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Abstract
In order to explore the effects of morphology, specific surface area and relative content of Cu/Cu-oxide in “CuO-derived Cu” 
electrocatalysts on the current density and product formation during electrochemical carbon dioxide reduction reaction (eCO2RR), 
CuO electrocatalysts were synthesized via solution combustion and hydrothermal routes, possessing different morphologies.  
The as-synthesized CuOs were first reduced to Cu at − 0.8 V (vs. RHE), till the currents got stabilized; thus, forming “CuO-
derived Cu”. Subsequently, eCO2RR was carried out via bulk electrolysis at different potentials between − 0.6 and − 1.6 V  
(using 0.1 M KHCO3 solution), leading to the formation of seven liquid/gaseous products, viz., CO, methane, ethylene,  
formate, acetate, and ethanol (in addition to H2). It was interesting to note that the type of products and associated faradic  
efficiencies (FEs) were governed by the Cu-content of the “CuO-derived Cu” electrocatalysts (i.e., Cu:CuO ratio), as obtained post the pre- 
reduction step and looked into here as one of the starting conditions of the electrocatalysts. Higher initial Cu-content of the  
pre-reduced CuOs resulted in higher FEs at lower negative potentials. Furthermore, high Cu-content (even for simple equiaxed 
morphology), as opposed to any special morphology (say, rod/whisker-type), has been found to be particularly important for 
the formations of methane and formate; yielding a maximum FE of ~ 18.6 ± 1.2% at − 1.0 V for the latter. Accordingly, the  
present work reveals the relative roles of specific surface area and Cu/CuO-content of “CuO-derived Cu” electrocatalysts  
on the current densities, product formation and associated FEs on eCO2RR.

Keywords  Electrochemical CO2 reduction · CuO-derived Cu electrocatalysts · Morphology · Specific surface area · Cu/
CuO ratio

Introduction

Electrochemical reduction of carbon dioxide (eCO2RR) is 
one of the promising techniques to mitigate the unwanted 
greenhouse gas (CO2), while at the same time convert CO2 
to useful chemicals and fuels. More conventionally, metal-
lic materials, such as Au, Ag, Cu, Pb, Ni, Fe, Zn, and Sn, 
have been in use as electrocatalysts for eCO2RR [1–6]. More 

recently, metallic alloy [7–9], metal oxides [10–13], and 
metal oxide composites [14–16] are being investigated as 
potential electrocatalysts. The oxides may have advantages 
over the metallic counterparts, in terms of being tunable 
and dopable, presenting a wider selection of catalyst for the 
eCO2RR process [17, 18]. The commonly obtained prod-
ucts of eCO2RR include CO, CH4, C2H4, HCOO− (formate), 
CH3COO− (acetate), C2H5OH, n-propanol etc.; the type(s) 
and their relative amount(s) depends on binding strength/
mode of CO2/CO intermediate on the surface of catalysts 
[2], in addition to the reaction conditions. Undoubtedly, the 
type/efficiency of the product formation and the associated 
adsorption/desorption mechanisms are expected to depend 
critically on the electrocatalysts used, in terms of compo-
sition, morphology, surface area and binding energy with 
CO2/CO/other intermediates [11, 14, 19–24].

Copper, as electrocatalysts for eCO2RR, reduces CO2 to 
form a lot of multi-carbon products due to its intermediate 
CO-binding energy [5, 7, 8, 25–27] for eCO2RR among all 
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metals. Hori et al. [1] reported the formation of six differ-
ent hydrocarbon products using 0.10 M KHCO3 electrolyte. 
More recently, Kuhl et al. [5] was able to obtain 16 different 
products upon eCO2RR using 0.10 M KHCO3 solution with 
a pH of 6.8 (i.e., pH of 6.8 after CO2 purging). Oxide derived 
Cu possesses a higher activity and product selectivity due to 
the presence of grain boundary [28, 29] and/or metastable 
oxides [13, 22, 30, 31] although there has been some debate 
over the stability of copper oxides under eCO2RR condi-
tions [29, 31–34]. The above renders it advantageous to start 
with copper oxides; with an added possibility of them being 
partly/fully electrochemically reduced to the metallic form 
in situ during the initial (or pre-) stages of eCO2RR [31, 32] 
and, thus, harness the advantages of the metallic form, as 
well. Literature on eCO2RR using CuO claim that the metal 
oxide can be potentially reduced to the metallic form dur-
ing eCO2RR [21, 35]; thus, forming copper oxide derived 
copper (“CuO-derived Cu”) [18–21, 23, 24, 28, 29, 32–34, 
36–40]. Furthermore, as also reported by our group [41], 
“CuO-derived Cu” is more efficient as an electrocatalyst 
than polycrystalline Cu; and can lead to the formation of 
formate ions as the product of eCO2RR in 0.5 M NaHCO3. 
In the context of oxide-derived Cu electrocatalysts, more 
recent studies have also talked and debated about the possi-
ble importance(s) of the morphology of CuO and the extent 
of CuO reduction prior to eCO2RR (in terms of oxidation 
states of Cu) [18, 25–27, 33, 36, 37]. Furthermore, the usage 
of mixed CuO/Cu electrocatalysts for eCO2RR has also been 
looked into in terms of the associated selectivity towards 
product formation [30, 42]. In fact, it has also been observed 
(including with operando techniques) that some residual Cu-
oxide exists (and appears to be fairly stable) along with Cu 
during eCO2RR, even at highly negative potentials [31–34].

