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A B S T R A C T   

In this study, we fabricated CuO thin films using the sol-gel spin coating method. The fabricated thin films were 
utilized for electrocatalytic reduction of CO2 (CO2ER). Fabrication of thin film is vital to provide a large surface 
area and a more exposed (111) crystal plane for ethanol selectivity. This is verified by comparing it with bulk 
powder material which does not give such activity. CO2ER over thin film electrode specifically forms CO(g) and 
Ethanol(l), 2 and 12 electron reduction products, and eliminates the possibility of unwanted HER as a side re
action in the CO2 saturated NaHCO3 electrolyte. We achieved significant product selectivity and faradaic effi
ciency, utilizing the very low potential for both CO and ethanol. Specific formation of only CO and ethanol makes 
the process efficient as the separation of gas and liquid is easy. Results based on density functional theory cal
culations suggest that CuO (111) and CuO (-111) surfaces promote CO2 adsorption and subsequent formation of 
CO. However, a direct CO-dimerization is observed only on the CuO (111) surface that facilitates the formation of 
ethanol as the C2 product. This comparative study of bulk and thin-film opens new insight and highlights the 
importance of catalyst fabrication for the specific product formation utilizing significantly less energy.   

1. Introduction 

The depletion of fossil fuels leads to the production of massive vol
umes of carbon dioxide (CO2), which contributes significantly to climate 
change [1,2]. Hence, the conversion of CO2 to valuable chemicals in the 
earth’s atmosphere is of great significance [3] and is critical for the 
alleviation of global warming [4–7]. CO2 is a well-known stable mole
cule, which requires high energy [8,9] for the conversion to the valuable 
products [10]. Literature suggests a tremendous amount of research on 
the CO2 conversion by thermochemical [11,12], chemical reforming 
[13], biochemical [14,15], mineralization [16], electrocatalytic [17], 
and/or photo electrocatalytic routes [18,19]. Among these routes, 
electrocatalytic and/or photo electrocatalytic routes are the most 
promising and appealing approaches because of their advantages like 
the economically viable catalyst [20–22], feasible operating conditions 
(low temperature, pressure), controllable reaction rates, and good 
product selectivity. To obtain a specific product, catalyst selection and 

design also play a decisive role in CO2ER [13,23–25]. Therefore, 
numerous heterogeneous catalyst formulations in the form of powder 
and thin films have been researched to enhance the CO2 electrocatalytic 
reduction activity. Early experimental evidence dates back to the 1950s 
when Teeter and Rysselberghe utilized mercury electrode as a cathode 
to reduce CO2 [26,27]. Later, Yoshio Hori and co-workers [28,29] 
studied various materials thoroughly and quantified both gaseous and 
liquid products. They concluded copper is the most active catalyst for 
the formation of useful hydrocarbons. Subsequent studies on copper 
electrode [30–32], Oxide derived Copper [33,34], Cu-Ag alloys [35,36], 
Cu-Pd alloy [37,38], Cu2Cd/Cd/Cu bimetallic catalyst, binary copper 
selenide [39] have been carried out in the literature. Similarly, transi
tion metal oxides, RuO2-based electrode [40], and mixed oxides [41] 
have been used with good activity towards CO2ER. To enhance effi
ciency of electroreduction, large surface area plays a vital role which 
could be achieved by fabricating the electrode in the form of thin film. 
Thin films lead to advantageously improvement in product efficiency 
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because of accessible high active-site and high electric conductivity 
[42], facile chemical adsorption of reactant gas on the surface of elec
trocatalyst, product rearrangement over surface followed by desorption 
from electrode surface [43]. 

Carbon dioxide reduction to various hydrocarbons and alcohols such 
as methanol and ethanol can produce a valuable feedstock for chemical 
industries and fuels for our energy necessities [44]. Among the various 
products which CO2ER offers, ethanol is an interesting and useful 
product for comprehensive utilization, including fuel cell [45]. Never
theless, its formation is not easy as it is a kinetically slow 12 e− process 
[46]. So, there is a requirement of efficient electrocatalyst which should 
be capable of lowering the electroreduction overpotentials for ethanol 
synthesis and in cognizance of this, an important goal is to tune the Cu 
based catalysts. In all the studies that exist in the literature, trans
formations to multi-electron products starts only at high potential, 
where the hydrogen evolution reaction (HER) becomes competitive, 
declining the efficiency of CO2ER. Efficient catalysts must slow down the 
HER and be selective to the specific product(s) [47–49]. 

