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Electrochemical CO2 reduction to CO using copper-based catalysts has been recognized a promising approach to realizing anthropologic carbon cycle. However, copper-based catalysts face the challenges of low reduction activity and poor selectivity in CO2 reduction reaction. Tuning particle size and oxygen vacancy represents an efficient strategy for boosting their activity and selectivity. Herein, we reported the preparation of nanostructured CuO catalysts for selective electrochemical CO2 reduction to CO. Several templates were employed in the template-assisted hydrothermal process to regulate the particle size and oxygen vacancy. Structure-property-activity relationships of the CuO nanostructures depend on the template effect. CuO-PVP and CuO-SDS synthesized using polyvinylpyrrolidone (PVP) and sodium dodecyl sulfate (SDS) as templates exhibited smaller particles sizes and higher concentrations of oxygen vacancy defects. Under the applied potential of −0.93 V vs. RHE, the desired CuO-PVP and CuO-SDS catalysts exhibited good CO2 reduction activity with high electrochemical surface area normalized partial current density of 2.21 and 1.37 mA/cm2 for CO production and outstanding CO selectivity with high faradaic efficiencies of 48.2 and 50.5%. Density functional theory (DFT) calculations indicated that oxygen vacancies in the CuO nanostructures not only promoted CO2 adsorption and activation but facilitated CO desorption from the catalyst surface, and therefore boosted the activity and CO selectivity in CO2 reduction. The results have deepened the understanding of the structure-property-activity relationships of CuO catalysts, and these will provide guidance for designing highly efficient and robust catalysts for electrochemical CO2 reduction to CO.
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INTRODUCTION
The increasing energy crisis and environmental issues caused by the greenhouse gas emissions are the great challenges ahead for human beings. CO2 capture and utilization (CCU) is expected to alleviate the energy and environmental crisis to achieve a carbon-neutral society (Mac Dowell et al., 2017; Guo et al., 2020a; Guo et al., 2020b). Developing renewable energy can also be an effective approach, whereas wind and solar power can hardly overcome their volatility and intermittency (Xu et al., 2019). In this framework, electrochemical reduction of CO2 into value-added products using the off-grid power could be an effective strategy toward carbon cycle and clean energy storage (Gattrell et al., 2007; Jhong et al., 2013; Yang et al., 2018).
The electrochemical CO2 reduction (ECR) is a complex process that involves multi-electron transfer reaction pathways, and the products would include CO, formic acid, methanol, formaldehyde, methane, ethylene, ethanol and acetate (Sun et al., 2017; Dai et al., 2019; Wang et al., 2021a; Wang et al., 2021b; Liu et al., 2021). ECR into CO through a two-electron reduction process has attracted broad attention, since CO is an important feedstock for synthesizing valuable commodity chemicals and carbon-based alternative fuels (Zhang et al., 2020a; Lu et al., 2020; Chen et al., 2021). Designing highly efficient catalysts is essential for ECR process (Dongare et al., 2020; Kou et al., 2020).
Cu-based catalysts have been highlighted as promising candidates for ECR into chemicals and fuels (Gu et al., 2018). However, low reduction activity and poor product selectivity in ECR remain as challenges. So far, it requires a high potential (−1.0 V vs. RHE) for ECR over Cu-based catalysts, and the CO selectivity is far from expectation. For example, the monocrystal and polycrystal Cu electrodes exhibited high reduction potentials of −1.55∼-1.05 V vs. RHE and low CO faradaic efficiencies of 0.9–2.0% in 0.1 M saturated KHCO3 electrolyte (Hori et al., 1989; Hori et al., 2003; Kuhl et al., 2012). Cu nanoparticles (NPs), Cu nanowires (NWs) and Cu foam also showed low CO faradaic efficiencies under the applied potentials of −0.6∼−1.10 V vs. RHE (Tang et al., 2012; Ma et al., 2015; Dutta et al., 2017). There is still much room for improving their catalytic performance in ECR. Hence, it is critically necessary to design efficient Cu-based catalysts with higher CO selectivity for ECR application.
Previous contributions have highlighted that the atomic structure and electron configuration of Cu-based catalysts would affect their ECR performance. Cu atoms located at the corner, edge and plane of the crystal own different coordination numbers and energy barriers, and the nanostructured Cu-based electrodes exhibit tunable ECR properties (Birhanu et al., 2018; Xie et al., 2018; Nitopi et al., 2019). Iyengar et al. prepared octahedral-structure Cu crystals with varied grain sizes, and the Cu atoms located at the corner and edge positions determined the ratios of (100)/(111) and (110)/(111) defects, and CH4 selectivity would thus be affected (Iyengar et al., 2019). ECR performance of Cu nanostructures has also been reported to be associated with particle size effect. Cu nanostructures with smaller grain sizes are preferential for the formation of CO. In contrast, the increase in particle size favors the formation of CH4 and C2+ products (Reske et al., 2014). Thus, it is desirable to tailor the particle size of Cu-based electrode for enhanced CO selectivity.
Efforts have been made to prepare Cu-based catalysts with varied particle sizes by using the template-assisted electro deposition, pulse, thermal annealing, inverse micelle encapsulation, and hydrothermal synthesis methods (Li and Kanan, 2012; Reske et al., 2014; Dutta et al., 2016; Huang et al., 2017; Larrazábal et al., 2017). Amongst, hydrothermal synthesis method is facile and effective for tailoring the morphology and particle size of nanostructured catalysts. Nanostructured CuO catalysts with different morphologies have been synthesized using water-bath process in published documents (Huang et al., 2017). The morphology and electrochemical activity of the CuO nanostructures are closely associated with the configuration of the raw materials and water-bath conditions (Huang et al., 2017). Templates as structure-directing agents, play important roles in tuning the particle size of CuO nanostructures in hydrothermal synthesis. So far, the template effect on the particle size and ECR performance of CuO nanostructures has been rarely reported.