However, the possible effect(s) of the synthesis route 
and/or morphology of CuO on the degree of electrochemi-
cal reduction of the same during a pre-reduction elec-
trolysis and, in turn, the influence of the as-generated Cu/
CuO content(s) on the subsequent eCO2RR have not been 
reported yet. In more specific terms, the present literature  
base lacks a systematic set of study and information per-
taining to the possible effect(s) of starting morphology and 
specific surface area of CuO-based electrocatalysts on the evo-
lution of metallic Cu during electrochemical CO2 reduction (or  
pre-reduction step) and the influence of the same, along with 
specific surface area, toward the current density, type of 
product(s) formed and the associated faradaic efficiencies. 
This is despite the fact that the synthesis process of CuO is 
fairly facile and cost-effective; which also renders varying 
the morphology and surface area during synthesis feasible, 
even in the practical context.

Accordingly, in the present work, CuO electrocatalysts, 
possessing different morphologies (viz., rod/whisker-type 
or simple equiaxed) and surface areas were synthesized via 

solution combustion and hydrothermal routes (with var-
ied conditions/precursors), which were then electrochemi-
cally reduced to form “CuO-derived Cu”. When used for 
eCO2RR via bulk electrolysis (using 0.10  M KHCO3 
solution) at six different potentials in the range of − 0.6 
to − 1.6 V vs. RHE; the “CuO-derived Cu” electrocata-
lysts yielded different current densities and types/amounts 
of products (viz., eight gaseous/liquid products, in total). 
Interestingly, the type/efficiency of product formation of 
eCO2RR seems to have been governed partially by the 
Cu-content (i.e., Cu:CuO ratio) of the “CuO-derived Cu” 
electrocatalysts, as obtained post the pre-reduction step 
and prior to the actual eCO2RR (i.e., as a starting condi-
tion of the electrocatalysts). Such a revelation concerning 
the influence of morphology of CuO on the Cu-content 
of pre-reduced “CuO-derived Cu” electrocatalysts and, in 
turn, on the performances as electrocatalysts for eCO2RR, 
is expected to aid the selection, development and proper 
usage of CuO to cater to the requirements of/from the elec-
trochemical CO2 reduction process.

Experimental Details

Copper Oxide Synthesis Routes

Five different routes/protocols were followed for the synthe-
sis of copper oxide catalysts; as described in the following 
and categorized as samples- 1 (S1), 2 (S2), 3 (S3), 4 (S4), 
and 5 (S5).

Sample 1 (S1)

The synthesis route adopted in this case was “citrate solution 
combustion”, with the precursors being copper nitrate trihy-
drate (Cu(NO3)2.3H2O; 99% pure; from Merck, India) and 
citric acid monohydrate (C6H8O7.H2O; 99.5% pure; from 
Merck, India). For preparing the aqueous solution, Millipore 
water (18.2 MΩ.cm) was used. Saturated aqueous solution 
of copper nitrate was mixed with citric acid (as fuel) in 1:1 
molar ratio in a glass beaker, which was then placed on a hot 
plate at 120 °C with continuous stirring at 250 rpm until the 
formation of gel. After this, the temperature of the hot plate 
was increased to 250 °C, and the gel expanded to form “ash”. 
The as-synthesized “ash” was ground in an agate mortar-
pestle and taken in a quartz boat for calcination in air at 
750 °C for 2 h, with the heating rate being 10 °C/min. The 
as-synthesized and calcined CuO powder was black in color.

Sample 2 (S2)

The route adopted in this case, and also for samples S3, 
S4, and S5, was hydrothermal synthesis, but with varied 
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conditions and precursor types. In the cases of S2 and S3, 
copper nitrate trihydrate (Cu(NO3)2.3H2O; 99% pure; from 
ACROS Organics, USA) and sodium hydroxide (NaOH; 
99% pure; from Merck, Germany) were used as the precur-
sors. For S2, aqueous solution of sodium hydroxide (0.2 M) 
was added drop wise to the copper nitrate solution in 1:4 
molar ratio under constant stirring at room temperature. 
After 30 min of stirring the blue colored solution was trans-
ferred to 80-ml Teflon lined stainless steel autoclave and 
heated at 180 °C for 5 h in an oven, to obtain the black 
colored precipitate.