Several catalyst synthesis/fabrication routes have been utilized in 
literature, viz. chemical reduction [50–53], Solution Combustion [54], 
Magneton sputtering [55], Sol-gel method [56–60], Electrodeposition 
[61–64], and Chemical bath deposition [65]. The majority of the liter
ature work is based on the creation of an oxide layer on the Cu foil or 
substrate after annealing in the air [66,67], electron beam evaporation 
[68] and thermal evaporation [69]. Most of the synthesis routes require 
the presence of stabilizers, ligands, and binders for the synthesis and 
stability of the catalyst, making the synthesis process tedious, 
time-consuming, and non-economical. 

Thus, to circumvent the drawback, this work is designed to 

synthesize copper oxide in the form of semi-transparent thin film by the 
sol-gel method on a conductive F-doped SnO2 coated glass (FTO) sub
strate. The method brings in some novel advantages associate with the 
thin film electrode. The method of preparation is simple and scalable 
and does not require any additional stabilizer, binder, etc. The unique 
advantage of CuO thin film over bulk CuO for CO2 electroreduction is 
demonstrated by the comparative studies of the two systems. Thin film 
electrode shows remarkable differences in faradaic efficiency and 
overvoltage in comparison to the bulk counterpart. The facet effect of 
copper crystal promotes CO adsorption and C–C coupling process and it 
is the most critical step for generating multi-carbon products [21,68,69]. 
However, to the best of author’s knowledge, extensive research on 
crystal facets on bulk CuO thin film has not been carried out in the 
literature and this is the most novel feature of our studies 

2. Experimental section 

2.1. Precursors and materials 

The chemicals used were CuNO3⋅3H2O, Citric acid monohydrate, and 
Sodium bicarbonate (NaHCO3). The films were synthesized on F-doped 
SnO2 coated glass (FTO) substrates to integrate the working electrode. 
Ultra-pure deionized water (resistivity 18 MΩ cm) was taken the Merck 
Millipore water purification system to prepare electrolyte, cleaning 
electrodes, and electrochemical setup (Fig. 1). The pH values of the 
prepared 0.5 M NaHCO3 electrolyte (pre-and post-electrocatalysis) so
lution were determined with a Thermo-scientific pH meter. The pH of 
the electrolyte decreases after CO2 purging because CO2 is an acidic gas. 

The working thin film electrode was fabricated via the following 

Fig. 1. A Schematic diagram of the synthesis protocol of CuO-tf and CuO-B by sol-gel method. Illustration of conventional electrochemical cell and their activity 
towards electrochemical reduction of CO2. 
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method: The as purchased conductive FTO transparent electrodes were 
cleaned via sequential ultra-sonication by keeping it in a hot soap so
lution (1:3 Soap: DI water), hot DI water (80 ◦C), ethanol, and isopropyl 
alcohol each for 30 min, followed by drying at 75 ◦C in a hot air oven. As 
the initial synthesis step, Sol was prepared by adding CuNO3⋅3H2O so
lution dropwise to Citric acid (molar ratio 1:1.5). The prepared solution 
was stirred for 12 h at 40 ◦C on a magnetic stirrer and then kept for 48 h 
for ageing. Afterwards, the sol-gel batch was split into two parts (a) the 
prepared sol was spin-coated over FTO substrate by optimizing and 
controlling the deposition parameter (b) the remaining sol was kept in a 
muffle furnace in an alumina crucible for 20 min to prepare bulk powder 
material. In the second stage of synthesis, the spin-coated film and the 
synthesized powder were annealed in air at a higher temperature 
(450 ◦C) for 4 h in the Nebertherm Furnace with a heating rate of 5 ◦C/ 
minute. We designate the fabricated thin film of CuO over FTO and bulk 
CuO as CuO-Tf and CuO-B, respectively. 

2.2. Material characterization 

The thickness and morphology of the synthesized thin films and bulk 
were analyzed by a JEOL (JSM-7900F) scanning electron microscope 
(SEM). An energy-dispersive X-ray spectrometer (EDS) instrument 
attached to the SEM, with AZtec (Oxford Instruments) software, was 
used for determination of film composition. Atomic Force Microscopy 
(Nano Scope Multimode 8.0, Bruker) was used to measure the surface 
profile and calculate the Roughness value of the sample. The tip used 
was SCANASYST-AIR in peak force tapping mode. 

