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Highlights 

 CuO nanowires (NWs) were developed as a highly efficient ERCO2 electrode  

 CuO NWs catalyst outperforms the single metal Cu-catalysts in aqueous environment 

 The competing H2 evolution reaction was significantly suppressed on CuO NWs 

 Methanol (faradaic efficiency of 66 %) was selectively produced on CuO NWs 

 CuO NWs electrode can be also used in a gas diffusion electrode (GDE) configuration  
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Abstract: A highly efficient copper-catalyst (noble-metal free) was developed for the 

electrochemical reduction of CO2 (ERCO2) to methanol. Due to the nanowire structure of the 

catalyst, a remarkable ERCO2 selectivity was achieved, while the competing H2 evolution 

reaction (HER) was significantly suppressed for the overall range of potential tested. The 

developed copper-catalyst (CuO NWs) outperforms the single metal Cu-catalysts in aqueous 

environment. Under atmospheric conditions, methanol was produced at an overpotential of 

410 mV with a faradaic efficiency (FE) of 66 %, and 1.27 × 10
-4

 mol m
-2

 s
-1 

of production 

yield; which represents a 6.7 % improvement over the previously reported value of 

1.19 × 10
-4

 mol m
-2

 s
-1

. Interestingly, when the developed CuO NWs was used as a gas 

diffusion electrode (GDE) in a filter-press cell (more real industrial configuration), methanol 

remained as the major ERCO2 product with the same FE (66 %). 

 

1. Introduction 

The increasing global CO2 concentration, mainly from extensive fossil fuel utilization, is a 

serious environmental threat that is considered one of the major causes of climate change 

[1,2]. The electrochemical reduction of CO2 (ERCO2) to fuels and chemical feedstock, using 

renewable electricity represents one promising approach to reduce anthropogenic CO2 

emissions and for the development of a sustainable energy system [3–5]. However, this 

desired approach imposes major technological challenges before its implementation in large-

scale applications [1]. CO2 is a fully oxidized and thermodynamically stable molecule. Thus, 

the development of a suitable catalyst, capable of achieving a stable and cost-effective 

process, with high efficiency and selectivity at low overpotential, is a crucial requirement 

[2,4]. 

In aqueous environment, the ERCO2 reaction competes in selectivity with the hydrogen 

evolution reaction (HER), particularly at low applied potentials [6]. Therefore, tuning the 
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ERCO2 activity and selectivity to the target product while suppressing the HER is critical for 

improving the energy efficiency of the process [7]. Metal electrodes have been the focus of 

extensive ERCO2 research in aqueous solutions at ambient conditions [8]. However, since the 

earliest studies by Hori et al., it has been identified that most metals preferentially produce H2 

under electrocatalytic conditions, even in the presence of CO2 [9]. This is because HER has 

often smaller overpotentials compared to ERCO2. Consequently, metals that are active for 

ERCO2 are also active for HER [10,11]. Systematic studies have been carried out to improve 

the ERCO2 selectivity by controlling the electrodes morphology [12–15] and electronic 

properties (bimetallic alloys) [7,16]. However, up to now, the search for pure metal catalysts 

that favor ERCO2 over HER has proved infertile [11]; in fact, effective suppression of the 

HER has only been reported using precious bimetallic catalysts (AuPd and PbCu) [7,16]. 

Recent studies have shown that the production of electrodes with nanostructured surfaces is a 

path for better efficiency and selectivity, in particular for Cu-based catalysts. For instance, 

Cu2O rods were used for the production of CO and formic acid with faradaic efficiencies 

(FE) of ca. 40 % and 33 %, respectively [17]. Sen et al. reported that copper foams provide 

high surface roughness, hierarchical porosity, and confinement of reactive species, resulting 

in the production of formic acid with FE of 37 % at -1.5 VAg/AgCl [18]. Ethylene and ethanol 

were identified as ERCO2 products using polyhedron Cu2O particles as catalyst, whose FE 

can be tuned by varying the thickness of the Cu2O overlayers [19]. It was also reported that 

multicarbon product formation, mainly ethylene, is favored on copper cubic facets [20]. More 

recently, Cu nanowires (NWs) were identified as advanced electrocatalysts for CO2 and CO 

electroreduction by Raciti et al. [3,21] and Ma et al. [2]. Especially for the ERCO2, this type 

of catalyst requires an overpotential as low as 300 mV to reach a total current density 

of -1 mA cm
-2

, and enables the production of CO with FE of ca. 60 % [3]. 
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In the present study, CuO NWs with high surface area were produced using a simple method 

and non-precious metals. The developed catalyst was initially tested for ERCO2 using a 

conventional three-electrode system, showing remarkable activity and selectivity for 

methanol production under atmospheric conditions and using an ionic liquid-free electrolyte. 