Sample 3 (S3)

In the case of S3, the sodium hydroxide solution was added 
drop wise to copper nitrate trihydrate solution in 1:1 molar 
ratio under constant stirring at room temperature. After mix-
ing for 30 min at room temperature, the blue colored solu-
tion was transferred to 80-ml Teflon lined stainless steel 
autoclave and the reaction was conducted at 180 °C, but for 
24 h, yielding the black colored precipitate.

Sample 4 (S4)

In the case of S4, aqueous solution of 0.06 M copper ace-
tate monohydrate (Cu(CO2CH3)2.H2O; 99% pure; from 
Sigma Aldrich), 0.1 M CTAB (C19H42BrN; 99% pure; 
from Sigma Aldrich) and 0.5 M sodium hydroxide (NaOH; 
99% pure; from Merck, Germany) was stirred for 30 min at 
room temperature. The homogeneous solution was trans-
ferred to 80-ml Teflon lined stainless steel autoclave and 
placed in an oven at 180 °C for 16 h, to obtain the black 
colored precipitate.

Sample 5 (S5)

In the case of S5, 2  mM copper nitrate trihydrate 
(Cu(NO3)2.3H2O; 99% pure; from ACROS Organics, USA), 
5 mM urea ( Co(NH2)2; 99.5%; from Merck, Germany), and 
3 mM CTAB (C19H42BrN; 99% pure; from Sigma Aldrich) 
were added to Millipore water (18.2 MΩ) and continuously 
stirred for 30 min at room temperature. The homogeneous 
solution was transferred to a Teflon lined stainless steel 
autoclave and heated at 180 °C for 6 h in an oven, yielding 
the black colored precipitate.

The black colored precipitates, obtained at the end of 
each of the above synthesis routes/conditions, were centri-
fuged and washed with Millipore water and ethanol several 
times. Then they were dried overnight at 70 °C and ground 
in an agate mortar pestle.

Material Characterizations

Phase evolution of the copper oxide samples synthesized 
using the five different routes/protocols (i.e., S1, S2, S3, 
S4, and S5) was checked with X-ray diffraction (XRD), 
using Bruker D8 Eco powder diffractometer with Cu Kα 
radiation having λ = 0.15406  nm. The same was done 
also after preparing the “CuO-derived Cu” as catalysts 
for the electrochemical CO2 reduction experiments. Inor-
ganic Crystal Structure Database (ICSD) was used for 
the phase analysis of the powder catalysts. Fullprof suite 
software was used for the Rietveld refinement and Verta 
software for generating a view of the crystal structure. 
Morphologies of the oxide particles before and after pre-
reduction were observed using scanning electron micros-
copy (SEM; FEI Magellan 400 FEGSEM). The specific 
surface area of the oxide catalysts was measured with 
BET (Brunauer–Emmett–Teller), using Micromeritics 3 
FLEX surface characterization. In order to re-confirm the 
elemental composition and determine the oxidation state 
of Cu, X-ray photoelectron spectroscopy (XPS) was con-
ducted with Al Kα monochromatic radiations in a Kratos 
AXIS-supra analytical system. Surface charge correction 
of the scanned binding energies of the elements was per-
formed with adventitious carbon C 1 s (C–C) at the bind-
ing energy of 284.8 eV. The high-resolution scans were 
deconvoluted using the XPSPEAK41 database.

Electrode Fabrication

Glassy carbon plates of 1.5 × 2.0 cm2 dimensions were 
coated uniformly with one of the copper oxide catalysts 
(i.e., S1/S2/S3/S4/S5). The working electrode was pre-
pared using 4:1 molar ratio of Millipore water and ace-
tone (in 1-ml solution), 14 mg of copper oxide catalyst 
(S1/S2/S3/S4/S5) and 60 μL of basic nafion (5 wt.%) (as 
binder; from Merck). These were taken in a centrifuge 
tube and sonicated for 30 min. The as-prepared dispersed 
suspension is referred to as “ink”, which was drop-casted 
uniformly using 200-μL pipette on both sides of polished 
glassy carbon (GC) plate. The GC electrode was then kept 
under IR lamp for drying. The catalyst loading on the GC 
support was ~ 2.8 mg/cm2. Basic solution of 0.10 M potas-
sium bicarbonate (KHCO3; ACS grade; from Merck) was 
used as the electrolyte, with both the compartments of 
the H-cell being filled with 10 ml of the same, leaving 
headspace volume of 20 ml in each compartment free. In 
order to electrochemically prepare the oxide derived cop-
per catalyst, a potential of − 0.8 V vs. RHE was applied 
either for 30 min (minimum) or till the current got stabi-
lized (i.e., pre-reduction step).
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Underpotential Deposition of Pb 
on the “CuO‑Derived Cu” Electrocatalysts