Herein, we prepared CuO nanostructures via hydrothermal synthesis using different templates. The objective of the work is to illustrate the effect of template on the structure-property relationships of the CuO nanostructures in electrochemical CO2 reduction. CuO-PVP (polyvinylpyrrolidone) and CuO-SDS (sodium dodecyl sulfate) show good CO selectivity with high faradaic efficiencies of 48.2 and 50.5% at −0.93 V vs. RHE. Characterization results and density functional theory (DFT) calculations evidence that the enhanced catalytic activity for CO is associated with the minimized particle sizes and abundant oxygen-vacancy defects.
EXPERIMENTAL SECTION
Raw Materials
Copper chloride dihydrate (CuCl2·2H2O, 99.99%) was employed as copper precursor. Polyvinyl pyrrolidone (PVP, Mw = 10,000)), sodium dodecyl sulfate (SDS, 99.0%), PEO-PPO-PEO triblock copolymer Pluronic F127 (Mw = 12,600, PEO = 70 wt%) and PEG-PPG-PEG triblock copolymer Pluronic P123 (Mw = 5,800, PEG = 30 wt%) were employed as templates. NH3·H2O solution (≥25% in H2O) and sodium hydroxide (NaOH, 99.9%) were selected as precipitant and pH modifier, respectively. Nafion 117 solution (5 wt% in a mixture of lower aliphatic alcohols and water) was employed as glue for catalyst coating. All the reagents were purchased from Aladdin Industrial Corporation, and they were used as received.
Preparation of CuO Nanostructures and Electrodes
CuO nanostructures were prepared by template-assisted hydrothermal synthesis method (Huang et al., 2017). First, 0.9 g of CuCl2·2H2O and 0.3 g of template were added to 100 ml of deionized water, and they were stirred to form uniform solution. 2 ml of NH3·H2O solution was added to the solution followed by ultrasonic treatment for 15 min. Next, 1.0 M NaOH solution was added dropwise to the mixture under stirring to form light blue precipitate. The mixture was then aged at room temperature overnight and the resulting precipitate was separated by filtration and dried at 60°C for 5 h, followed by calcination at 400°C for 2 h. The CuO nanostructures prepared by using different templates were labelled as CuO-PVP, CuO-SDS, CuO-F127 and CuO-P123, respectively. 0.02 g of the prepared CuO nanoparticles (NPs) were mixed with 80 μl of deionized water and 40 μl of Nafion 117 solution, and the mixture was subjected to ultrasonic treatment for 10 min. The obtained slurry was uniformly coated on 1 cm × 1 cm carbon paper and dried by cold air to prepare CuO electrodes.
Characterization
Nitrogen adsorption-desorption measurements at 77 K were performed using a Micromeritics ASAP 2460 instrument, and physical parameters of specific surface area and porosity were obtained. Powder X-ray diffraction (XRD) was conducted with a Bruker D8 ADVANCE instrument operated at 40 kV and 40 mA with nickel filtered Cu Kα radiation (wave length of 0.15406 nm). Field emission scanning electron microscopy (FESEM) measurements were performed using a JSM7800F microscope operated at 10.0 kV. High resolution transmission electron microscopy (HRTEM) measurements were carried out using a FEI TECNAI G2 F20 microscope. X-ray photoelectron spectroscopy (XPS) was conducted with an ESCALAB 250Xi spectrometer using Al Kα radiation.
Electrochemical Measurements
The electrochemical reduction of CO2 was carried out using a three-electrode electrochemical cell configuration coupled with a CHI660E workstation and a gas chromatograph (GC). The three-electrode system was composed of Ag/AgCl as reference electrode, platinum filament as counter electrode and glassy carbon as working electrode. The cathode and anode chambers of the H-type cell were separated by a Nafion117 proton exchange membrane.
Pure CO2 was purged into the 0.1 M KHCO3 electrolyte at a flow rate of 40 ml/min for 30 min to remove residual air before electrolysis. Linear sweep voltammetry (LSV) tests were conducted under the potential of −1.6–0 V vs. Ag/AgCl with a scan rate of 50 mV/s. The applied potentials were recorded relative to the Ag/AgCl reference electrode, and they were converted to the RHE scale accroding to Eq. 1 (Abdi and van de Krol, 2012):
[image: image]
where [image: image] is 0.199 V at 25°C, [image: image] is the potential vs. reversible hydrogen electrode (RHE).
Electrochemical impedance spectroscopy (EIS) tests were carried out at the frequency of 0.01∼106 Hz with an amplitude of 5 mV. Potentiostatic electrolysis tests were conducted at the desired potential by delivering CO2 continuously to the cathode compartment for 75 min, and the gaseous products were detected by online GC. The faradaic efficiency (FE) of gaseous products were calculated using Eq. 2 (Han et al., 2017):
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where [image: image] is current density (A), [image: image] is Faradic efficiency, [image: image] is the Faraday constant (96,500 C/mol), [image: image] is the number of electron transferred, [image: image] is the concentration of product i (mol/L), [image: image] is the gas flow rate (m3/s), [image: image] is pressure (Pa), [image: image] is the ideal gas constant (8.314 J/(molK)) and [image: image] is temperature (K).
Determination of Electrochemical Active Surface Area
The surface roughness factor and electrochemically active surface areas (ECSA) of the catalysts were evaluated by measuring the double-layer capacitance (Cdl). Cyclic voltammetry (CV) tests were carried out in 0.1 M KHCO3 electrolyte at various scan rates of 5–50 mV/s. The capacitive currents (ΔJ) against the scan rate were plotted and the Cdl was calculated as the slope of the fitting line. ECSA was then calculated by dividing the Cdl by the capacitance of ideal CuO with smooth surface (usually taken as 40 μF/cm2), as shown in Eq. 3 (Zhao et al., 2020):
[image: image]
DFT Calculations
DFT calculations were performed by using the CASTEP program in Materials Studio. Generalized gradient approximation (GGA) of the Perdew−Burke−Ernzerhof (PBE) exchange-correlation functional method was employed for calculation, and the cutoff energy was set to 500 eV. The monoclinic-CuO (111) facet was modeled by (3 × 3) supercell with one Cu-O layer. A customized (3 × 3 × 1) Monkhorst-Pack grid of k-point was sampled. More details about the calculation of free energy can be found in the Supporting Information.
