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a b s t r a c t
CO2 is electrocatalytically reduced in aqueous solutions (NaHCO3 and Na2SO4) at polycrystalline 
gold (Au) both bare and modified with copper nanoparticles (nano-Cu) (nano-Cu/Au). Copper 
nanoparticles were deposited by the cycling of potential in the range (–0.2–0.7 V) for various poten-
tial cycles. The effect of the electrolyte, as well as the nano-Cu loading on the electroreduction of 
CO2, has been investigated. Nano-Cu/Au electrode has been voltammetrically and morphologically 
characterized. It has been found that the type of electrolyte, that is, NaHCO3 and Na2SO4, is critical 
in the electrochemical reduction of CO2; for instance, the CO2 reduction is obscured by hydrogen 
evolution in NaHCO3 solutions (pH 9.2) at both electrodes, that is, bare Au and nano-Cu/Au elec-
trodes, the well-defined redox peak is obtained at both electrodes in Na2SO4 solution (pH 7), even 
though the pH of Na2SO4 is smaller. The extent of catalysis is based on the copper loading at the 
nano-Cu/Au electrode as well.
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1. Introduction

CO2 is the main source of climate change. It is kinetically 
and thermodynamically stable, easily formed as a result 
of oxidation of organic molecules during combustion and 
respiration [1]. Research on the electroreduction of CO2 is 
increasing aiming at its level reduction in the atmosphere, 
being used in large-scale energy storage and the develop-
ment of CO2 sensors [2–4]. The first aim is wishful and the 
second seems not promising, and thus research focuses on 
the last goal. Nowadays great efforts are devoted to both the 
efficient capture and sequestration of this pollutant or its 

conversion to a value-added product such as the conversion 
to chemical fuel. This may help in utilizing CO2 in closed 
systems and synthesis of organic compounds on the basis 
of CO2 [5–7].

Several ways have been reported for the reduction of 
CO2 to environmentally neutral compounds [8–11]. However, 
those ways are tedious, time-consuming, non-selective and 
non-efficient. Electrochemical methods are a promising way 
as it can be easily controlled and optimized in addition to 
cost-effectiveness. On the other hand nanoscience and the 
based-on field nanotechnology are now in the heart of lead-
ing research both from theoretical and technological points 



I.H. Alsohaimi et al. / Desalination and Water Treatment 184 (2020) 225–231226

of view. Nanostructured materials have several advantages 
compared with their counterparts as a result of the unique 
and superior properties including large surface to size ratio 
[12,13]. Several nanostructured materials have been reported 
to present high electrocatalytic activity towards many elec-
trochemical reactions, even though their bulk counterparts 
are inert towards those reactions [14–19]. As for example, 
they have been used for unsaturated alcohols and aldehydes 
catalytic hydrogenation, oxidation of glucose, oxygen reduc-
tion and CO oxidation at low temperature [15,18,20,21]. 
Irrespective of the huge reports regarding the applications of 
nanoscience in the electrocatalysis of many reactions, reports 
regarding the electroreduction of CO2, greenhouse gas, are 
few, albeit of equal importance to other electrochemical reac-
tions. Those reports deal with the CO2 electroreduction in 
different media at different bulk electrodes, bare and modi-
fied with organic and/or metals Yet, all these suffer the large 
over potential needed for the electroreduction of CO2 and 
consequently the non-selectivity and the low current effi-
ciency [5,8,22–28].

The present research concerns with a decoration of 
copper nanoparticles onto a polycrystalline gold electrode 
(nano-Cu/Au) for the electrocatalytic reduction of CO2 at 
relatively low potential. Not only the size but also the mor-
phology and the surface topography of the nanoparticles can 
be controlled [29,30]. This is a crucial point in catalysis as 
many shape-selective reactions are reported in the literature 
[31,32], in which the final product is markedly dependent 
on the morphology of the used catalyst. The effect of the 
loading of nanoparticles as well as the type of on the elect-
roreduction of carbon dioxide has been studied.