The catalyst stability under reaction condition was also assessed and improved, resulting in 

no apparent deactivation after 2 h of electrolysis. Finally, the CuO NWs electrode was 

evaluated in a continuous ERCO2 device, working with a gas diffusion electrode (GDE) 

configuration. 
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2. Experimental 

Electrode preparation: Electrodes were prepared by anodization of a bare Cu foam, adapted 

from the work of Wang et al. [22]. Cu foam with a thickness of 80 µm (MTI Corp USA) was 

successively washed with acetone (Sigma-Aldrich, 99.9 %), ultrapure water (18.2 MΩ cm
-1

 at 

25 °C, Millipore Milli-Q system), and 3.0 M HCl (Fluka, 37 %) for 30 min under ultrasonic 

condition to remove organic contaminants and possible oxide layers on the surface. After 

then, it was rinsed with ultrapure water and dried at 80 °C in a vacuum oven, before using it 

as the working electrode. A three-electrode setup was used with a carbon rod as counter 

electrode and an Ag/AgCl/Sat. KCl as reference electrode, connected to an IM6ex 

electrochemical workstation (Zahner). The electrolyte was 1.0 M KOH (Merck) solution, 

which was deaerated by bubbling N2 for at least 30 min before experiments. The Cu foam 

was electrochemically anodized at room temperature and constant current density of 10 mA 

cm
-2

 for 10 min to form Cu(OH)2 NWs. After anodization, samples were rinsed with 

ultrapure water and annealed at 150 °C for 1.5 h under static air, to dehydration of Cu(OH)2 

to CuO. 

Atomic layer deposition of TiO2 was conducted on a Beneq thin-film system (TFS 200, 

Beneq Corporation), according to a previous work [23]. TiO2 was deposited using titanium 

isopropoxide (C12H28O4Ti ≥ 97 %, Sigma Aldrich) as precursor, and distilled water (H2O) as 

oxidizing agent, at 225 °C. Ultrahigh purity nitrogen was used as reactant carrier and purge 

gas, and the reactor was maintained at 400 Pa. 

 

Physicochemical characterization: The morphology and element distribution was obtained 

by scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS, Phenom 

XL Desktop SEM). The crystal structure was studied using X-ray diffraction (XRD, 

PANanlytical X’Pert Pro) operating at Bragg-Bretano focusing geometry and using Cu Kα 
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radiation at wavelengths Cu Kα1 = 1.5406 Å and Cu Kα2 = 1.54443 Å. The data was 

collected at 2θ angles (20-100°), with a step size of 0.017°. The Debye-Scherrer equation was 

applied to determine the average crystallite size. X-ray photoelectron spectroscopy (XPS, 

Kratos AXIS Ultra HAS) was used to identify the chemical composition and valence state. 

The analysis was carried out with a monochromatic Al Kα X-ray source (1486.7 eV), 

operating at 15 kV (90 W), in FAT mode (Fixed Analyzer Transmission), with a pass energy 

of 40 eV for regions and 80 eV for survey. Data acquisition was performed with a pressure 

lower than 1.0 × 10
-6

 Pa using a charge neutralization system. Binding energies (BE) were 

calibrated based on the C 1s line at 285 eV from adventitious carbon. The modeling of the 

spectra was performed using Shirley type background subtraction and peak fitting with 

Gaussian-Lorentzian peak shape modified by a tail function for asymmetric peaks, following 

literature recommendations [24–26]. Details on the curve fitting are provided in Table S2. 

The CO2 adsorption was studied by CO2-temperature programmed desorption combined with 

mass spectrometric analysis (CO2-TPD-MS, ChemBET Pulsar TPR/TPD). Initially, 10 % 

CO2/He flow was continuously pulsed for 1 h at 50 °C; afterward, the CO2 desorption was 

monitored by a quadrupole MS (Pfeiffer Vaccum OmniStar GSD 320) in the temperature 

range of 50 – 700 °C. 

 

Electrochemical measurements: All potentials were referenced to the Ag/AgCl electrode, 

and the electrochemical measurements were performed at room temperature and atmospheric 

pressure, in a conventional three-electrode system. Ag/AgCl/Sat. KCl and carbon rod were 

used as reference and counter electrodes, respectively. The electrolyte was 150 mL of an 

aqueous solution of 0.1 M KHCO3 (Alfa Aesar, 99.95% trace metals basis), prepared with 

18.2 MΩ cm
-1

 (at 25 °C) ultrapure water (Millipore Milli-Q system). Linear sweep 

voltammetry (LSV), with a scan rate of 20 mV s
-1

, was carried out using an IM6ex 

                  