RESULTS AND DISCUSSION
Structural and Morphological Analysis
Physical properties of the CuO nanostructures prepared with different templates are characterized by N2 adsorption-desorption technique. Supplementary Figure S1 depicts the N2 adsorption-desorption isotherms and pore size distributions, and their textural parameters are summarized in Supplementary Table S1. All the catalysts present Type IV isotherms with Type H3 hysteresis loops located in the P/P0 = 0.8–1.0, which implies that they are mesoporous materials containing slit pores due to particle packing (Sing, 1985). The catalysts show bimodal pore size distribution, with majority of the pores centering at 3 and 55 nm. Besides, the catalysts show no much difference in their specific surface areas and total pore volumes, indicating that template exerts no significant effect on their textural parameters.
Crystalline structures of the different CuO nanostructures are identified by XRD analysis, and the XRD patterns are depicted in Figure 1. The catalysts show repeated diffraction peaks at the 2θ positions of 32.5o, 35.5o, 38.8o, 48.8o, 53.5o, 58.3o, 61.6o, 66.2o, 68.0o, 72.5o and 75.1o, which are associated with the (1 1 0), ([image: image] 1 1), (1 1 1), ([image: image] 0 2), (0 2 0), (2 0 2), ([image: image] 1 3), ([image: image] 1 1), (2 2 0), (3 1 1), and ([image: image] 2 2) facets of the monoclinic CuO (JCPDS #05–0661) (Jiang et al., 2021). The diffraction peaks of high intensity at the 2θ positions of 35.5o and 38.8o imply good crystallinity for the catalysts. No diffraction peaks of metallic Cu and Cu2O could be discerned, indicating that the catalysts retain stable CuO phase. To provide more quantitative analysis, unit cell refinement was performed using all reflections, the average crystalline sizes were calculated using the Scherrer equation, and the crystallinity was calculated from peak integration. As indicated in Supplementary Table S1, all the CuO catalysts exhibit high degree of crystallinity (0.90–0.92), and the crystallinity shows no much difference amongst the different catalysts. This indicates that template exert no significant effect on their crystallinity. The standard cell parameters for the pure monoclinic CuO (PDF#05-0661) are a = 4.684 Å, b = 3.425 Å, and c = 5.129 Å. In contrast, cell parameters of the different CuO catalysts are slightly higher than those of the pure monoclinic CuO, indicating that the presence of template in hydrothermal synthesis has resulted in crystal distortion. The XRD profiles with local zoom inset in Figure 1 indicate that the diffraction peaks of CuO-PVP, CuO-SDS and CuO-F127 at 35.5o and 38.8o slightly shift toward higher 2θ positions, which provides evidence for crystal distortion of the CuO catalysts. Moreover, the average crystalline sizes of the different CuO catalysts are calculated to be 15.68, 18.91, 19.32, and 19.87 nm, respectively. The difference in their crystalline size might be associated with the fact that the templates will influence in varying degrees on nucleation and crystal growth of CuO in hydrothermal synthesis. Particularly, the desired CuO-PVP catalyst exhibit minimum crystal size, which would be conducive to promoting electrochemical performance by providing more active surface sites.
[image: Figure 1]FIGURE 1 | XRD patterns of the CuO catalysts synthesized with different templates.
Surface morphologies of the different CuO nanostructures are characterized by FESEM and HRTEM. The FESEM images in Supplementary Figure S2 show that the structures of the CuO-PVP, CuO-F127 and CuO-P123 catalysts are nanorod-like, aggregated by CuO NPs, and a large number of CuO NPs are attached to the surface of the rod-like structures. For the CuO-SDS catalyst, a large number of CuO NPs are evenly distributed on the surface, and only a few rod-like structures could be observed from the FESEM images. The TEM images in Figure 2 show that the average particle sizes of the CuO nanostructures are 29.53, 30.50, 38.13, and 38.62 nm, respectively. The HRTEM images in Supplementary Figure S3 show lattice fringes with an inter-planar d-spacing of 0.236 nm, which are assigned to the (1 1 1) plane of CuO (JCPDS #05-0661) (Jiang et al., 2021). In addition, the selected area electron diffraction (SAED) images also evidence the presence of (1 1 1) plane. Overall, the CuO nanostructures show subtle difference in their surface morphologies, while they exhibit obvious variation in average particle size, and this might affect their ECR performance.
[image: Figure 2]FIGURE 2 | HRTEM images of the CuO catalysts synthesized with different templates. (A) CuO-PVP; (B) CuO-SDS; (C) CuO-F127; (D) CuO-P123.
The chemical compositions and elemental valence of the CuO nanostructures are determined by XPS analysis. Figure 3 shows the core-level XPS spectra of Cu 2p and O 1s of the different CuO catalysts. As depicted in Figure 3A, characteristic peaks for Cu 2p1/2 and Cu 2p3/2 can be observed at the binding energies of 953.8 and 933.8 eV. Besides, characteristic peak for Cu 2p1/2 satellite can also be found at 962.0 eV. The peaks present at 943.6 and 941.1 eV are assigned to Cu 2p3/2 satellite. Furthermore, the characteristic peaks for Cu 2p1/2 and Cu 2p3/2 show symmetric distribution with a peak separation of around 20.0 eV, and the peak positions and separation match are consistent with those of the standard CuO spectrum. These results indicate that Cu (II) is the major valence state for copper species (Tan et al., 2020). Figure 3B shows that the high-resolution O 1s spectra of the CuO catalysts can be deconvoluted into three peaks. The characteristic peaks at the binding energies of 529.7, 531.4 and 532.2 eV are associated with lattice oxygen (Olat), O atoms adjacent to oxygen vacancies (OVs) and surface adsorbed oxygen (Oads), respectively (Al-Hashem et al., 2019; Tan et al., 2020; Zhuang et al., 2020). The present peak at the binding energy of 531.4 eV should signify the presence of oxygen vacancy defects in the CuO catalysts and the oxygen vacancies concentration can be estimated from the corresponding OVs peak area ratio (OVs% = OVs/(Olat + OVs + Oads)).