2. Experimental section

2.1. Chemicals

Solutions were prepared using deionized water, and 
all the chemicals were of analytical grade. All chemicals 
were used as received. CuSO4 (Aldrich) of the appropriate 
concentration (0.1 mM) was prepared in 0.05 M H2SO4.

2.2. Electrodes

The polycrystalline gold (poly-Au) electrode of diameter 
1.6 mm was pre-treated as usual by fine alumina powder 
and subsequent sonication in water. Then, it is electrochem-
ically pre-treated until the cyclic voltammetry (CV) charac-
teristic for a clean Au electrode is obtained [33,34].

2.3. Fabrication of modified electrode

Gold electrode modified with nano-Cu (nano-Cu/Au) 
was prepared using CV; from 0.1 M phosphate buffer solu-
tion (pH 7) containing 1 mM CuSO4 by applying various 
potential cycles in the potential range (–0.2 and 0.7 V) vs. 
Ag/AgCl/KCl (sat.) with a scan rate of 0.05 V s–1.

2.4. Measurements

CV measurements were performed using a PGSTAT30 
potentiostat/galvanostat in a conventional three-electrode 
cell in which the working electrode and the counter electrode 

(a platinum spiral wire) are separated by a porous glass. 
An Ag/AgCl (NaCl sat.) electrode was used as the reference 
electrode. Electrolyte solutions were, if necessary, deaerated 
by bubbling N2.

Atomic force microscopy (AFM) images of the mod-
ified electrode were acquired with a VN-H1V8 VN Viewer 
(KEYENCE Nanomicroscope, Japan). Energy-dispersive 
X-ray spectroscopy (EDS) analysis of the modified electrode 
was carried out using a JSM-T220 scanning electron micro-
scope (JEOL Optical Laboratory, Japan) at an acceleration 
voltage of 20 kV and a working distance of 4–5 mm.

3. Results and discussion

3.1. Morphological characterization

Fig. 1 shows AFM images of the nano-Cu/Au electrode. 
A relatively sparse deposition of nano-Cu of ca. 100–300 nm 
is shown. Fig. 2 shows the EDS spectra of the nano-Cu/
Au electrode. The peak of copper is feasible at the energy 
around 0.75 eV [35] along with the peak corresponding to 
the underlying gold substrate at around 2.2 eV.

3.2. Electrochemical characterization

Fig. 3 shows CVs at (a) bare Au, (b) nano-Cu/Au elec-
trodes in 0.1 M NaHCO3 solution. The CV, in the studied 
potential range, of bare Au electrode is featureless, only 
the background current is obtained. In curve b, which is 
obtained at nano-Cu/Au electrode, two differences are 
noticed, as compared with bare Au electrode (curve a); the 
first is the redox couple obtained in the potential range 
(0.1–0.2 V) which corresponds to Cu2+/Cu+ [36–38] couple. 
The correspondence of this redox couple still is not clarified; 
some authors reported it belongs to the Cu2+/Cu+ redox cou-
ple. Others reported that it belongs to the Cu2+/Cu couple 
[40,41]. The second feature is the significant increase in the 
current at potential larger than –0.8 V, that is, in the vicinity 
of hydrogen evolution, as a result of the enhancement of 
hydrogen evolution as a competing reaction [42]. Probably, 

500 nm 

Fig. 1. AFM images obtained at the nano-Cu/Au electrode. 
Nano-Cu/Au was prepared by electrodeposition using 4 poten-
tial cycles, as mentioned in the experimental section.
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this is attributed to the difference in the exchange current 
density of the hydrogen evolution at copper and gold elec-
trodes. The exchange current density of hydrogen evolution 
is larger at copper compared with gold [42]. These two fea-
tures ensure the deposition of copper onto the underlying 
gold electrode, consistently with the reported AFM and 
EDS shown above.