8 

 

electrochemical workstation (Zahner) in N2- or CO2-saturated electrolyte (the electrolyte was 

bubbled with N2 or CO2 for 30 min before the measurement and a blanketing atmosphere was 

kept during the reads). The potential was swept from 0.0 to -1.8 V, and the current density 

was measured and recorded. Electrochemical impedance spectroscopy (EIS) measurements 

were performed in CO2-saturated 0.1 M KHCO2, at -1.4 V and -1.8 V with an amplitude of 

50 mV and frequency from 1 Mhz to 10 mHz. The data obtained were fitted using the ZView 

software (Version 3.5, Scribner Associates, USA). Adsorption affinity of OH
–
 as surrogate of 

CO2
•–

 was examined by oxidative LSV at 20 mV s
-1

 in N2-saturated 0.1 M NaOH. The 

electrodes double-layer capacitance was determined in N2-saturated 0.1 M KHCO3 for 

assessing the surface roughness factor [2]. The cyclic voltammograms (CV) were acquired in 

the non-faradaic region of the voltammogram at multiple scan rates (5 - 100 mV s
-1

). The 

slope of the current density vs scan rate provided the capacitance value, which was 

normalized to the polycrystalline Cu foil to obtain the surface roughness factor (Figure S6 

and Table S3). 

 

CO2 reduction electrolysis and product analysis: Electrolysis experiments were conducted 

at atmospheric conditions using the three-electrode cell previously described, and 0.1 M 

KHCO3 saturated with CO2 as electrolyte. For each potential studied, the experiments lasted 

120 min and were performed using fresh electrodes and electrolytes. 

Gas products generated during CO2 electrochemical reduction were analyzed using gas 

chromatography (GC, GC-2010 Plus, Shimadzu), using He as the carrier gas. The GC was 

equipped with an HP-PLOT Q column (Agilent) and a barrier ionization discharge (BID) 

detector. GC runs were initiated 20 min after the start of the electrolysis and thereafter every 

20 min. To ensure that the reported data is from a system under equilibrium condition, only 

the average of the third to the sixth GC measurements was used in the data analysis. Liquid 
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products were collected at the end of the electrolysis and analyzed by headspace GC (Nexis 

GC-2030, Shimadzu) equipped with a TRB-624 column (Teknokroma), using He as the 

carrier gas. All measurements were recorded in duplicate to ensure reproducibility. The FE, 

product formation rate, overpotential, and cell energy efficiency were determined according 

to the equations presented in supporting information.  

 

Filter press tests: Selected electrodes were tested on a filter-press cell at ambient conditions 

of pressure and temperature, using an experimental setup described in previous works 

[27,28]. A Nafion 117 cation exchange membrane was used to separate the cathode and 

anode compartments, and the geometric electrode area was 10 cm
2
. A tinned steel mesh was 

used as current collector and a dimensionally stable anode [DSA/O2 (Ir-MMO (mixed metal 

oxide) on platinum)] as counter electrode. A leak-free Ag/AgCl 3.4 mol L
-1

 KCl reference 

electrode was assembled close to the surface of the cathode. An aqueous solution of 0.1 M 

KHCO3 (PanReac, > 99 % purity) and 1.0 M KOH (PanReac, 85 % purity) was used as 

catholyte and anolyte, respectively. Experiments were conducted at galvanostatic conditions 

(45 mA cm
-2

), with the current supplied by the potentiostat (MSTAT 4, Arbin Instruments). 

Each test had the duration of 90 min and was performed on a continuous mode with a single 

pass of the catholyte and anolyte through the cell with a flow rate of 0.57 mL min
-1

 cm
-2

, 

using two peristaltic pumps (Watson Marlow 320, Watson Marlow Pumps Group). Pure 

gaseous CO2 was fed to the cell at a flow rate of 200 mL min
-1

. To ensure the reproducibility 

of the results, each test was conducted in duplicate on different days. 

Gas products were analyzed online every 30 min with a micro gas chromatograph (490 Micro 

GC, Agilent) equipped with four channels (columns: PBQ + MS5A, PoraPLOT U, CP-Sil 5 

CB, and CP-WAX 52 CB). Liquid samples were also collected every 30 min and analyzed by 

ion chromatography to obtain the formate concentration; the analysis was carried out with a 
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Dionex ICS 1100 equipped with an AS9-HC column, using a solution of 4.5 mmol L
-1

 of 

Na2CO3 as the eluent at a flow rate of 1 mL min
-1

. The methanol and ethanol production was 

accessed by headspace GC (GCMS-QP 2010 Ultra, Shimadzu) equipped with a DB-624 

column (Agilent), using He as the carrier gas. 
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3. Results and discussion 

3.1 Electrodes characterization 

A Cu foam was used as substrate for the production of CuO NWs electrodes for the ERCO2, 

using a method adapted from the work of Wang et al. [22] (details provided in supporting 

information). The morphology of the various samples collected at different stages of the 

electrode preparation was characterized by SEM, as illustrated in Figure 1. As the substrate, 

the bare pristine foam presents a smooth surface and a 3D interconnected network with a pore 

size of 100-300 µm (Figure 1a). However, after anodization, the 3-D skeleton of the Cu foam 

is evenly covered by Cu(OH)2 NWs with 4-5 nm in length and 0.3-0.6 nm in width (Figures 

1b and c). The nanowire morphology and size are maintained after annealing, as depicted in 

Figure 1d. 