[image: Figure 3]FIGURE 3 | XPS profiles of the CuO catalysts synthesized with different templates. (A) Cu 2p; (B) O 1s; (C) distribution of oxygen species.
Chemical compositions of the CuO nanostructures are summarized in Supplementary Table S2. As indicated, CuO-PVP shows a lower surface atomic concentration for Cu 2p, while its surface atomic concentration for O 1s is relatively higher. The distribution of oxygen species in the different CuO nanostructures is further depicted in Figure 3C. The Olat, OVs and Oads in CuO-PVP account for 43.64, 32.35 and 24.01%, indicating that the oxygen species are uniformly distributed. Nevertheless, lattice oxygen is the major oxygen species for CuO-SDS, CuO-F127 and CuO-P123, since Olat accounts for more than two-thirds in the total oxygen species. The concentrations of oxygen vacancies for the different CuO catalysts are calculated as 32.35, 23.26, 18.17 and 17.55%, respectively. Notably, the oxygen vacancies concentration shows obvious difference among the various CuO catalysts. It should be noted that oxygen vacancy defects play important roles in promoting CO2 adsorption and activation, and it would be rather difficult to boost oxygen vacancies concentration drastically. Jiang et al. employed the metal oxide doping strategy to increase oxygen vacancies concentration of CuO for enhanced C2H4 production in CO2RR. Upon SnO2 doping, oxygen vacancies concentration (the ratio of vacancy oxygen and lattice oxygen) can be increased from 34 to 45% (Jiang et al., 2021). Jiang et al. prepared Pt/CeO2 catalysts with tunable oxygen vacancies density and morphologies, and the density of Ov ranks in the following order: 2Pd/CeO2-R (0.48) > 2Pd/CeO2-P (0.31) > 2Pd/CeO2-C (0.28) > 2Pd/CeO2-O (0.24) (Jiang et al., 2020). The desired CuO-PVP catalyst shows the highest oxygen vacancies concentration of 32.35%, which is comparable to or higher than those of the similar catalysts reported in literatures. These observations imply that the varied oxygen vacancy concentrations amongst the CuO catalysts might be associated with their ECR performance.
Investigation of Electrochemical CO2 Reduction
To study the intrinsic activity of the different CuO nanostructures, their current densities should be normalized by ECSA. Therefore, the catalysts are tested in N2-saturated 0.1 M KHCO3 electrolyte at the scan rate of 5–50 mV/s, and the CV curves are presented in Supplementary Figure S4. The slope of the fitting lines in Figure 4A further provides the double layer capacitances (Cdl), and the capacitances are 100.41, 140.95, 468.05, and 145.31 μF/cm2 for the CuO-PVP, CuO-SDS, CuO-F127, and CuO-P123, respectively. The ECSA values of the different CuO nanostructures are thus determined as 2.51, 3.52, 11.70, and 3.63. The different capacitances and ECSA values should indicate that the varied templates will affect the surface roughness of the catalysts. Electrochemical performance of the CuO nanostructures is further evaluated by testing the catalysts in CO2-saturated 0.1 M KHCO3 electrolyte at the potentials of −0.93–0.67 V vs. RHE. The ECSA normalized current densities of the catalysts are displayed in Figure 4B. CuO-PVP and CuO-SDS also show higher ECSA normalized current densities than CuO-F127 and CuO-P123. For instance, the ECSA normalized current densities of CuO-PVP and CuO-SDS at the applied potential of −0.93 V vs. RHE are as high as −11.92 and −7.28 mA/cm2, which indicates that they show higher specific reduction activity. The catalysts have also been tested in N2-saturated 0.1 M KHCO3 electrolyte to study the hydrogen evolution reaction (HER) performance. As depicted in Supplementary Figure S5, the CuO nanostructures exhibit lower ECSA normalized current densities in N2-saturated electrolyte than in the CO2-saturated environment. This indicates that the CO2 reduction reaction (CO2RR) prevails over HER in the ECR process.
[image: Figure 4]FIGURE 4 | (A) Determination of double layer capacitance. (B) LSV curves of the CuO nanostructures in 0.1 M KHCO3 saturated with CO2.
Faradic efficiencies and ECSA normalized partial current densities of the gaseous products are shown in Figure 5. Under the applied potential of −0.93 V vs. RHE, CuO-PVP and CuO-SDS show much higher FEs for CO (48.2 and 50.5%), and their FEs for H2 are relatively lower (21.1 and 19.4%). The CO/H2 ratios for CuO-PVP and CuO-SDS are close to 2.0, while those for CuO-P127 and CuO-P123 approximate 1.0, indicating that the CuO nanostructures prepared with different templates yield syngas with tunable CO/H2 ratios. Besides, compared to CuO-F127 and CuO-P123, the ECSA normalized partial current densities of CO (jCO-ECSA) for CuO-PVP and CuO-SDS are greater (2.21 and 1.37 mA/cm2). To better clarify the precision of the experimental data, each test has been repeated for three times, and the relative error retains within 5%. The experimental data have been analyzed by analysis of variance (ANOVA), and the results of one-way ANOVA for CO and H2 FEs are summarized in Supplementary Tables S3, S4. Results indicated that the inter-block variation is more significant than the inter-class variation for CO and H2 selectivity, implying that the different templates exert obvious effect on the products selectivity, while the repeating tests show low error.