For the conducting underpotential deposition (UPD) and 
stripping experiments, the procedure described in two of 
our previously reported works [43, 44] has been followed. In 
more specific terms, the “CuO-derived Cu” electrocatalysts 
(S1 to S5), post the pre-reduction step at − 0.8 V vs. RHE, 
have been subjected to 10 cycles of cyclic voltammetry 
scans between 0.7 and − 1.1 V vs. RHE at a potential scan 
rate of 10 mV/s (using a PARSTAT 3000A potentiostat). In 
order to conduct the UPD of Pb on Cu, the electrolyte solu-
tion used has been Ar saturated 0.01 M HClO4 (Perchloric 
acid 60%; ACS grade; from Merck) + 1 mM PbCl2 (Lead 
Chloride (Anhydrous) 98% from LOBA Chemie).

The representative CVs obtained with the electrocatalysts, 
along with indication of the current peaks associated with 
the deposition and stripping of Pb monolayer, has been pre-
sented in Fig. S1 in the Supporting Information file (SI). 
It is the area under the peak corresponding to the Pb mon-
olayer stripping during the anodic half cycle that has been 
used for estimating the electrochemically accessible/active 
specific surface areas, as per the procedure detailed in our 
previous publications [43, 44], where it was also reported that 
for monolayer deposition/stripping of Pb on polycrystalline 
Cu, the average amount of charge transferred is 250 μC/cm2.

Electrochemical CO2 Reduction

Gas tight two compartment electrolysis cell (H-shaped; viz., 
“H-cell”) was used for carrying out the electrochemical 
carbon dioxide reduction reactions (see Fig. S2 in SI). The 
two compartments of the H cell, i.e., the anode and cath-
ode chambers were separated by porous glass frit separa-
tor. Three electrodes (viz., working, counter, and reference) 
were used during the experiment. Copper-modified electrode 
fabricated according to the procedure described in the “Elec-
trode Fabrication” section was used as the working electrode, 
Pt-mesh was used as the counter and Ag/AgCl (1 M) was 
used as the reference electrode. The potential of the Ag/
AgCl (1 M) reference electrode is 0.222 vs. standard hydro-
gen electrode. The potential applied using Ag/AgCl (1.0 M 

KCl) reference electrode was converted to the RHE scale as 
per, ERHE = EAg/AgCl + 0.222 (V) + 0.0586 (V) × pH (22 °C).

Prior to performing eCO2RR, high purity carbon dioxide 
(CO2) was purged into the electrolyte for at least 30 min 
and pH of the CO2 saturated electrolyte was maintained at 
6.8. The aqueous solutions in both the compartments were 
stirred during the CO2 purging step, as well as during the 
bulk electrolysis (i.e., CO2 reduction) experiment. Electro-
chemical CO2 reduction reaction was performed via bulk 
electrolysis technique at room temperature (22 ± 2 °C) using 
CHI 760D electrochemical workstation (CH Instruments, 
Austin, TX, USA). Then potentials of − 0.6, − 0.8, − 1.0, − 1
.2, − 1.4 and − 1.6 V vs. RHE (iRu effect was not corrected) 
were applied for the CO2 reduction reaction via bulk elec-
trolysis until 10 C of charge was consumed for each reaction 
at a given potential. The current was monitored as a function 
of time during the experiments.

Product Analysis

After the bulk electrolysis experiments, 200 μL of the gase-
ous product samples were collected using a gas-tight syringe 
from the headspace of the cathode compartment and analyzed 

Table 1   The lattice parameters 
and unit cell volumes of the 
CuO electrocatalysts, designated 
as S1, S2, S3, S4, and S5, 
as obtained upon Rietveld 
refinement of the corresponding 
XRD patterns

Serial  
number

The  
electrocatalysts

Lattice parameters (Å) Unit cell 
volume, V 
(Å3)a b c

(a) S1 4.68823(6) 3.42617(4) 5.13398(6) 81.354(2)
(b) S2 4.68334(41) 3.42620(34) 5.13025(51) 81.178(13)
(c) S3 4.68127(42) 3.42272(34) 5.12700(51) 81.005(13)
(d) S4 4.69544(61) 3.42469(52) 5.12702(73) 81.342(20)
(e) S5 4.67156(76) 3.42045(64) 5.11835(94) 80.639(25)

Fig. 1   Electrochemically accessible/active specific surface areas of 
the as-synthesized (-cum-calcined) copper oxide powder samples, 
designated as S1, S2, S3, S4, and S5, as obtained based on the under-
potential deposition (UPD) measurements
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by gas chromatography (GC). H2 was analyzed using Agilent 
gas chromatography (7820A), with a thermal conductivity 
detector (TCD), column length of 24 m, HP-plot molesieve 
(5 Å) and carrier gas as N2. CO was analyzed using Agilent gas 
chromatography (7820A), with a thermal conductivity detec-
tor (TCD), column length of 4 m, HP-plot molesieve (5 Å), 
and carrier as He. C2H4 was analyzed using Agilent gas chro-
matography (7820A), with a flame ionization detector (FID), 
column length of 30 m, HP-5 (nonpolar), and carrier gas as N2.