The crystal structure of the prepared samples was investigated by XRD. All samples exhibit 

strong peaks at 43.3°, 50.4°, and 74.1° ascribed to Cu
0 

(Figure 1h), which correspond to the 

bulk structure of the Cu foam substrate. Since the anodization is a surface phenomenon, it 

was not expected changes in the bulk structure of the samples after treatment. However, and 

in agreement with the trend reported by Wang et al. [22], the main diffraction peaks of 

Cu(OH)2 (35 nm, Debye-Scherrer) are detected after anodization. After thermal annealing, 

broad diffraction peaks at 35.8° (11-1) and 38.7° (111) evidences the appearance of CuO, 

which confirms the dehydration of most Cu(OH)2 phase. Compared to Cu(OH)2 NWs, the 

broader peaks observed for CuO NWs indicate a decrease in crystallite size (21 nm, Debye-

Scherrer). A very weak reflection at 23.9° suggests that some Cu(OH)2 is still present in the 

annealed sample. 

The surface of the various samples was studied by XPS. For the bare Cu foam, the peak-fit of 

the Cu 2p3/2 core level gives a single narrow peak centered at 932.9 eV (Figure 1e, Table S1) 

that can be attributed to Cu
0
 and/or Cu

+
. Thus, the chemical speciation of copper was based 
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on the Cu LMM Auger peak [26]. The Auger peak-shape in Figure S3a suggests that copper 

is present, at least, in two different oxidation states characterized by the main peak at 915.9 

eV (Cu
+
, 69 at. %) and the shoulder at 918.2 eV (Cu

0
, 31 at. %). After anodization (Figure 1f, 

Table S1), the Cu 2p3/2 peak shifted to higher BEs (934.4 eV), and strong shake-up satellite 

peaks are observed, endorsing the formation of Cu(OH)2. For the annealed sample (Figure 

1g), the values of the Cu 2p3/2 BE (933.6 eV, Table S1) and Cu LMM (917.4 eV, Table S1) 

peaks are consistent with the presence of CuO [26]. 

 

 

3.2 Electrochemical performance and stability 

The electrocatalytic activity of the prepared electrodes was initially accessed by LSV in N2 or 

CO2-saturated electrolyte, using a standard three-electrode cell, Figure 2. The LSV curve of 

the Cu foam recorded in N2 environment exhibits a clear reduction peak between -0.3 V 

and -0.7 V, which can be attributed to the reduction of Cu
+
 to Cu

0 
[29]. XRD and XPS 

already evidenced the presence of Cu2O. For Cu(OH)2 NWs and CuO NWs, two cathodic 

signals (CI and CII, Figure S5) are observed, which were assigned to the sequential reduction 

of Cu
2+

 to Cu
+
 and Cu

+
 to Cu

0
 [29,30].  

Under CO2-media, the Cu foam exhibits a total current density (jtot) of -12.5 mA cm
-2

 

at -1.8 V. However, no major differences are observed in comparison with the LSV response 

under N2-saturated electrolyte, suggesting that the water electrolysis is the dominant reaction 

(Figure 2a). At the same applied potential range, both Cu(OH)2 NWs and CuO NWs produce 

much higher current densities than the bare Cu foam. For instance, a current of -25.0 mA 

cm
-2

 was recorded at -1.8 V for Cu(OH)2 NWs, which represents an increase by 2-fold. For 

CuO NWs, a notable jtot of -56.8 mA cm
-2

 was registered at the same applied potential 

(improvement by 4-fold). The increase in surface area after the formation of the nanowires 
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can explain the current density enhancement observed for Cu(OH)2 NWs and CuO NWs. As 

shown in Table S3, Cu(OH)2 NWs and CuO NWs presents a capacitance of 10.3 mF cm
-2

 and 

9.82 mF cm
-2

, respectively. This indicates that the roughness factors are 11 times higher than 

that of Cu foam (capacitance of 0.93 mF cm
-2

). On the other hand, Cu(OH)2 NWs and CuO 

NWs have similar roughness factors, suggesting that the higher current density measured for 

CuO NWs is indicative of higher activity.  