[image: Figure 5]FIGURE 5 | Faradaic efficiencies of CO and H2 and partial current densities normalized to ECSA for the CuO nanostructures tested at −0.93 V vs. RHE.
Tafel analysis is performed to investigate the interfacial reaction kinetics. The applied potentials are prudently selected in the Tafel regime to avoid the mass transport limitations. The Tafel plots for CO formation in Figure 6A show that the Tafel slopes of the CuO nanostructures are 259.22, 345.74, 684.01, and 447.63 mV/dec. The CuO-PVP and CuO-SDS catalysts exhibit much lower Tafel slopes than CuO-F127 and CuO-P123, as an indicative of relatively faster kinetics for CO2 reduction. EIS tests have also been conducted to analyze the charge-transfer resistances of the different CuO catalysts. The typical EIS diagram in Supplementary Figure S6 indicates that the ECR over CuO is jointly controlled by charge transfer process (kinetic control) and diffusion process (mass transfer control). Particularly, the diffusion impedance can be neglected since charge transfer resistance is the major barrier that needs to be overcome. The EIS data are fitted with the equivalent circuit model, and the fitted Nyquist plots are depicted in Figure 6B. The internal resistance (RS) and charge-transfer resistance (RCT) of the CuO catalysts determined from the impedance spectroscopy are summarized in Supplementary Table S5. Notably, CuO-PVP and CuO-SDS bore much smaller charge transfer resistance, implying that they own low polarization resistance and fast reaction kinetics for ECR. Overall, the desired CuO-PVP and CuO-SDS nanostructures exhibit higher specific activity, greater CO selectivity and faster reaction kinetics in ECR process.
[image: Figure 6]FIGURE 6 | (A) CO partial current density Tafel plots. (B) Nyquist plots.
The ECR performance of the desired CuO-PVP and CuO-SDS nanostructures is compared to those of the similar catalysts in some open documents, and the results are summarized in Figure 7 and Supplementary Table S6. Noble metal catalysts generally show high CO selectivity in ECR due to the low binding energy of CO* on the surface. Besides, the abundant low-coordination edge sites will also endow the catalysts with enhanced reduction activity. Au-TOH-50, PON-Ag and Porous Ag showed good ECR performance with high total current densities of −3.10–−9.28 mA/cm2 and great FECO of 88.80–96.69% (Peng et al., 2018; Liu et al., 2019; Yang et al., 2020). Yang et al. reported the particle-size effect on Au nanostructures in ECR, and they found that Au trisoctahedron with smaller particle size of 50 nm (Au-TOH-50) exposed more (2 1 1) facets, which played important roles in stablizing the critical intermediate COOH* for enhanced CO selectivity (Yang et al., 2020). Peng et al. attributed the high activity and CO selectivity of the preferentially oriented nanoparticles (PONs) of metallic Ag (PON-Ag) to the preferential exposure of (1 0 0) and (1 1 0) facets (Peng et al., 2018). The good ECR performance of porous Ag was associated with the fact that the unique hollow porous structure provided high electrochemical surface area and intrinsically higher activity (Liu et al., 2019). Commericial Pd catalysts exhibited moderate activities in ECR, while their CO2RR activities could be improved by tuning the active sites and compositional design (Zhu et al., 2018; He et al., 2020). These had been evidenced by the improved FECO of 52.14 and 77.84% for the nitrogen-doped carbon-supported Pd single-atom catalyst (Pd/NC) and flower-like Pd3Cu alloy (FL-Pd3Cu) (Zhu et al., 2018; He et al., 2020). The promoted ECR performance of Pd/NC benefited from the stabilization of the adsorbed CO2 intermediate by the well-dispersed Pd-N4 single-atom sites (He et al., 2020). The high current density and FECO of the FL-Pd3Cu catalyst was associated with the alloy effect (Zhu et al., 2018). Transition metals and their oxides also show promise for ECR applications, while their ECR performance should be further improved. Effective strategies of elemental doping to regulate active sites, surface treatment to create more oxygen vacancies, activation and thermal reduction to control valence state have been employed. Ar and H2 plasma treatments could afford the a-MnOx-H and Vo-rich ZnO catalysts enriched oxygen vacancies for CO2 adsorption/activation and promoted charge transfer. The a-MnOx-H and Vo-rich ZnO catalysts thus exhibited excellent CO2RR activity with high FECO of 94.80 and 82.97% (Geng et al., 2018; Han et al., 2021). The presented surface oxygen vacancies in Cu2O-FeO had also been correlated to its enhanced overall catalytic efficiencies in ECR (Woyessa et al., 2021). The Ni- and Fe-loaded nitrogen doped carbon dubbed NixFe1-x-NC catalyst and oxide-derived copper nanowire arrays (OD-Cu NAs) enabled tunable syngas formation in ECR process (Geng et al., 2018; Woyessa et al., 2021). The N-coordinated Fe and Ni sites were identified as the major active sites in NixFe1-x-NC for HER and CO2RR to CO, and the CO/H2 ratio could be tuned by adjusting the Ni/Fe ratio in the catalyst (Zhang et al., 2020b). The tunable syngas production over OD-Cu NAs was associated with the formed grain boundaries (GBs) for promoted Cu re-oxidation, and the reaction rates of CO2RR and HER could be fine-tuned by optimizing the GB density (Wang et al., 2020). The copper nanoparticles-dispersed carbon aerogels (Cu/CA) showed a remarkable FECO of 75.6%, and this was ascribed to the highly dispersed metallic Cu on the carbon aerogels (Xiao et al., 2019). The desired CuO-PVP catalyst in this work possesses a moderate total current density of −4.59 mA/cm2 and FECO of 48.20% at −0.93 V vs. RHE. Compared to the Cu/Au, Pd/C, pristine ZnO, OD-Cu NAs and Cu2O-FeO catalyst, the desired CuO-PVP catalyst prepared in this work shows a higher CO selectivity. Besides, the desired CuO-PVP catalyst also exhibits higher catalytic activity towards CO2 reduction than those of the Ag foil, Pd/NC, and OD-Cu catalysts. It is noteworthy that CO selectivity and catalytic activity of the CuO-PVP sample is lower than those of the Au-TOH catalysts (Chen et al., 2017; Geng et al., 2018; Peng et al., 2018; Liu et al., 2019; He et al., 2020; Wang et al., 2020; Yang et al., 2020; Woyessa et al., 2021). However, there is still much room for improving its electrochemical performance by varying the synthetic parameters and the concentration of PVP template in hydrothermal synthesis, and this deserves more efforts in the future work.
