

atoms, which were then converted to *CO at applied potentials and subsequently detached 

from the CuO surface.

Moreover, we also identified several other CuO-based metal oxides such as CuO-CdO, 

CuO-Bi2O3, and CuO-ZrO2, which afford enhanced ECR compared with their respective 

individual components (Fig. 5b). Optimization of the ECR activity and exploration of 

cooperative effects in these catalytic systems are under way. 
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CONCLUSIONS
In summary, we have found a range of CuO-based bimetallic oxides that can effectively 

suppress hydrogen evolution and greatly promote electrocatalytic CO2 reduction. Among 

the composite catalysts, the CuO-Sb2O3/CB enables efficient conversion of CO2 to CO. The 

catalytic activity of CuO-Sb2O3/CB can be facilely regulated by changing the metal oxide 

loading and Cu-to-Sb mole ratio, leading to a CO FE as high as 90.0% at −0.8 V (vs. RHE) 

and a CO partial current density of 6.2 mA cm−2 at −0.9 V (vs. RHE), which makes it superior 

to many metal catalysts reported thus far. In addition, the CO FEs are more than 80.0% at 

applied potentials from −0.75 to −0.9 V (vs. RHE). The CO partial current density can be 

further improved to be 12.5 mA cm−2 in 1.0 M KOH electrolyte. Pronounced electron transfer 

occurs between Cu/Sb oxide interface, as confirmed by XPS, Raman, and H2-TPR, which 

facilitates CO2 adsorption and activation, thus enhancing ECR. Tuning of the interface 

structure by controlling exposed lattices of each metal oxide may further improve 

electrocatalysis of CO2 reduction, which deserves future study.
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