In addition to the high activity, this preliminary test suggests that CuO NWs is highly 

selective for the ERCO2. For the overall range of potential tested, the total current density 

recorded under N2-environment is almost negligible (ca. -1 mA cm
-2

), evidencing that the 

HER competing reaction was strongly suppressed (Figure 2c). In contrast, after the 

incorporation of CO2, the current density sharply increased, indicating high 

activity/selectivity for the CO2 reduction. Additionally, the onset potential shifted positively 

from -1.05 V (Cu foam) to -0.57 V (CuO NWs), which denotes that the electrocatalytic 

activity is enhanced for the CuO NWs electrode and less energy is needed to initiate the CO2 

reduction. It is also worth mentioning that most of the surface CuO is reduced to Cu
0
 during 

the ERCO2, being Cu
0
 the active state of copper (CuO NWs vs CuO NWs after ERCO2, Table 

S1). 

The stability of the developed CuO NWs electrode was evaluated by short-term electrolysis 

at an applied potential of -1.8 V, Figure 3a. As observed, during 2 h of operation the jtot 

declines from -56.8 mA cm
-2

 to -18.2 mA cm
-2

, indicating that the CuO NWs electrode will 

not be stable under long-term electrolysis. According to SEM results (Figure 3b and c), the 

decrease in activity can be related to some damage of the NWs structure during reaction. To 

improve the stability of the electrode, a TiO2 layer with ca. 5 nm of thickness was deposited 

by ALD. This technique has already been identified as a viable tool to add ultrathin corrosion 

protective layers (TiO2, Al2O3, ZnO, HfO, and ZrO2) to copper surfaces [31,32]. In the 
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present work, ALD TiO2 was successfully used to improve the stability of an ERCO2 

catalyst; after the TiO2 incorporation, the jtot is stable at -32.0 mA cm
-2

 during the 2 h test 

(Figure 3a). Literature reports that Cu NWs are stable under ERCO2 conditions over 1 h 

without further treatment [2]. However, in the cited work, the electrolysis was carried out at 

lower potentials than those used in this study (ca. -1 VAg/AgCl). Thus, the results here 

presented may be related to the more reductive environment to which the CuO NWs electrode 

was exposed, which damages the structure of the NWs. The addition of the TiO2 layer 

increases the structural robustness, resulting in high catalytic stability and enables the 

operation at more cathodic potentials. Moreover, the TiO2 has a negligible impact on the 

electrode conductivity and ERCO2 product distribution, Figure S9. On the other hand, it is 

also observed that the addition of the TiO2 layer reduces the total current density (-56.8 mA 

cm
-2

 without TiO2 and -32.0 mA cm
-2

 with TiO2). This behavior can be explained by the 

blocking of some CuO active centers, according to SEM-EDS and CO2-TPD-MS results 

(supporting information). From here, all results reported concern electrodes with TiO2 

protective layer. 

 

 

3.3 Electrochemical CO2 reduction 

The activity of the prepared electrodes towards the CO2 reduction was assessed by 

potentiostatic measurements for 120 min at selected potentials from -1.2 to -1.8 V, using the 

conventional three-electrode system and CO2-saturated 0.1 M KHCO3 as electrolyte.  

The geometric current density remained stable throughout the electrolysis, regardless of the 

electrode and applied potential (Figure S10). GC analysis revealed that H2 and CO were the 

only gas products. Similarly, methanol and ethanol were identified as the main liquid 

products, with propanol also detected for some samples but with a negligible faradaic 

efficiency (FE < 2 %).  
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The current density and FE recorded during the constant-potential electrolysis of CO2 over 

the different electrodes are displayed in Figure 4. As expected, the bare copper foam presents 

quite high values of FE for H2 production, reaching ca. 80 % for each potential tested (Figure 

4b). This result is in agreement with the work of Min et al., which reports ca. 85 % of H2 FE 

for a commercial Cu foam tested under similar conditions at -1.0 VAg/AgCl [33], confirming 

that this electrode is not suitable for ERCO2 due to its low selectivity, as suggested by the 

LSV. Other studies reported in the literature show Cu foams with lower H2 FE, for instance, 

60 % [18] and 16 % [13] at -1.3 VAg/AgCl. However, these values were obtained with 

electrodeposited Cu foams and not with commercial materials.  

After anodization, the H2 FE decreased for an average value of 45 %, which represents a 

reduction by 1.7-fold when compared to the Cu foam (Figure 4b). CO also started to be 

produced with a maximum FE of 40.4 % at -1.6 V. At this potential, a remarkable value of 

2.43 × 10
-5

 mol m
-2

 s
-1

 was reached for CO production; 30 % higher than the value recently 

reported by Luo et al. for a porous Zn catalyst (1.86 × 10
-5

 mol m
-2

 s
-1

) [34]. Methanol and 

ethanol were also detected, however, with low FE (ca. 10 % and 5 % for methanol and 

ethanol, respectively).  