[image: Figure 7]FIGURE 7 | FECO and total current densities of the different catalysts reported in literatures for ECR to CO.
Theoretical Analysis
The above results indicate that the structural and morphological properties and ECR performance of the CuO nanostructures depend on the different templates employed. Herein, we have provided a brief illustration and discussion about the correlation between the template effect and the structure-property relationships of the CuO nanostructures. Templates as structure-directing agents, play important roles in tuning the particle size of nanostructures in hydrothermal synthesis. Figure 8 presents a brief illustration of the template-assisted hydrothermal synthesis process. The templates are dissolved in deionized water to form spherical structure with hydrophilic polyethylene oxide (PEO) groups as shell and hydrophobic polypropylene oxide (PPO) groups as core. When the precursor (CuCl2·2H2O), precipitant (NH3·H2O) and pH modifier (NaOH) are added, the precursor is subjected to hydrolysis and the cations will be adsorbed on the alkane chains of the templates, with the aid of hydrogen bond, electrostatic interaction and coordination bond. Then, rapid nucleation occurs and the cations are oriented to present as linear structure. Afterwards, the templates are removed under medium temperature calcination, during which the templates and cations are decomposed to release CO2, N2 and H2O, and the core-shell structure will be subjected to the forces of expansion. Thus, the linear structure will be torn to form smaller NPs (Chen et al., 2013).
[image: Figure 8]FIGURE 8 | An illustration of the correlation of template effect to particle size and oxygen vacancy defect.
As a structure-directing agent, template plays an important role in hydrothermal synthesis process by promoting the nucleation of nanosized particles (NPs). The template molecules can contact directly with the precursor molecules during the sol-gel procedure, thus preventing the agglomeration of NPs in hydrothermal synthesis (Shu et al., 2014). The template agents used in this paper are PVP, SDS, F127, and P123, respectively. Among them, PVP and SDS are typical polymer surfactant and anionic surfactant, respectively, while F127 and P123 are nonionic surfactants, and the four templates exhibit varied structural properties. PVP represents a typical water-soluble polymer made from the monomer N-vinylpyrrolidone, and the PVP molecule contains pyrrolidone moiety (hydrophilic component) and alkyl group (hydrophobic group). The hydrophobic carbon chains in PVP have benefited the molecules repulsive forces to prevent the aggregation of nanoparticles (NPs). Hence, PVP has been extensively employed as a stabilizing and shape-directing agent in NPs synthesis (Koczkur et al., 2015). SDS is a short-chain anionic surfactant that can easily form reversed micelles in organic solvent. In the reversed micelles, the exterior hydrophobic groups interact with non-polar organic solvent, and the inner hydrophilic groups assemble to form polar core, and the polar core serves as a solubilizer for polar molecules. The restriction of polar core in reversed micelles has restricted the particle size in hydrothermal synthesis. Therefore, SDS has been widely used as the capping agent for synthesizing NPs with controllable sizes (Kuo et al., 2004). The triblock copolymers Pluronic P123 (EO20PO70EO20) contains a hydrophilic group of poly (ethylene oxide) (PEO) and a hydrophobic group of poly (propylene oxide) (PPO) (Polak et al., 2021). The triblock copolymers Pluronic F127 (EO106PO70EO106) contains a hydrophobic block of polypropylene located between two hydrophilic blocks of polyethylene glycol (Li et al., 2013a). The triblock copolymers in P123 and F127 generally assemble in aqueous solutions to form aggregated micelles. Similar to the reversed micelles formed by SDS, the aggregated micelles feature an inner core containing considerable hydrophobic PPO blocks and several PEO blocks, and an outer shell containing massive PEO blocks. The hydrophobic core of the aggregated micelles has provided a local hydrophobic microenvironment for the directional synthesis of NPs with tunable sizes (Chaibundit et al., 2007). Moreover, all the four templates can be completely removed by calcination at 400°C, implying that no template residues exist in the CuO nanostructures after calcination. Due to the different structural properties and bulk compositions for the templates, their capabilities of forming micelles in solution could be different, and the size of the formed micelles will further affect the average particle size of the CuO nanostructures in the subsequent processes.
However, the CuO-PVP catalyst exhibits good electrocatalytic performance in CO2RR, which may be related to its grain size, while the abundant −N and C=O functional groups in the PVP template would interact with metal ions via the coordination reaction to form NPs with uniform size. In this process, metal ions are captured by negative charge due to electrostatic attraction, and crystal nucleation and growth occur in the specified direction, and this benefit the formation of catalysts with fixed morphology (Li et al., 2013b). On the other hand, catalysts with minimized particle size and specified morphologies can offer abundant low coordination sites for enhanced catalytic activity in electrochemical CO2 reduction. Huang et al. fabricated CuO nanostructures by the hydrothermal synthesis method using PVP as template. CuO catalysts with varied morphologies of dumbbell-like nanowires (DBNWs), scattered nanowires (STNWs), microsphere and nanoflake were synthesized by regulating the synthetic parameters. Amongst, the CuO STNWs catalyst exhibited good catalytic performance in electrochemical CO2 reduction to formate, and the improved catalytic activity was associated with the enriched low coordination sites, one-dimensional structure and great surface area (Huang et al., 2017). Gao et al. prepared Cu2O catalysts with varied crystal structures by the template-assisted hydrothermal synthesis. By varying the content of the PVP template, Cu2O catalysts with different morphologies of cubic (enclosed with 100 facets), octahedral (enclosed with 111 facets) and truncated-octahedral (enclosed with both 111 and 100 facets) structures were fabricated. It was found that the performance of electrochemical CO2 reduction to ethylene depended on the different crystal facets. The increased PVP content in hydrothermal synthesis favored the formation of truncated-octahedral structured Cu2O catalyst enclosed with both 111 and 100 facets, and this promoted ethylene production by facilitating C-C coupling and ethylene desorption and enhancing multielectron involved kinetics (Gao et al., 2020). These results indicate that the types of template agents have an influence on the electrocatalytic reduction performance.