3.3. Effect of electrolyte

Fig. 4 shows CVs obtained at bare gold electrode in (a,b) 
N2- and (c, d) CO2-saturated (a,c) 0.1 M NaHCO3 and (b,d) 
0.1 M Na2SO4 solutions. The potential was scanned cathod-
ically starting from –0.5 V to –1.2 V, then reversed to 0.5 V, 
and finally to the starting potential (–0.5 V). In curves, a and 
b the expected behavior of bare gold electrode is obtained. 
The onset potential of hydrogen evolution started at 
potential around –0.8 V. In curves, c and d obtained in the 

presenceof CO2, the current in the potential range of hydro-
gen evolution is significantly increased, and probably, the 
increase accord with the concentration of CO2. This increase 
cannot be accounted by the decrease in the pH due to the 
bubbling of CO2 as the pH values were checked before and 
after bubbling and the decrease was found to be slight. 
Thus it is clear that bare gold is active for CO2 reduction 
under the present conditions. The increase in the current in 
the vicinity of the hydrogen evolution is coupled with the 
emerging of a new anodic peak, at around 0.1 V, which its 
current increases with increasing CO2 (data are not shown). 
Probably this anodic peak is an oxidation of the reduction 
product produced in the cathodic scan. These results are 
inconsistent with that reported at copper nanoparticles syn-
thesized by hydrothermal flow method and modified onto 
glassy carbon electrode [43]. Interestingly, in the present 
case where copper nanoparticles are prepared by simple 
electrochemical methods, the well-defined reduction peak of 
CO2 is clearly revealed at ca. –0.8 V (see curve d) indicating 
the prominent role of the supporting electrolyte. Also, the 
anodic peak is revealed in this case, but at a larger positive 
potential and with larger peak current. It has been reported 
that the electroreduction of CO2 is inherently dependent 
on the supporting electrolyte [44,45], and its constituents. 
Most reported studies have focused on the reduction of 
CO2 in neutral solutions, as used in the present study, to 
avoid the interference of hydrogen evolution. Also select-
ing a supporting electrolyte with suitable cation is crucially 
important. For instance, while CO2 reduction is favorable in 
Na+ containing solutions, H2 evolution prevails CO2 reduc-
tion in, for example, Li+ electrolytes. Also, the anionic part 
of the electrolyte significantly affects the reduction product; 
while, for example, methane is favored as a reduction prod-
uct in the case of HCO3

– solutions, alcohols are preferable 
in the case of using sulfate solutions [46]. Recall Fig. 4, it is 
clearly shown the voltammetric behavior critically depends 
on the anionic part of the supporting electrolyte.

It is noteworthy to mention that regarding the pH, it is 
an important parameter in the electrochemical reduction of 
CO2 since hydrogen ions are required for CO2 reduction [47]. 
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Fig. 2. EDS spectra for the nano-Cu/Au electrode.
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Fig. 4. CVs obtained at bare gold electrode in (a,b) N2- and 
CO2-saturated, (c) NaHCO3, and (d) Na2SO4 solutions.
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Fig. 3. CVs obtained at (a) bare Au, (b) nano-Cu/Au electrodes 
in N2-saturated 0.1 M NaHCO3. Nano-Cu/Au was prepared by 
electrodeposition using 2 potential cycles, as mentioned in the 
experimental section.
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However, CO2 reduction is usually carried out at pH close to 
a neutral one. Thus, in the present case, relatively high pH 
is selected to avoid the high interference from the hydro-
gen evolution. In this case, the source of a proton is water 
according to, for example, the following reaction;

CO H O e CO OH V2 22 2 2 1 37+ + = + = −− − Eo .  (1)