The unique nanostructure of the nanowires produced during the anodization proved to be 

effective in decreasing the HER activity. However, the H2 electrolysis can be further 

inhibited by the dehydration of Cu(OH)2 to CuO, as depicted in Figure 4d. After annealing, 

the H2 FE remained below 15 % in the potential range of -1.6 to -1.2 V, evidencing that CuO 

NWs is 5.3-times less HER selective when compared to the Cu foam. Withal, alcohols 

become the main ERCO2 products. Ethanol was produced with a maximum FE value of 

23.5 % recorded at -1.8 V, and the methanol FE exceeded 50 % in the tested potential range. 

Particularly at -1.4 V, methanol was selectively produced with FE of 66.4 % and a production 

yield of 1.27 × 10
-4

 mol m
-2

 s
-1

; a value slightly higher than the literature reference 
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(1.19 × 10
-4

 mol m
-2

 s
-1

) [35]. At the same applied potential (-1.4 V), the overpotential for the 

ERCO2 to methanol was found to be 410 mV (supplementary information). The energy 

efficiency for methanol production was also assessed; 31.2 % at -1.4 V, with a maximum of 

32.7 % achieved at -1.2 V. 

Concerning the methanol production, the values obtained with the CuO NWs electrode are 

very close to those reported by Yang et al. over CuSe electrodes (FE of 77.6 %, jtot of -41.5 

mA cm
-2

 and overpotential of 285 mV) [36]. Moreover, since the jtot decreased after the 

incorporation of the TiO2 protective layer, it is expected that further improvement of the 

protection layer results in the performance enhancement of the developed electrode.  

The ideal catalyst for the ERCO2 should also be effective in inhibiting the HER, and much 

work has been devoted to this subject [7,12–16]. However, hitherto an effective suppression 

of the HER has only been achieved using precious metals-containing catalysts [7,16]. 

Recently, Kim et al. reported an unprecedented suppression of the HER for a bimetallic 

catalyst consisting of Pd adatom decoration of active Cu surfaces; a selectivity of 90 % for 

the CO2 reduction was achieved at -1.7 VAg/AgCl [16]. The other remarkable example is the 

nearly 100 % selectivity for ERCO2 achieved using an AuPd bimetallic catalyst, reported by 

Valenti et al. [7]. On the other hand, for pure metals electrodes, the promotion of ERCO2 

over HER has proved infertile [4,11,37]. For instance, it is reported that the FE for HER is ca. 

30 % on Cu surfaces at -1.5 VAg/AgCl [37], and 50 % on CuO at -1.7 VAg/AgCl [4]. In contrast, 

the developed CuO NWs electrode presents an FE for H2 evolution of only 14.1 % at -1.4 V. 

Thus, regarding the inhibition of the H2 production, the developed electrode has a 

performance comparable to the state-of-the-art precious metal electrodes and outperforms the 

single Cu-catalysts in aqueous environment. Withal, the CuO NWs electrode has the 

advantage of being highly selective for ERCO2 to methanol.  
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3.4 Understanding the superior performance of CuO NWs 

To disclose the crucial factors affecting the electrocatalytic process, and the superior 

performance of CuO NWs, further electrocatalytic characterization was performed.  

The results from the Tafel analysis are given in Figure 5a. The Tafel slope measured for the 

Cu foam of 136 mV dec
-1

 agrees with previous reports (130 ± 7 mV dec
-1

) [38], and is 

indicative of a rate-determining initial electron transfer to CO2 to form an adsorbed CO2
•–

 

intermediate [8,38]. The overpotential required for this step is typically large due to the poor 

stabilization of CO2
•–

 by the metal surface [8]. In contrast, electrokinetics data for Cu(OH)2 

NWs and CuO NWs support a mechanism that implies a faster first-electron transfer step 

prior to a chemical rate-determining step (theoretical value of 59 mV dec
-1

) [1,39]. 

Mechanistic divergence from rate-determining 1e
–
 transfer suggests that active sites on the 

surfaces of Cu(OH)2 NWs and CuO NWs provide better stabilization to CO2
•–

. The faster 

kinetics recorded when Cu(OH)2 NWs and CuO NWs are used as electrodes can be explained 

in part by the field-induced reagent concentration theory (FIRC) [40]. According to FIRC, the 

slow kinetics, due to the low CO2 concentration close to the catalytic active sites, can be 

improved by nanostructured electrodes. As reported, the presence of K
+
 can stabilize the 

adsorption of reaction intermediates (e.g., CO2
•–

) [41], and the high local electric fields 

created by high-curvature structures (e.g., tip of nanowires) tend to concentrate electrolyte 

cations near CO2 reduction sites. It seems logical to assume that the particular morphology of 

the CuO and Cu(OH)2 NWs supported on a 3D substrate could allow a better stabilization of 

CO2
•–

, explaining the observed faster kinetics. 