X-ray diffraction (XRD) was used to identify the crystallinity, phase 
constitution and crystal structure of the synthesized catalyst. A Rigaku 
Multipurpose X-ray diffractometer (Smartlab 9KW) with a Cu X-ray tube 
source (λ Kα = 1.54 Å) was used for Grazing incident angle X-ray 
diffraction (GIXRD) measurements. The XRD was operated at a working 
current and voltage of 100 mA and 45 kV, respectively. Continuous 
scans were performed from 10◦ to 90◦ (2θ mode, degree) using PB 
(parallel beam) optics at a scan rate of 4◦/min (0.04◦ step size) with the 
incident angle held at 1◦ to analyze the samples of CuO-Tf. The CuO-B 
catalyst was characterized by using a Bruker D8 Discover diffractom
eter. Moreover, to understand the crystalline properties of thin film high 
resolution Transmission Electron Microscopic (HR-TEM) images were 
acquired at an accelerating voltage of 200 kV by using Thermo Titan 
Themis 300 kV. The sample was prepared over copper grid (300 mesh) 
by drop casting, which was allowed to dry for 30 min followed by UV 
ozone treatment for 10 min. Furthermore, to understand the chemical 
composition of the surface X-ray photoelectron spectroscopy (XPS) 
analysis of CuO thin film before and after electroreduction were carried 
out using Thermo scientific (NEXSA surface analysis system) with a 
micro-focused X-ray (400um, 72 W, 12,000 V) monochromatic Al-Kα 
source (hν = 1486.6 eV), a hemispherical analyzer, and a 128-channel 
plate detector. HRTEM images were recorded at PE for survey scan 
200 eV and core scan 50 eV. Deconvolution of the recorded spectra was 
done by using linear function background in CASA software. 

2.3. Electrochemical measurement 

An electrochemical setup (supplier: Redox, Sweden) was used for 
thin-film electrocatalysis, in which a fixed area of 1 cm2 was exposed 
during the reaction for the experiment. A fresh thin-film catalyst as a 
working electrode was used for potential dependent experiments to 
prevent the effect of degradation of catalyst layer on the distribution of 
product and for the precise calculation of gaseous analysis. Also, a 
custom electrochemical three-neck cell was constructed to check the 
electrocatalytic activity of bulk material. Both the electrochemical cells 
were divided and airtight to ensure all produced gasses were detected 
during the experiment. 0.5 M NaHCO3 was used as electrolyte (25 ml 
electrolyte utilised for each experiment) in the CO2ER experiments. At 
the beginning of each experiment, the electrochemical cell was purged 

using Alicat mass flow controller (MFC) at 10 SCCM with N2 gas for 30 
min to ensure the removal of dissolved oxygen and for inert atmosphere. 

Similarly, CO2 purging for 30 min before the electroreduction pro
cess is carried out to ensure saturation. After performing experiment of 
CO2ER, the formed gaseous products were syringed out (using a high 
precision airtight syringe) then identified and quantified using Gas 
Chromatography (GC; Dhruva CIC Baroda (for gas detection) and Agi
lent 7890B Gas Chromatograph (for liquid detection). Nitrogen and 
Argon was used as a carrier gas for gas and liquid analysis respectively. A 
Thermal Conductivity Detector (TCD) and Flame Ionization Detector 
(FID) coupled with methaniser was used to quantify the generated 
gaseous and liquid products during the electroreduction process. The 
column used was the Agilent J&W Capillary column for liquid product 
analysis. Quantitative analysis of the product (number of moles of gas 
and liquid produced) by Calibration plot was carried out to corroborate 
the hypothesis of CO and Ethanol production (Figure S6). 

2.4. CO2 electroreduction procedure and product analysis 

The CO2ER experiments were performed using a AUTOLABPG
STAT302 N potentiostat with a working electrode (thin film cathode and 
glassy carbon electrode) and a counter platinum electrode, and Ag/AgCl 
reference electrode formed the three-electrode setup. 

CO2 Electroreduction activity was tested by running a Cyclic vol
tammetry (CV) at a 10 mV/s scan rate in the wide potential range from 
0.4 V to − 0.6 V and − 0.8 V vs Ag/AgCl to characterize the electro
chemical response. CVs in the fixed potential window (0.0 V to − 0.6 V 
and − 0.8 V), and then the CO2ER at a fixed potential. The CO2ER 
experiment was carried out at room temperature and at several different 
potentials to get a measurable volume of gaseous products for quanti
fication using gas chromatography. The Faradaic Efficiency (FE) was 
calculated based on the required number of electrons to form one 
molecule of product from CO2 during the electroreduction process. 