3.4. Effect of modification of gold by nano-Cu

Fig. 5 shows CVs obtained at (a,b) bare gold and (c,d) 
nano-Cu/Au electrodes in (a,c) N2- and (b,d) CO2-saturated 
0.1 M Na2SO4 solutions. The potential was scanned in the 
same manner as in Fig. 4. In curves, a and c the expected 
behavior of bare gold electrode and nano-Cu/Au electrodes 
are revealed. In the presence of CO2, the reduction potential 
peak of CO2 at nano-Cu/Au electrode (curve c) is enhanced, 
that is, positively shifted by ca 150 mV compared with that 
obtained at the bare gold electrode (curve b) along with 
a slight increase in the peak current and this shift for the 
reduction peak is coupled also by a similar positive shift in 
the corresponding anodic peak. It has been reported that 
modification of glassy carbon electrode by copper electro-
catalyst to enhance the electroreduction of CO2. However, 
the electrocatalysis was revealed as an increase in the vicin-
ity of the hydrogen evolution [2]. Similarly, an increase in 
the electrochemical response in the presence of CO2 was 
obtained at the alkynyl-substituted rhenium complex mod-
ified onto a Pt-plate electrode [48]. Regarding the combined 
effect of using gold and copper and based on the presented 
results in the present manuscript, one can clearly conclude 
that the deposition of copper nanoparticles onto an under-
lying gold substrate is reflected on the enhancing of the 
kinetics of the electroreduction of CO2 as reflected on real-
izing the reduction peak at lower negative potentials. Also, 
the current response to the reduction of CO2 is increased. 
It has been reported that while CO is the main product for 
the reduction of CO2 at gold electrode as a result of the weak 
adsorption properties of CO on gold, CH4 is the main prod-
uct obtained at copper electrode due to that the adsorption 
of CO onto Cu is of intermediate strength [49,50].

3.5. Effect of loading of nano-Cu

The effect of the loading of copper was studied in 
NaHCO3 (Fig. 6) and Na2SO4 (Fig. 7). The loading of cop-
per was determined indirectly via calculating the surface 
coverage of the underlying substrate from the voltammet-
ric behavior obtained at bare and nano-Cu/Au electrodes in 
N2-saturated 0.5 M H2SO4 solutions (data are not shown). 
Surface coverage was estimated from the decrease in the 
reduction peak of gold oxide upon the deposition of copper 
and values were found to equal 0.24 and 0.28 for nano-Cu/
Au electrode prepared by two and four cycles, respectively, 
details are mentioned elsewhere [51]. Fig. 6 shows the CVs 
obtained at Cu nanoparticles modified gold electrode in 
(upper panel) N2-saturated and (lower panel) CO2-saturated 
NaHCO3 solution. As clearly shown increasing the loading 
of copper increases the hydrogen evolution. At Cu modified 
gold electrode (curves a) the increase in the current in the 
vicinity of the hydrogen evolution increases significantly 

upon bubbling CO2. However when the loading of Cu 
increases the hydrogen evolution significantly increases 
(curves b,c, and d, upper panel). The current in the presence 
of CO2 (curves b,c, and d, lower panel) is almost constant 
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Fig. 5. CVs obtained at bare (a,b) Au and nano-Cu/Au (c,d,e) 
electrodes in the absence (a,c) and presence (b and d) of 
CO2-saturated 0.1 M Na2SO4 solutions. Nano-Cu/Au electrodes 
were prepared by 4 potential cycles.
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Fig. 6. CVs obtained at Cu nanoparticles modified gold electrode 
in (upper panel) N2-saturated and (lower panel) CO2 saturated 
NaHCO3 solution. Nano-Cu/Au electrodes were prepared by (a) 
0, (b) 2, (c) 4, and (d) 6 potential cycles.
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due to that hydrogen evolution precludes the CO2 electrore-
duction. This again proves the dependency of the CO2 reduc-
tion on the electrolyte type.