Besides, the varied ECR performance amongst the CuO nanostructures have been correlated to the difference in their average particle size and the concentration of oxygen vacancies. Catalytic performance of the electrocatalysts for ECR and the products selectivity have been widely reported to be depended on the nanoparticle size effects (Birhanu et al., 2018; Xie et al., 2018; Nitopi et al., 2019). On the one hand, the decrease in nanoparticle size would increase the surface to bulk atom ratio and more surface defects are exposed for enhanced ECR activity (Stephens et al., 2012; Nitopi et al., 2019). On the other side, the active sites of NPs play different roles in determining the product distribution. The edge sites favor the formation of CO, while the corner sites promote HER (Birhanu et al., 2018). Smaller particle size indicates a lower coordination degree of the surface atoms. Hence, more low-coordinated surface sites are available for enhanced activities of the catalysts with smaller average particle size (Chen et al., 2013; Chen et al., 2017). For Cu-based catalysts, NPs with smaller nanoparticle sizes can afford low-coordinated active sites for facilitated production of CO and H2, while the yield of C2+ products will be suppressed. In contrast, NPs with greater particle sizes will exhibit high selectivity toward the formation of CH4 and other C2+ products (Reske et al., 2014; Nitopi et al., 2019). Therefore, the high FECO for the desired CuO-PVP catalyst should be associated with the enriched low-coordinated edge active sites due to its small particle size.
The particle size effect on the catalytic activity and products selectivity of nanostructured catalysts for electrochemical CO2 reduction has been well understood. On the one hand, a tiny change in particle size will result in remarkable changes in the electronic structure of the catalysts, i.e., the shift of d-band, due to the strains induced on the surface atoms. This will in turn influence the catalytic activity (Hammer et al., 1996; Li et al., 2013c; Nitopi et al., 2019). On the other hand, the atom coordination density would be affected by the catalyst size. The decrease in particle size will result in the increase in the surface to bulk atom ratio, and the surface curvature increases, and the average coordination of the surface atoms will be lowered (Nitopi et al., 2019; Ni et al., 2021). In other words, the decreased particle size will induce the higher occurrence of undercoordinated sites, which will further influence the binding strength of the intermediate (Gao et al., 2019). Reske et al. reported that the products selectivity of Cu NPs in electrochemical CO2 reduction depended heavily on their average particle size. As the average particle size of Cu NPs decreased from 15 to 2 nm, the population of low-coordinated surface sites (coordination number <8) increased (Reske et al., 2014). The enriched undercoordinated sites that showed strong chemical adsorption were beneficial for lowering the mobility of the *CO intermediate on the surface, and the transform of *CO to hydrocarbons was suppressed, and the selectivity towards CO and H2 therefore had been boosted (Reske et al., 2014; Loiudice et al., 2016; Birdja et al., 2019). As the average particle size exceeded 25 nm, the formation of CO and H2 was hindered and the production of hydrocarbons of CH4 and C2H4 had been facilitated (Reske et al., 2014). Yin et al. prepared Cu3N structure for selective electrochemical CO2 reduction to ethylene. As the particle size of Cu3N structure increased from 10 to 25 nm, CO2RR selectivity to C2H4 increased from 34 to 57%, when the catalyst was tested at −1.6 V vs. RHE (Yin et al., 2019). Loiudice et al. synthesized Cu nanocrystals (NCs) of varied sizes (24 nm, 44 and 63 nm) for CO2RR to C2 product, and the particle size effect on the CO2 electroreduction activity and product selectivity was illustrated. The Cu NCs with an average particle size of 44 nm exhibited the highest C2H4 selectivity (41%) at −1.1 V vs. RHE. A further increase in particle size to 63 nm had resulted in the reduction in the ratio of edge sites to planar sites, and the C2H4 selectivity declined significantly to 25% (Loiudice et al., 2016). These indicate that the catalytic activity and products selectivity of copper-based catalysts depend on the undercoordinated sites due to the particle size effect. In previous work, we have prepared CuO catalysts with varied particle size by regulating the calcination temperature. Effect of calcination temperature on particle size, oxygen vacancy defects and electrochemical CO2RR performance had been illustrated. Results indicated that a higher temperature would result in CuO catalyst with larger particle size and declined oxygen vacancy concentration. Particularly, as particle size of CuO catalyst increased, the selectivity towards CO and H2 production slightly decreased, while the CO2RR selectivity to methanol and ethanol increased. This had been associated with the particle size effect, since the increased particle size had caused the decrease in the density of the undercoordinated sites (Yao et al., 2021).