The liquid products were analyzed with nuclear mag-
netic resonance (NMR) spectroscopy (using BRUKER 
ULTRASHIELD 600 PLUS NMR spectrometer), having 
an operational frequency of 600 MHz in order to obtain 1H 
NMR spectra. For the NMR analysis, sample preparation 

involved using 0.6 ml of the electrolyte (post electrolysis), 
mixed with 100 μL of deuterium oxide (D2O; 99.9 at. % 
D; from Cambridge Isotope Laboratories Inc.) and 100 μL 
of dimethyl sulfoxide (DMSO; 99.9%; from Merck, Japan), 
diluted to 100 ppm (v/v) by water prior to use, in the NMR 
tube. All the samples were measured three times to obtain 
the mean and standard deviation.

Results and Discussion

The As‑Synthesized CuO Samples

As per the focus of this work, copper oxide (CuO) electrocata-
lysts were synthesized following five different protocols, with 

Fig. 2   X-ray diffraction patterns recorded with the CuO-based electro-
catalysts in the as-synthesized and after pre-reduction step (at − 0.8 V vs. 
RHE) conditions, for those designated as (a) S1, (b) S2, (c) S3, (d) S4, 

and (e) S5, with (f) presenting the standard patterns of Cu (as per ICSD 
file number 7954) and CuO (as per ICSD file number 16025)
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the sample types, S1, S2, S3, S4, and S5 been defined in the 
previous section. X-ray diffraction (XRD) data recorded with 
all the sample types confirm the formation of CuO, having 
space group C12/C1, as per ICSD-16025 database (see Fig. S3 
in SI). No impurity peak could be detected within the detection 
limit of XRD. The lattice parameters and unit cell volumes, as 
estimated via Rietveld refinement of the XRD data (see Fig. S4 
in SI), have been mentioned in Table 1; which tends to agree 
with literature reports on CuO [45–48]. XPS scans indicate the 
presence of Cu and O for all the samples, with the oxidation 
state of Cu being + 2 (see Fig. S5 in SI).

Nevertheless, interesting differences could be noted in the 
morphologies and dimensions of the as-synthesized CuO 
particles, as can be seen from Fig. S6 in SI. The one prepared 
via solution combustion method (viz., S1) exhibits fairly 
equiaxed morphology, with particle size of ~ 0.7–1 μm (see 
Fig. S6a). Among those prepared via hydrothermal route 
(with varied conditions and/or precursors), S2 possesses a 
rod-shaped morphology having aspect ratio of ~ 3–5 (viz., 
length ~ 3–5 μm and width ~ 1–2 μm) (see Fig. S6b). By con-
trast, S3 possesses fairly equiaxed morphology, with particle 
size of ~ 1–3 μm (i.e., coarser than S1, which also possesses 
similar morphology) (see Fig. S6c). Interestingly, S4 pre-
sents a spherical morphology, with a relatively rough surface 
(more like a “cauliflower”), having particle size of ~ 2–3 μm 
(see Fig. S6d). Different from the others, S5 exhibits nee-
dle shaped morphology with the particles being ~ 1–2 μm 
in length, thus presenting a “grass like” appearance (see 
Fig. S6e). The BET specific surface areas have been found 
to vary between ~ 0.21 and ~ 3.55 m2/g for the copper oxides, 
as presented in Fig. S7 in SI. More importantly, the elec-
trochemically accessible surface areas, as obtained based 
on underpotential deposition (UPD) experiments conducted 
post the pre-reduction step at − 0.8 V vs. RHE (see the 
“Underpotential Deposition of Pb on the “CuO-derived Cu” 
Electrocatalysts” section), indicate greater “active” surface 
areas for S1, S2, and S3, in comparison to those for S4 and 
S5 (see Fig. 1). The above aspects are likely to cast influ-
ence on the performance as electrocatalysts for eCO2RR, as 
presented subsequently in the “Electrochemical CO2 Reduc-
tion Using the “CuO-derived Cu” Electrocatalysts” section.

Copper Oxide Derived Cu

Since CuO is not thermodynamically stable under eCO2RR 
conditions, prior to the bulk electrolysis experiments (i.e., 
electrochemical CO2 reduction; eCO2RR), all the copper 
oxide electrocatalysts were first treated at a constant poten-
tial of − 0.8 V vs. RHE, till stable currents were achieved; 
thus forming “CuO-derived Cu”. XRD data obtained after the 
pre-reduction step confirmed that the copper oxides got con-
verted to copper, with strong Cu (111) and Cu (200) peaks 
appearing at ~ 43.5° and ~ 51°, respectively (as per ICSD file 

number: 7954) (see Fig. 2). No preferential crystallographic 
orientation or texturing of the as-formed Cu can be noted 
for the catalysts, with the integrated intensity ratios of the 
Cu (111): Cu (200) peaks varying between ~ 1.22 and 2.76.