Fig. 7 depicts CVs at bare Au (a,b) and nano-Cu/Au (c,d, 
and e) electrodes in the absence (a,c) and presence (b, d, 
and e) of CO2- saturated 0.1 M Na2SO4 solutions. Comparing 
curves a and c one can see the significant increases in the 
hydrogen evolution at potentials more negative than –1.1 V. 
At bare Au (curve c) in the presence of CO2 a clear reduction 
peak is obtained at around –0.87 V, probably corresponds to 

the reduction of CO2. At Cu modified Au electrodes (curves c 
and d) the reduction peak is positively shifted, and this shift 
increases upon increasing Cu loading. The reduction peak 
is coupled with a new anodic peak at ca. 0.2 V corresponds 
to the oxidation of the product formed in the cathodic scan. 
The correspondence of this peak was confirmed by chang-
ing the direction of potential scan as seen in Fig. 8 in which 
the effect of direction of potential scan on voltammograms is 
shown. The starting potential in both cases is –0.5 V. In curve 
a, the potential was first scanned in the cathodic direction, 
and in curve, b was scanned first in the anodic direction. 
As clearly shown in curve a, the reduction peak obtained at 
–0.87 is coupled with one oxidation peak at around 0.2 V for 
the product formed in the cathodic going scan. On the con-
trary, when the scanning was started to the anodic direction, 
there was no anodic peak except the one, at ca. 0.3 V, which 
corresponds to Cu2+/Cu+ couple. It has become clear that 
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Fig. 7. CVs obtained at bare (a,b) Au and nano-Cu/Au 
(c,d,e) electrodes in the absence (a,c) and presence (b,d,e) of 
CO2-saturated 0.1 M Na2SO4 solutions. Nano-Cu/Au electrodes 
were prepared by (b) 2 and (d) 4 potential cycles.
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Fig. 8. CVs obtained at the nano-Cu/Au electrode in CO2- 
saturated 0.1 M Na2SO4 solutions. Starting potential-0.5 V. 
In curves a and b the potential was scanned to the negative and 
positive directions, respectively.

Fig. 9. Gas chromatograms for the reduction products obtained 
by applying a potential of – 0.9 V at (a) nano-Cu/Au and (b) bare 
Au electrodes for 1 h. Chromatograms c and d are for standard 
formic acid and methanol solutions, respectively.
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the well-defined redox peak for CO2 is realized, for the first 
time at gold and nano-Cu/Au electrodes and the nanoparti-
cle loading and the supporting electrolyte play a prominent 
role in the reduction.

For inspection of the oxidation products a potential of 
–0.9 V is applied at nano-Cu/Au and bare Au electrodes 
for 1 h and the resulting electrolyzed solutions were ana-
lyzed using gas chromatography and results are shown. 
The analysis for the solution obtained by the electrolysis at 
bare Au electrode (curve b) is characterized by one sharp 
peak at 2.4 min. Probably, it corresponds to formic acid as 
compared with the chromatogram obtained for the stan-
dard formic acid solution (curve c). Gas chromatogram for 
the solution obtained by the electrolysis at the nano-Cu/Au 
electrode (curve a) shows a new peak at 2.8 in addition to 
the one obtained at 2.4 min. The former one corresponds to 
the methanol as compared with the chromatogram obtained 
for the standard methanol solution (curve d). Further 
investigation for the complete distribution of the result-
ing electrolyzed solution under the present conditions in 
addition to the full spectrum of experimental conditions is 
underway.

4. Conclusions

The electroreduction of carbon dioxide at bare Au and 
nano-Cu/Au electrodes has been studied in NaHCO3 and 
Na2SO4 solutions. It has been found that the copper nanopar-
ticles loading and the type of electrolyte significantly affect 
the reduction behavior of CO2; in Na2SO4 solution, CO2 is 
reduced at lower potential at the modified electrode com-
pared with the bare Au electrode, The enhancement is based 
on the loading extent at the modified electrode, In NaHCO3 
solution, the reduction peak for CO2 is not revealed at both 
electrodes as it is obscured by hydrogen evolution.
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