3. Theoretical methods 

Electronic structure calculations were based on density functional 
theory (DFT) and were performed with the Quickstep [70] module 
provided by the CP2K program [71]. Exchange-correlation potentials 
were treated within the generalized gradient approximation (GGA) 
employing the Perdew-Burke-Ernzerhof (PBE) functional [72]. The GGA 
formalism has been demonstrated to yield reasonably accurate results 
for studying CO2 adsorption [73] and electrochemical CO2 reduction 
[74] on metal-oxide surfaces. A double-ζ valence plus polarization 
(DZVP) basis set, optimized according to the Mol-Opt method [75], was 
adopted to expand the wavefunctions. The energy cutoff was set to 400 
Ry for the auxiliary plane wave expansion of the charge density. Valence 
electrons were modelled explicitly, whereas core electrons have been 
treated with norm-conserving Goedecker-Teter-Hutter (GTH) potentials 
[76] with 1, 4, 6, and 11 valence electrons for H, C, O, and Cu, 
respectively. Integration of the Brillouin zone was performed with a 
reciprocal space mesh consisting of only the gamma point. The DFT-D3 
van der Waals corrections by Grimme [77] were applied to take into 
account the long-range dispersion forces, which is essential for the ac
curate description of the interaction between the adsorbate and CuO 
surfaces. All calculations were performed with periodic boundary 
conditions. 

In this study, steps involved in the CO2ER process have been inves
tigated on the CuO (111) and CuO (− 111) surfaces using standard DFT 
calculations. For the CuO (111) and CuO (− 111) surfaces, we have used 
5 × 2 and 4 × 3 unit cells containing 60 and 72 Cu atoms, respectively. 
In both cases, the slab consists of three layers, of which the top layer was 
allowed to relax while the bottom layers were fixed to simulate the bulk 
properties. Adsorption of CO2 and other intermediate species was 
simulated on one exposed surface. The (111) and (− 111) surfaces were 
realized by introducing a vacuum of 15 Å along the [111] and [− 111] 
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directions to avoid interaction with the periodic images of the slab. The 
atoms of the adsorbate and the topmost layer of the slab were allowed to 
relax unconstrainedly until the residual forces on all atoms reached 4.5 
× 10− 4 a.u. 

4. Result & discussion 

4.1. Characterization 

As synthesized CuO-Tf catalyst was analyzed for crystal structure 
identification by Grazing Incident angle X-ray Diffraction (GIXRD). The 
crystallinity of prepared electrocatalysts is confirmed by intense and 
sharp peaks in XRD pattern (Fig. 2a). The XRD pattern show (110), 
(111), (111), (200) planes at 32.50, 35.53, 38.73, 38.94 (2 theta) peaks 
for both CuO-B and CuO-Tf. The magnified view of the XRD peak 
associated with the most intense peak of CuO-Tf (incident angle 0.4◦) is 
represented in Figure S2 (b), where only the CuO peak can be observed 
where the preferential orientation of the (111) plane is visible clearly. 
XRD diffraction pattern of the CuO-Tf and CuO-B reveals that the cata
lyst crystallizes in the monoclinic crystal structure (00–041–0254) with 
9.2 nm and 22.2 nm average crystallite size obtained by Scherrer’s 
equation (expressions for calculations are shown in supporting infor
mation in Section 2.2). The ratio of the most intense peak I

(111) : 
I(111) for CuO-Tf is (0.877: 1) and CuO-B is (1.038: 1). The data reveals 

that (111) is preferentially oriented in the case of CuO-Tf while CuO-B is 
a regular polycrystalline material. It is well known that electrocatalytic 
activity is a strong function of catalytic activity, and different facets can 
lead to different product distribution. Therefore, it is expected that both 
CuO-Tf and CuO-B will show different catalytic activity. Moreover, the 
peak broadening feature of CuO-Tf is distinguishable from CuO-B 
(Fig. 2a) pointing out the small-sized CuO crystallites on the film 
electrode. 

The surface micrograph (Fig. 2d) and cross-sectional (Fig. 2e) of 
CuO-Tf reveal that the coating of film on the FTO substrate is quite 
homogeneous throughout, with a thickness of 425 nm. CuO-B analysis 
by SEM (Fig. 2b) reveals an almost agglomerated spherical type particle 
with an average diameter of ~73 nm (Fig. 2c) 

The roughness and surface morphology of prepared CuO thin film on 
the FTO substrate was investigated using AFM in peak force tapping 
mode. Fig. 2d shows the AFM image of CuO thin film in 3D mode. The 
surface topographical image shows a homogeneous surface with closely 
packed grains and an average roughness value of 8.41 nm. Close packing 
of grains is good for conductivity in the thin films and turn, for good 
electrochemical activity. 