In addition to the peaks of Cu, residual CuO peaks can 
also be noted from the XRD patterns, which indicate the 
occurrence of partial reduction of CuO to Cu under the con-
cerned electrochemical condition and duration. It is not ruled 
out here that possible oxidation of Cu upon exposure to air 
during handling may also be partly responsible for appear-
ance of the CuO peaks. However, that is not likely to lead to 
the strong CuO peak intensities, as observed here for the pre-
reduced CuOs (for comparison, see XRD pattern of micron-
sized commercial Cu powder obtained after exposure to 
atmosphere for months; as Fig. S8 in SI). Furthermore, 
since exposure was minimized by storing the electrocatalyst 
samples in an inert atmosphere (glove-box) and also since 
all the samples were handled in the same way and for the 
same duration, the influence of air-exposure on the appear-
ance of the CuO peaks may be neglected. Hence, the ratios 
of integrated intensities of Cu (111) to CuO (111), which 
have been presented in Fig. 3, are considered as indicators 
of the variations of relative contents of Cu and CuO (i.e., 
Cu-to-CuO or Cu/CuO-contents) across the “CuO-derived 
Cu” electrocatalysts (viz., prior to being used for the actual 
eCO2RR process). Such variations may also be indicators of 
the kinetics associated [42, 49] with the CuO to Cu conver-
sion at a given negative potential (here, − 0.8 V) for a given 
CuO electrocatalyst, which appears to be variable across the 
presently used CuOs. Here, a correlation between the surface 

Fig. 3   The ratios of integrated intensities of the Cu(111):CuO(111) 
planes (as per XRD data), as an indicator of the relative Cu-to-CuO 
content, of the electrochemically pre-reduced CuO (partially to Cu; 
at − 0.8  V vs. RHE), prior to eCO2RR, for the samples designated 
as S1, S2, S3, S4, and S5. These indicate one of the starting/initial 
characteristics of the electrocatalysts prior to being used for the actual 
electrochemical CO2 reduction runs
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areas and the as-obtained Cu/CuO-contents of the electro-
catalysts can be noted by comparing Figs. 1, 3, and S7 (in 
SI). The three catalysts having the higher electrochemically 
accessible/active surface area (as per UPD measurements), 
i.e., S1, S2, and S3, also possess higher Cu/CuO-contents, 
as compared to the S4 and S5 counterparts; with the BET 
surface areas also casting additional influence, as can be 

realized when comparing the Cu/CuO-contents among S1, 
S2, and also S4, S5. More importantly, it is not unlikely 
that the Cu/CuO-contents, as one of the “starting” features 
of the CuO-based electrocatalysts used here for subsequent 
eCO2RR runs, may have an influence on the performance as  
an electrocatalyst (see the “Electrochemical CO2 Reduction 
Using the “CuO-derived Cu” Electrocatalysts” section).

Fig. 4   SEM images of the “CuO-derived Cu” electrocatalysts, designated as (a) S1, (b) S2, (c) S3, (d) S4, and (e) S5, after the pre-reduction step 
(at − 0.8 V vs. RHE)
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SEM images obtained after the pre-reduction step 
at − 0.8 V vs. RHE indicates that, even though the surfaces 
appear to be rougher, the morphology gets more or less pre-
served for all the electrocatalysts (see Fig. 4). Only in the 
case of S5, the continuous “grass like” feature appears to get 
discretized into a “flower like” feature (see Fig. S9l in SI). 
However, a closer look indicates that the basic morphology 
still remains the same (see Fig. S9i, j in SI). This, in a way, 
is also an indicator of partial reduction of CuO to Cu during 
the pre-reduction step at − 0.8 V, since complete changeover 
from oxide (CuO) to metallic Cu would have altered the 
morphology to a significant extent.