To confirm the change in the binding affinity of CO2
•–

, adsorption of OH
–
 as a surrogate for 

CO2
•–

 was studied. The current response was measured following single oxidative LSV scans, 
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starting at -1.15 V to -0.25 V, and results are plotted in Figure 5b. As shown, surface OH
–
 

adsorption on CuO NWs and Cu(OH)2 NWs occurs at a potential ca. 50 mV lower than that 

observed for Cu foam. The negative potential shift indicates higher binding energy between 

reaction sites and intermediates and, thus, stronger stabilization of CO2
•–

 on the surface of the 

CuO NWs and Cu(OH)2 NWs [42,43], following the mechanism proposed by the Tafel 

analysis.  

EIS measurements were performed to further investigate the effect of the catalyst structure on 

the kinetics of the CO2 reduction, Figures 5c and 5d. EIS tests were carried out at -1.4 V 

and -1.8 V. Literature suggests that at low overpotential the reaction kinetics is controlled by 

charge transfer process, whereas at larger overpotentials becomes dominated by mass 

diffusion [42]. The obtained Nyquist plots were fitted by the equivalent circuit model [44] 

(Figure S11), and the corresponding fitted results are summarized in Tables S7 and S8. 

According to the EIS fitting, all electrodes had similar electrolyte resistance (Rs), with an 

average value of 22.5 Ω cm
-2

 due to the same electrolyte condition and reactor. At the same 

time, obvious differences were observed for the charge transfer resistance (Rct) and diffusion 

resistance (Rd). Results obtained at -1.4 V (Figure 5c) shows that the Rct decreased by 2.5-

fold after anodization, suggesting that the presence of the nanowires enhances the electronic 

interaction at the reaction interfaces during electrolysis. As result of the FIRC effect, the 

adsorption energy barrier of CO2 was reduced, facilitating the electron transfer to form CO2
•– 

[45]. Moreover, the Rd also decreased, being negligible for CuO NWs, indicating that a pore 

network was created that guides the diffusion of CO2 to the active centers. The same pattern 

is observed for the EIS data acquired at -1.8V; however, as expected, the Rd slightly 

increased (Figure 5d). 

As previously mentioned, CO and methanol were selectively produced over Cu(OH)2 NWs 

and CuO NWs surfaces, respectively. However, the reaction selectivity of Cu(OH)2 NWs and 
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CuO NWs cannot be explained by structural effects. Thus, it is suggested that the chemical 

environment is the key to the observed differences. As evidenced by XPS, the BE of Cu 2p 

core level of Cu(OH)2 NWs is 0.8 eV higher when compared to CuO NWs (Table S1). The 

higher BE suggests that the electronic density around Cu
2+

 is smaller, possibly due to the 

electrons in the outer layer of Cu
2+

 being attracted by the O-H bond. The higher electronic 

density of the CuO NWs indicates higher basicity and, therefore, higher CO2 and CO 

adsorption capacity. This evidence suggests that CuO NWs is capable of stabilizing the CO 

intermediate, resulting in the conversion of CO2 to high-reduced products, like methanol. In 

contrast, the lower CO affinity of Cu(OH)2 NWs, in respect to CuO NWs, leads to its facile 

desorption, and thus gaseous CO production.  

 

 

3.5 CO2 reduction in a gas-phase GDE configuration 

It is also important to highlight that the direct synthesis of the CuO NWs on the surface of a 

copper foam enables the direct application of the developed electrode in a gas-phase GDE 

configuration. The GDE reactors provide some significant advantages over the liquid-phase 

systems. They overcome the low solubility of CO2 in aqueous electrolytes (33 mM) that 

hinders high productivity, and are suitable for continuous operation and industrial scale-up 

[46,47]. Thus, as the gas configurations are closer to a real industrial technology, Cu foam 

and CuO NWs were tested in a filter-press cell working at a constant current density 

of -45 mA cm
-2

, according to previous reports [27,28]. All the tests were carried out at 

atmospheric conditions in a continuous mode, with a single pass of the catholyte and anolyte 

through the electrochemical cell. Figure 6 and Table S9 presents the obtained FE and product 

rate formation.  
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As observed, the H2 production from the HER reaction accounts for 47.9 % of the total FE 

for the Cu foam, with a partial current density of -21.6 mA cm
-2

. This value is lower when 

compared to ca. 80 % recorded using the three-electrode cell (Figure 4b), suggesting that the 