To better understand the crystalline properties and morphology of 
the CuO in thin films, we performed high-resolution transmission elec
tron microscopy (HRTEM). The HRTEM image exhibited a lattice fringe 
spaced by 2.32 angstrom, corresponding to the (111) plane of CuO 
(Fig. 3b). Thus, the thin films are crystalline and have prominent (111) 

Fig. 2. (a) X-ray diffractograms of FTO, CuO bulk and CuO thin film, FESEM image of (b) CuO-B and (d) CuO-Tf, (c) Histogram distribution of the particle size of 
CuO-B with an average diameter of 73.29 nm, (e) Cross-sectional image of as-prepared thin film, (f) 3D AFM image of the as-synthesized CuO thin films deposited 
at 450 ◦C. 
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Fig. 3. (a) The compiled high-resolution Cu XPS curve for pre- and post-reaction over CuO thin film. (b) HRTEM images of the scraped CuO thin film and inset shows 
the masked region of diffraction spots for inverse FFT derivation of respective figures. 

Fig. 4. Cyclic Voltammetry response of CuO-Tf (Olive trace) and CuO-B (Navy trace) in Nitrogen purged solution (a,b) and CO2 saturated solution (c,d) at a potential 
range of 0.4 V to − 0.6 V and 0.4 V to − 0.8 V in an electrocatalytic cell containing 0.5 M NaHCO3 solution at a scan rate of 10 mV/sec. Inset images of (b) and (c) are a 
magnified view of CuO-B in a potential range from 0.4 V to − 0.2 V. 
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crystal facet. Particles are agglomerated with size of 20–30 nm, bigger 
than estimated from the XRD. 

To further understand the chemical composition of the surface, high- 
resolution XPS spectra of Cu 2p in CuO thin film are recorded before and 
after CO2 electroreduction (Fig. 3a). Both the spectra are nearly identical 
to each other explaining that the surface is stable after the electro
reduction experiment. Further, the deconvoluted high-resolution XPS 
(Figure S5) of Cu 2p with doublets, Cu 2p3/2 and Cu 2p1/2 at 934.1 eV 
and 953.8 along with the satellite peaks at 943.6 eV, 941.1 eV and 961.8 
eV are an indicative of Cu2+ oxidation state in fresh catalyst. A minor 
contribution from Cu1+ is also present along with Cu 2p3/2 and Cu 2p1/2 
peaks at 932.6 eV and 952.4 eV. All the binding energy values, match 
well with the reported studies [78,79]. Thus, the major oxidation state 
on the CuO-Tf surface is Cu2+. Even after the reaction, the Cu2+ peaks 
appear at nearly the same BE values. The surface composition before the 
reaction is 66% for Cu2+ and 34% from Cu+ which changes to 76% and 
24% for Cu2+ and Cu1+ respectively. These parameters confirms that 
Cu2+ remains the major oxidation state under all the condition and this 
is the stable species on the surface. 

4.2. Electrochemical studies 

Cyclic Voltammetry (CV) studies of CuO thin film (CuO-Tf) and CuO 
bulk powder (CuO-B) is shown in Fig. 4, which were done to understand 
and compare the basic electrochemical and electrocatalytic properties of 
the synthesized catalysts. Wide potential ranges from 0.4 V to − 0.6 V 
and 0.4 V to − 0.8 V vs Ag/AgCl reference electrode were selected for the 
electrochemical studies. The working potential window is restricted to 
the mentioned range to discard the possibilities of Hydrogen Evolution 
Reaction (HER). 

There are noticeable changes in terms of current density and peak 
potential in CuO-Tf and CuO-B, which can be observed in Fig. 4 (a,b). 
The peak shape in CuO-B is broad and poorly resolved in the range of 
0.4 V to − 0.6 V, unlike CuO-Tf, where the peaks are sharp and well 
resolved. Moreover, the anodic and cathodic peaks are shifted signifi
cantly in CuO-Tf compared to CuO-B. In terms of the possible chemical 
reactions, the CuO-Tf catalyst shows two anodic peaks, which corre
spond to the oxidation of Cu0 to Cu2O and CuO at − 0.12 V and 0.11 V (vs 
Ag/AgCl). Also, two cathodic peaks at − 0.25 V and − 0.35 V (vs Ag/ 
AgCl) correspond to the reduction of CuO to Cu2O and Cu0, respectively 
[49]. CuO-B shows two anodic peaks at 0.04 V and 0.22 V (vs Ag/AgCl) 
for Cu0 to Cu2O and CuO, and a cathodic peak at 0.041 V is the one-step 
reduction of CuO to Cu0. The more exposed area and smaller crystallite 
size in CuO-Tf may result in intense and well-resolved peaks compared 
to the CuO-B. Cyclic voltammetry studies in the extended cathodic po
tential window, i.e., 0.4 V to − 0.8 V (Fig. 4b), are also studied for CuO-Tf 
and CuO-B. Not much change is observed in CuO-B in terms of peak 
shape and peak current density (Fig. 4b inset). On the other hand, in 
CuO-Tf, the peak at − 0.12 (Cu→Cu2O) becomes significantly intense 
due to the enhanced reduction of metallic Cu. In addition, a steep cur
rent rise is also noticed at the onset of − 0.5 V. 