Electrochemical CO2 Reduction Using the “CuO‑derived 
Cu” Electrocatalysts

Current Densities Upon Electrochemical CO2 Reduction

Electrochemical reduction of carbon dioxide (eCO2RR) 
was carried out via bulk electrolysis technique using the 
five types of “CuO derived Cu” electrocatalysts in H-cell 
(with CO2 saturated 0.10 M KHCO3 electrolyte; pH ~ 6.8) 
at six applied potentials (viz., − 0.6, − 0.8, − 1.0, − 1.2, − 1
.4, and − 1.6 V; vs. RHE). In terms of evolution of current 
densities, the eCO2RR runs indicate that the overall current 
densities (as in Fig. S10a in SI), as well as those correspond-
ing to the formation of carbon containing products (as in 
Fig. 5) and H2 (as in Fig. S10b) separately, show increasing 
trend with potential till ~ − 1.4 V, while remaining almost 
unchanged beyond that (viz., between − 1.4 and − 1.6 V) 
(see Fig. 5). It may be recalled here that, in addition to the 
different specific surface areas (see Figs. 1 and S7 in SI), 
the five different pre-reduced CuOs also possess different 
Cu-to-CuO contents (viz., ICu(111): ICuO(111)) primarily based 
on the extent of pre-reduction at − 0.8 V (see Fig. 3). While 
the net extent of reduction of CuO to Cu can be potential 
dependent and the possibility of further reduction to Cu at 
the more negative applied potentials used during the actual 
electrochemical CO2 reduction runs is not ruled out, the Cu-
to-CuO content values of the pre-reduced CuOs, as used in 
the following discussions, is one of the “starting” conditions 
of the CuO-based catalysts used for the actual eCO2RRs.

Among the electrocatalysts, the current densities associ-
ated with the formation of the carbon containing products 
(as in Fig. 5) are consistently higher with S1, S2, and S3, 
as compared to those with S4 and S5, at all the potentials. 
It may be recalled here that, as based on UPD measure-
ments, the former three, i.e., S1, S2, and S3, also possess 
higher electrochemically accessible/active surface areas 
(see Fig. 1) than the S4 and S5 counterparts. This is also 
the case with the starting Cu-to-CuO contents (see Fig. 3). 
Furthermore, based on BET measurements (see Fig. S7 in 
SI), S2 possesses the highest specific surface area. Hence, 

it is likely that a combination of these aspects results in S2 
yielding the highest current density for the C-containing 
product formations during eCO2RR. Hence, the present set 
of results points towards an interesting interplay between the 
specific surface area and the starting Cu-content (viz., the 
active sites) of “CuO derived Cu” electrocatalysts towards 
the activity in the context of eCO2RR.

Products Obtained Upon Electrochemical CO2 Reduction

The gaseous products (as detected by GC-TCD, GC-FID) and 
liquid products (as detected by NMR) of eCO2RR obtained 
in this study include CO, C2H4, CH4, H2, formate (HCOO−), 
acetate (CH3COO−), C2H5OH, and n-propanol (in relatively 
smaller amount). The variations of faradic efficiencies (FE; 
as %) corresponding to the products with applied potentials,  
as obtained with the different CuO-based electrocatalysts, have  
been presented in Fig. 6. On a different note, cyclic voltam-
mograms obtained with the “CuO-derived Cu” electrocata-
lysts under consideration here, prior to and post usage for the  
eCO2RR runs, have been presented in Fig. S11 in SI.

For the product formations, as is fairly usual, the FE for 
hydrogen production increased, while that for CO decreased, 
with increasing potential in the negative direction for all the 
five “CuO derived Cu” electrocatalysts. Nevertheless, one 
may note that S2 (having the second highest specific sur-
face area), S1, S2, and S3 (having high Cu-to-CuO content) 
dominate the faradaic efficiency for CO evolution. During 
the electrochemical CO2 reduction runs, CO got further 
reduced to methane and C2 (ethylene, ethanol) products [14]. 
Here, it may be noted that, among the five electrocatalysts, 

Fig. 5   The variations of current densities associated with the for-
mation of carbon (C) containing products upon electrochemical CO2 
reduction at the applied potentials of − 0.6, − 0.8, − 1.0, − 1.2, − 1.4, 
and − 1.6 V (vs. RHE) using the “CuO-derived Cu” electrocatalysts, 
designated as S1, S2, S3, S4, and S5. The C-containing products 
obtained in this study include CO, C2H4, CH4, formate (HCOO−), 
acetate (CH3COO−) and C2H5OH
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Fig. 6   Faradaic efficiencies (as %) associated with the formation of  
gaseous and liquid products, viz., (a) carbon monoxide (CO), (b) ethylene  
(C2H4), (c) methane (CH4), (d) formate (HCOO−), (e) acetate (CH3COO−), 
(f) ethanol (C2H5OH), upon electrochemical CO2 reduction using the  