Oxygen-vacancy defects play important roles in promoting the adsorption and activation of CO2 on metal oxide catalysts in ECR process. It is indicated that the concentration of oxygen vacancies in metal oxide catalysts will affect their electronic properties and electrochemical activities (Geng et al., 2018; Deng et al., 2020). Gao et al. reported that oxygen vacancies were the primary defect sites in cobalt oxide for ECR to formate (Gao et al., 2017). As proton transfer was the rate-limiting step, oxygen vacancies worked satisfactorily in lowering the rate-limiting activation barrier by stabilizing the formate anion radical intermediate. The OVs-rich and OVs-poor catalysts therefore exhibited distinct FEs of 87.6 and 67.3% for formate production under −0.23 V vs. RHE (Gao et al., 2017). Efforts therefore have been devoted to engineer the electronic properties for improved ECR performance by introducing more oxygen vacancies into the metal oxides catalysts (Geng et al., 2018). Geng et al. reported that the introduction of oxygen vacancies into ZnO nanosheets increased the charge density of ZnO to promote CO2 activation, and this would improve their catalytic performance in ECR to CO. The OVs-rich ZnO catalyst exhibited high activity (jCO = −16.1 mA/cm2) and excellent selectivity (FECO = 83%) for ECR to CO production (Geng et al., 2018). Heat treatment, irradiation and doping modification could be efficient strategies for introducing oxygen vacancy defects into metal oxide catalysts of ZnO, BiVO4 and MO3 (Liu et al., 2016; Wang et al., 2017; Feng et al., 2020). It is widely acknowledged that the ECR to CO process over Cu-based catalysts involves several steps, and the first but the most important step is the adsorption and activation of CO2 on the desired facets to form the key intermediate of COOH*. However, CO2 adsorption and activation and the stabilization of the key intermediate have been reported depending on OVs concentrations (Gu et al., 2019; Karapinar et al., 2021). Herein, we report that the different templates employed in hydrothermal synthesis will affect the oxygen vacancies in the CuO nanostructures. Therefore, the relatively higher CO2RR activity and CO selectivity of CuO-PVP and CuO-SDS should be associated with their relatively higher OVs concentration. Besides, the better performance in CO2RR to CO should also be associated with their small particle size, considering the enriched undercoordinated sites for promoted CO production.
To elucidate the promoting role of oxygen vacancy defects in ECR, we have done DFT calculations to provide a theoretical insight into the pathways of CO2RR on the (111) facets of bulk CuO, OVs-poor CuO and OVs-rich CuO catalysts. It is widely recognized that the CO2RR to CO involves three steps: CO2 activation to form COOH*, surface reaction of COOH* to form CO* and the desorption of CO from catalyst surface (Li et al., 2013b; Huang et al., 2017; Zhu et al., 2018; Gao et al., 2020). Figure 9 shows the free energy diagrams for CO2RR to CO on CuO catalysts through the COOH* generating pathway. Top views of the optimized structures of the catalysts and the main adsorption configurations of COOH* and CO* on the (111) facets of bulk CuO, OVs-poor CuO and OVs-rich CuO are presented in Supplementary Figures S7–9. The Gibbs free energies for the formation of COOH* on OVs-poor CuO and OVs-rich CuO are lower than that on bulk CuO, which indicates that the presence of OVs in CuO nanostructures reduces the activation barrier of CO2 to COOH*. The Gibbs free energies for CO2 activation on OVs-poor CuO and OVs-rich CuO decreases by 0.92 and 0.15 eV, with respect to the bulk CuO catalyst. The presence of OVs also affect the CO desorption process. Although the Gibbs free energies are uphill for the desorption of CO, the free energy for CO desorption on the (111) facet has been reduced for CuO with OVs. This is especially true for the OVs-rich CuO catalyst, since its free energy has been significantly reduced to 0.13 eV, compared to that of 2.40 eV required for CO desorption from the (111) facet of bulk CuO. This indicates that the CO adsorption strength on CuO with OVs is weaker than on the surface of CuO without OVs. Thus, OVs play important roles in not only promoting CO2 activation but also facilitating CO desorption from the surface of CuO catalyst. The promoting role of OVs in CO2RR has also been highlighted in open documents. Geng et al. reported that the introduction of OVs into ZnO nanosheet had decreased the Gibbs free energy for CO2 activation by 0.28 eV, and this resulted in fast kinetics for CO2RR to CO (Geng et al., 2018). Devi et al. demonstrated that the increase in the concentration of OV defects in the Cu17In3O15 composite had decreased its CO2 activation barrier from 0.48 to 0.31 eV for CO production, and this corresponded to the high CO faradaic efficiency of 85% at −0.895 V vs. RHE (Devi et al., 2019). Overall, the relatively better performance of CuO-PVP and CuO-SDS with higher OVs concentration for CO2RR to CO should be associated with the dual functionality of OVs in promoting CO2 activation and facilitating CO desorption.
[image: Figure 9]FIGURE 9 | Reaction free energy diagram toward various intermediates on the (111) facet of (A) bulk CuO, (B) OVs-poor CuO, and (C) OVs-rich CuO.
CONCLUSION
Nanostructured CuO catalysts were prepared via the template-assisted hydrothermal synthesis method using different templates for electrochemical CO2 reduction to CO. Template effects on the structure-property-activity relationships of the CuO nanostructures were investigated by combining the results of electrochemical measurement, characterizations and DFT calculations. The different structures of the templates employed in hydrothermal synthesis have endowed the as-prepared CuO nanostructures with varied particle sizes and oxygen vacancy concentrations. Amongst, CuO-PVP and CuO-SDS showed smaller particle sizes and higher oxygen vacancy concentrations. The desired CuO-PVP and CuO-SDS catalysts exhibited good electrochemical performance with high jCO-ECSA of 2.21 and 1.37 mA/cm2 and great FECO of 48.2 and 50.5% under the given potential of −0.93 V vs. RHE. The good CO2 reduction activity and CO selectivity were associated with the particle size effect and the promoting role of the oxygen vacancy. CuO catalysts with smaller particle sizes could provide more low-coordinated defect sites for facilitated CO2 adsorption and activation. DFT calculation results confirmed that the enriched oxygen vacancies in CuO nanostructures possessed a double functionality, namely, to promote CO2 adsorption and activation, and to facilitate CO desorption from the catalyst surface. These results will provide significant instructions for designing robust and efficient catalysts for electrochemical CO2 reduction. More efforts will be devoted to engineering the oxygen vacancy of the desired CuO catalysts via plasma treatment or metal oxide doping for boosted electrochemical performance.
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