CV response after CO2 saturation in the electrolyte shows only a 
minor increase in the current in the case of CuO-B at − 0.6 V. Still; the 
current is significantly higher in the case of CuO-Tf (Fig. 4c). 

Quantitively, the current increases from |0.2| mA/cm2 to |0.5| mA/ 
cm2, i.e., 2.5 times at − 0.6 V. Even in the broader potential range, − 0.6 
V and − 0.8 V, CuO-B does not show much change, while CuO-Tf shows 
~1.4 times enhancement in the current at − 0.8 V (Fig. 4d). This proves 
that CuO-Tf has considerable CO2 electroreduction activity. An 
enhancement in reduction current under CO2 dissolution indicates an 
active catalytic behavior of CuO-Tf towards the electroreduction of CO2 
under varied potential ranges. The synthesized film is unstable at a 
higher applied potential (greater than − 0.8 V) as the film rips off after 
the first cycle from the FTO surface. Hence, we restrict our potential 
window to − 0.8 V only. 

The electrocatalytic activity is also investigated in the potential 

ranges; of 0.0 to − 0.6 V and 0.0 V to − 0.8 V (Fig. 4) for both CuO-Tf and 
CuO-B. Similar to the previous data, CuO-B does not show a noticeable 
increase in the current before and after CO2 saturation in both the po
tential ranges (data not shown). In contrast, CuO-Tf shows enhanced 
current densities under similar voltage ranges compared to FTO in both 
N2 (Figure S1) and CO2 saturated solutions (Fig. 4). In the presence of 
N2, catalytic current in CuO-Tf increases by ten times at − 0.6 V 
(Figure S1a) and 13 times at − 0.8 V compared to bare FTO (Figure S1b). 
The reduction current further intensifies by ~1.4 times at − 0.6 V 
(Fig. 4a) and ~1.6 times at − 0.8 V (Fig. 4b) after CO2 saturation. The 
onset voltage for CO2 electroreduction is − 0.4 V (vs Ag/AgCl)) for CuO- 
Tf, as evident from Fig. 4a and Fig. 4b. 

In practical applications, product selectivity, faradaic efficiency and 
stability are the vital parameters of electrocatalysts. These are evaluated 
by performing a time dependent current density curve under steady state 
electrocatalysis for 30 min (chronoamperometry) at − 0.6 V and − 0.8 V 
in CO2 saturated NaHCO3 solution (Figure S2). Due to the complex 
mechanism of product formation, current density alone cannot provide 
conclusive evidence regarding the activity of the catalyst. Therefore, the 
product analysis is carried out using gas chromatography after the 
chronoamperometry experiment. 

Selective production of gaseous CO and liquid ethanol happens 
exclusively at − 0.6 V (vs Ag/AgCl) after the CO2ER process, as shown in 
Fig. 5d. This voltage corresponds to − 0.05 V vs reversible Hydrogen 
Electrode (RHE) after IR correction and considering a 10% error in the 
measurement. This voltage is close to the thermodynamic voltage for the 
conversion of CO2 to CO. Notably, this voltage corresponds to an ultra- 
low overpotential (140 mV) for the ethanol formation from CO2. These 
products’ yield for CuO-Tf increases significantly when the potential 
increases to − 0.8 V (vs Ag/AgCl) or − 0.25 V (vs RHE). CuO-B does not 
form any product at − 0.6 V, i.e., CO2ER does not start at this potential 
for this catalyst. On shifting potential toward − 0.8 V, CuO-B exclusively 
produces CO with a Faradaic efficiency of around 4.0 ± 0.47%, con
firming the low activity of this catalyst. Faradaic Efficiencies for the two 
major products, namely CO and ethanol, are 13.1 ± 0.59% and 13.2 ±
0.47%, at − 0.6 V and 23.5 ± 0.85% and 23.4 ± 1.01%, respectively, at 
− 0.8 V over CuO-Tf. Almost equal distribution of product efficiency at 
both the voltages suggests that CO could be a reactive intermediate that 
is participating in the ethanol production as per the reaction [80], 

CO + 8H+ + 8e− → CH3CH2OH + H2O, E0 = 0.19 V 

The overvoltage for this reaction is 240 mV which is also quite low. 
Hydrogen production does not happen under the studied potential 
ranges for CuO-B and CuO-Tf, discarding the possibility of unwanted 
side reactions (HER) during CO2ER. 