as-developed “CuO-derived Cu” electrocatalysts (designated as, S1,  
S2, S3, S4, S5) at  the potentials of − 0.6  V, − 0.8  V, − 1.0  V, − 1.2  V, − 1.4   
V, and − 1.6 V vs. RHE
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only S1 led to the formation of all the seven types of prod-
ucts; viz., CO, C2H4, CH4, HCOO−, CH3COO−, C2H5OH, 
and small amount of n-propanol. Furthermore, it is only S1 
and S3, i.e., the two electrocatalysts having high “starting” 
Cu-to-CuO contents (i.e., post pre-reduction step) but low 
specific surface area (see Figs. 1 and 3), that led to the for-
mation of methane (CH4), albeit only at the greater negative 
potentials (viz., beyond − 1.0 V). Also, for almost all the 
products, it is primarily S1, S2, and S3 (having the higher 
Cu-to-CuO contents; see Fig. 3) that led to higher faradaic 
efficiencies at the lower negative potentials. S5, having the 
highest specific surface area, but relatively low Cu-content, 
consistently resulted in the lowest FE (at the lower negative 
potentials). These are despite the current densities being on 
the lower side for S1 and S3 (in fact, lowest for S1) at the 
lesser negative potentials, which is believed to be a more 
direct manifestation of their relatively lower specific surface 
areas. Again, the faradaic efficiencies and product formation 
were found to be governed, to a good extent, by the “start-
ing” Cu-to-CuO contents of the CuO-based electrocatalysts 
used. Nevertheless, at the greater negative potentials, the 
bias with respect to the relative Cu/CuO-content (i.e., the 
influence of Cu-to-CuO content) tends to go down for some 
of the products (like formate, acetate, and ethanol), which 
may possibly be due to considerably greater extent of CuO 
to Cu conversion of the catalysts themselves at the more 
negative potentials. Overall, along with the results for cur-
rent density (as discussed in the “Current Densities Upon 
Electrochemical CO2 Reduction” section and presented in 
Fig. 5), the above observations further highlight the impor-
tance of relative Cu/CuO-content (and, thus, “active sites” 
[31]) in “CuO-derived Cu” electrocatalysts for usage in 
eCO2RR; especially at less negative potentials.

In the context of variations of faradaic efficiencies for 
the different types of products with potentials, it can be 
observed that at the potential of − 0.6 V, FE of CO was the 
highest, while that of C2H4 was the lowest for all the elec-
trocatalysts (see Figs. 6a, b). Furthermore, moving to more 
negative potentials (i.e., from − 0.8 to − 1.6 V; vs. RHE), in 
general, the FE of CO shows a decreasing trend and that 
of C2H4 shows increasing trend. Talking about the major 
product, it was CO at the potentials of − 0.6 and − 0.8 V (vs. 
RHE) (with maximum FE of ~ 21.6 ± 1.3% at − 0.6 V for S2) 
and formate at the other four potentials (viz., − 1.0, − 1.2, − 
1.4, − 1.6 V; vs. RHE) (with maximum FE of ~ 18.6 ± 1.2% 
at − 1.0 V for S1).

Conclusion

CuO electrocatalysts for electrochemical CO2 reduction reaction  
(eCO2RR) were synthesized with five different types of mor-
phologies and specific surface areas via solution combustion  

and hydrothermal synthesis routes (with varied conditions). 
Prior to CO2 reduction via bulk electrolysis at six different 
potentials (viz., − 0.6, − 0.8, − 1.0, − 1.2, − 1.4, and − 1.6 V;  
vs. RHE), the CuO catalysts were first electrochemically 
reduced (at − 0.8 V; vs. RHE) to form “CuO-derived Cu”, 
but with varying Cu-to-CuO contents, which are consid-
ered here as starting conditions of the electrocatalysts. With 
respect to the products of eCO2RR, in addition to H2 evo-
lution, a total of seven liquid and gaseous products, viz., 
CO, C2H4, CH4, formate (HCOO−), acetate (CH3COO−), 
C2H5OH, were detected; the faradaic efficiencies of which 
were found to depend not only on the potentials, but also on  
the types of “CuO-derived Cu” electrocatalysts used.

In the context of current densities, product formations and 
associated faradaic efficiencies (FEs), not only the specific  
surface area, but also the relative content of Cu with respect 
to CuO obtained prior to the eCO2RR process (viz., the 
“starting” Cu:CuO-content) seemingly played an important  
role. In general, the ones having relatively higher start-
ing Cu/CuO-contents (and, thus, “active sites”) resulted 
in higher current densities associated with the formation 
of the carbon containing products and higher correspond-
ing faradaic efficiencies, especially at the lower negative 
potentials. Furthermore, only two electrocatalysts having 
the higher starting Cu-to-CuO contents led to the formation 
of methane (CH4), albeit only at greater negative potentials 
(viz., beyond − 1.0 V). In fact, both the concerned CuOs pos-
sess simple equiaxed morphologies, as against any special 
rod/whisker-type morphology. Accordingly, by developing 
and using “CuO-derived Cu” electrocatalysts possessing dif-
ferent morphologies (thus, different specific surface areas) 
and varied initial Cu-to-CuO contents (prior to the eCO2RR 
process), the present work throws important insights into the 
relative roles of, as well as interplay between, specific sur-
face area and starting Cu/CuO-content on the current densi-
ties, product formation and associated faradaic efficiencies 
upon electrochemical CO2 reduction.
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