HER is less promoted in the GDE configuration. Thus, besides the advantages already 

discussed, this result highlights that a major benefit of the GDE configuration, over the 

liquid-phase systems, is the inhibition of the competing HER. For CuO NWs, an H2 FE < 

15 % was achieved, in agreement with the results obtained in the conventional cell, being 

HCOO
–
 also identified as ERCO2 product (FE of 14.9 %). Notwithstanding, methanol was 

the major ERCO2 product with an FE of 66.1 % (partial current density of -29.7 mA cm
-2

) 

and a formation rate of 5.14 × 10
-5

 mol m
-2

 s
-1

. The FE is comparable to the value obtained at 

-1.4 V in the conventional system; however, the production yield decreased by 2.5-fold, 

possibly due to the larger area of the electrode (10 cm
2
). Thus, the achieved methanol yield is 

lower when compared to the values reported by Le et al. using Cu2O as electrode (ca. 

1.19 x 10
-4

 mol m
-2

 s
-1

), but was recorded with a higher FE value (66 % vs 38 % reported by 

Le et al.) [35]. 
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4. Conclusion 

The developed CuO NWs catalyst proved to be very efficient for the ERCO2. In aqueous 

environment, a high current density was obtained (-56.8 mA cm
2
 at -1.8 VAg/AgCl), however 

with some stability issues that were overcome by depositing a thin layer of TiO2 on the 

surface of the catalyst. Using the developed catalyst, methanol was selectively produced with 

an FE of 66.4 % and energy efficiency of 31.2 % at -1.4 V. The overpotential for CO2 

reduction to methanol was 410 mV, and the production yield 1.27 × 10
-4

 mol m
-2

 s
-1

. These 

are quite promising values obtained with a single metal catalyst; and, since the current work 

has been focused on the demonstration of concept and feasibility, the target of future work 

will be the performance improvement.  

The remarkable catalytic activity of CuO NWs is due to the particular nanostructure of the 

nanowires that lowers the CO2 adsorption energy barrier, enhancing the electron transfer to 

form CO2
•–

. The stabilization of the CO2
•–

 intermediate is also facilitated by CuO NWs, 

resulting in the conversion of CO2 to more reduced products (methanol). Moreover, the 

network of pores created drives the CO2 to the active sites, decreasing the diffusion 

resistance.  

The performance of the CuO NWs catalyst was also explored in a continuous-GDE reactor 

configuration. The direct application of this type of material on a GDE configuration was 

confirmed, and methanol was the main ERCO2 product with high efficiency (FE of 66.1 % 

and partial current density of -30 mA cm
-2

). 
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Figure captions 

 

Figure 1. SEM image of (a) Cu foam, (b, c) low- and high-magnification of Cu(OH)2 NWs and (d) 

CuO NWs. Cu 2p3/2 XPS spectrum for (e) Cu foam, (f) Cu(OH)2 NWs and (g) CuO NWs. XRD 

pattern of the developed electrodes;  Cu
0
 (JCPDS card no. 04-0836),  CuO (JCPDS card no. 48-

1548),  Cu2O (JCPDS card no. 05-0667) and  Cu(OH)2 (JCPDS card no. 80-0656). 

 

Figure 2. Current-voltage curves at cathodic potentials in N2 (dashed lines) and CO2-saturated (full 

lines) 0.1 M KHCO3 for (a) Cu foam, (b) Cu(OH)2 NWs and (c) CuO NWs. Scan rate, 20 mV s
-1

. 

 

Figure 3. (a) Dependence of the total current density (jtot) on time with and without the TiO2 

protection layer, recorded at -1.8 V. SEM image of the CuO NWs electrode (a) before electrolysis and 

(b) after 2 h of electrolysis without the TiO2 layer. 

 

Figure 4. (a) Total current density and faradaic efficiency over (b) Cu foam, (c) Cu(OH)2 NWs, and 

(d) CuO NWs, at different applied potentials. 

 

Figure 5. (a) Tafel plots of the CO2 reduction partial current density. (b) Single oxidative LSV scans 

at 50 mV s
-1

 in N2-saturated 0.1 M NaOH. Nyquist plots, with fitting curves (dashed lines), of the 

prepared electrodes in CO2-saturated 0.1 M KHCO3 with a frequency from 1 MHz to 10 mHz and 50 

mV amplitude at (c) -1.4 V and (d) -1.8 V. 

 

Figure 6. (a) Faradaic efficiencies and (b) production yield for Cu foam and CuO NWs, working on a 

continuous mode with a single pass of the catholyte and anolyte through the electrochemical cell at a 

current density of -45 mA cm
-2

.  
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