To verify the possibility of CO intermediate for ethanol production, 
CO is dissolved in the electrolyte followed by the reduction at − 0.6 V for 
1800 s. This, however, does not yield any ethanol suggesting that 
externally dissolved CO is probably different from the intermediate 
generated during CO2ER. High selectivity and a decent faradaic effi
ciency at such a low potential strengthen the fact that our fabrication 
methodology of preparing CuO-Tf electrocatalysts in the thin film has 
some unique active sites compared to CuO-B. This conclusion is backed 
up by the fact the CuO-Tf has a relatively more exposed (111) plane 
resulting in the unique activity and selectivity for CO and Ethanol. Thus, 
(111) facets in CuO-Tf are the active sites for CO2ER to generate CO, an 
intermediate to convert ethanol. CO2ER is also examined at lower po
tentials such as − 0.55 V and − 0.58 V, but no product was detected at 
this low applied potential, which confirms that product formation starts 
at − 0.6 V only. It is worth noticing from Fig. 5c (detailed information is 
tabulated in Table S1) that very few studies utilize such low potentials to 
achieve significant ethanol production similar to the present study. It is 
also clear from Table S1 that synthesized CuO-Tf is unique (without 
noble metal) and has superior activity compared to other reported cat
alysts concerning liquid ethanol production. Also, to the best of our 
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knowledge, no study has achieved exclusive CO and ethanol production 
from CO2 electroreduction at near thermodynamic potential, making 
CuO-Tf an excellent electrocatalyst. Exclusive production of gaseous CO 
and liquid ethanol is interesting because one can get pure CO and pure 
ethanol without undergoing a tedious separation process. 

The CuO-Tf and CuO-B electrodes are subjected to post-XRD char
acterization, giving a unique perspective in assessing the active site. 
XRD is carried out after 30 min of chronoamperometry experiment in 
the CO2 saturated electrolyte at − 0.6 V. XRD pattern (Figure S2, b) of 
CuO-Tf reveals that complete transformation of CuO to Cu2O occurs 
after the electrochemical analysis. Cu (+1) in Cu2O is known to reduce 
CO2 into ethanol [48,62,81]. However, it is not very selective and gives 
a range of products [82–86]. Nevertheless, CuO-Tf uniquely gives CO in 
the gas phase, and ethanol is a liquid phase with almost equal efficiency. 
At both − 0.6 V and − 0.8 V, both CO and ethanol form in equal amounts 
(Fig. 5d). Thus, there is a strong possibility that CO is possibly the pre
cursor to ethanol formation as per the reaction [80]; 

CO+ 8H+ + 8e− → CH3CH2OH+ H2O, E0 = 0.19 V. 
As per the moderation principle in catalysis, intermediate adsorption 

should be neither too weak nor too strong to achieve good product 
selectivity and Faradaic efficiency [87,88]. Literature suggests that CO 
has stronger adsorption over the Cu2O surface in comparison to CuO 
[89] thus, it can sustain over the surface of Cu2O long enough to get 
converted to ethanol. It is interesting to note that despite a surface 
phenomenon, the bulk structure of CuO-Tf is changing. It can be spec
ulated that during the electroreduction, when surface CuO starts 

converting to Cu2O, lattice oxygen is utilized which is replenished by the 
bulk lattice oxygen thus converting the overall bulk structure. Another 
reason could be the porosity in the film causing the bulk to change. In 
contrast, the XRD pattern of CuO-B indicates that CuO peaks are retained 
after CO2 electroreduction confirming the stability of the bulk structure 
of the CuO-B catalyst. The weaker adsorption of CO over CuO does not 
let it stay over the surface hence it desorbs easily as a CO2ER product 
without converting further. 

4.3. Density functional theory calculations 

DFT calculations for the CO2ER to CO and CH3CH2OH on CuO (111), 
and CuO (− 111) surfaces were performed to gain insights into the re
action mechanism and the role of crystal facets representing either CuO- 
Tf or CuO-B. The optimized structures of the key intermediates on the 
CuO (111) surface are displayed in Supplementary Figures S3 and S4. 
The consensus regarding the C–C coupling mechanism on copper and 
CuO surfaces is that adsorbed CO2 is first reduced to form CO that 
subsequently undergoes dimerization to adsorbed OC*C*O, leading to 
the formation of various C2 products [90–92] . Our DFT calculations 
demonstrated that CO2 could be easily converted to adsorbed CO (*CO) 
via a *COOH intermediate on both CuO (111) and CuO (− 111) surfaces. 
As in the next step, the formation of an O*C*CO intermediate from *CO 
on the CuO (111) surface requires 0.4 eV (Fig. 6), indicating that C–C 
coupling through *CO dimerization is quite facile. Our DFT calculations 
have shown that the formation of the CO dimer is most stable on square 

Fig. 5. Electroreduction Cyclic Voltammetry response of FTO (Gray trace) and CuO-Tf saturated with CO2 gas (Dark Cyan trace) at a different applied voltage (a) 
− 0.6 V and (b) − 0.8 V in an electrocatalytic cell containing 0.5 M NaHCO3 solution at a scan rate 10 mV/s. (c) Faradaic Efficiency for different electrocatalyst 
materials at certain applied potential (vs RHE) available in the literature for CO2ER. (d) Faradaic Efficiency of the product obtained (CO and C2H5OH) after elec
troreduction for 1800 s is depicted in the bar diagram at potential of − 0.6 V and − 0.8 V (− 0.05 V and − 0.25 V vs RHE), and the inset represents the trend of CO2ER 
products on the CuO-B. The standard deviations are shown as vertical lines. 
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arrangements of four surface atoms (Figure S3) on the CuO (111) sur
face. The barrier for dimer formation was found to be around 0.4 eV. The 
dimer intermediate further undergoes a proton-electron concerted re
action and forms another intermediate *CCO which subsequently leads 
to the formation of the CH2CHO* intermediate. According to a report by 
Kortlever et al. [93], this species can either release a C2H4 or form 
another intermediate CH3CHO*as a next step. The calculations have 
shown that the formation of CH3CHO* species draws a lower energy 
barrier than the former (Fig. 6). Therefore, the reaction proceeds further 
to generate C2H5OH as another important C2 product. The absence of 
any trace of C2H4 in the experimental measurements further sub
stantiates our finding based on electronic structure calculations. 

On the other hand, the formation of a dimer from the adsorbed CO 
(*CO) on the CuO (− 111) surface was not observed in our simulations. 
The CO dimer species seemed to be unstable over the surface as the two 
monomer species (*CO) repel each other, as can be seen from Figure S4 
in the Supplementary Information. We further studied the possibility of 
C–C coupling on different sites available on the CuO (− 111) surface, 
however, there was no sign of the formation of a dimer intermediate. 
Indeed, this is an important observation since it correlates with the 
experimental measurements where CO was predominantly found at the 
higher applied voltage on the CuO-B. In short, the DFT calculations 
suggest that the reduction of CO2 to *CO via *COOH, followed by the 
dimerization of *CO to O*C*CO, is the most favorable pathway for the 
formation of C2H5OH over the CuO-Tf. The adsorbed *CO thus acts as an 
intermediate step for the C–C coupling and at the same time results in 
the secondary product as CO (g) in the CO2ER process. 

5. Conclusion 

Copper Oxide thin films are fabricated via the sol-gel spin coating 
method, which gives a highly active and selective CuO thin film (CuO- 
Tf) electrocatalyst for CO2 electroreduction reaction. The optimized 
synthesis procedure is very facile and results in a relatively more 
exposed (111) crystal plane which is the reason for the formation of 
ethanol at near thermodynamic potential (140 mV overvoltage). Ethanol 
formation is a 12 e− transfer reaction, and its formation at such ultra- 
low-voltage is not known in literature over any form of CuO. CO is 
also detected in the gas phase with almost equal faradaic efficiency. 
Almost equal distribution of product efficiency for CO and C2H5OH at 
different applied voltages indicates that CO could be a reactive inter
mediate during reaction participating in the ethanol production. There 

is no literature as of our knowledge where the fabrication of such a thin 
film has been reported and which shows the CO and ethanol selectivity 
as mentioned in our manuscript. Our investigation will pave a path for 
utilizing CuO thin film for conversion of greenhouse gas (CO2) to CO and 
Ethanol. This technique could be promising to commercialize the pro
cess because of low-cost fabrication methodology, assembly, and facile 
separation of obtained products as CO is in gaseous form and ethanol in 
liquid form. 
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