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A B S T R A C T

Cu-Cu2O-rGO composite layers were electrodeposited for the first time from alkaline copper(II) lactate-based 
electrolytes containing dispersed rGO flakes. The properties of electrodeposited composite materials are 
strongly affected by applied potentials. Obtained layers were investigated towards their catalytic activity in 
electro- and photoelectrochemical artificial CO2-based synthesis of hydrocarbons. The effect of applied potential 
on the morphology, crystallographic structure, band gap, and conduction and valence band location was 
investigated. The catalytic performance of the electrodeposited layers was analyzed in CO2-saturated KHCO3 
electrolyte under the dark and at light illumination applying different conversion potentials. The stability of the 
obtained layers was analysed based on XPS and XAS results. Maximal Faradaic efficiencies for methane and 
ethylene formation were achieved in the presence of light and amounted to 10 and 9.91%, respectively. Reported 
results indicate that the presence of rGO in deposited layers significantly affects the band structure of electro
deposited layers. It was also observed that even slight modification of electrodeposition or conversion potential 
results in noticeable differences in Faradaic efficiency corresponding to hydrocarbons formation.

1. Introduction

Electrochemical (EC) and photoelectrochemical (PEC) conversion of 
carbon dioxide (CO2) is important for many reasons related mainly to 
addressing environmental challenges and developing sustainable energy 
solutions [1–3]. Carbon dioxide mitigation is considered the primary 
driver for the development of materials for electrochemical and photo
electrochemical conversion of CO2 due to the increasing impact of its 
emissions on climate change. Conversion of CO2 into useful products, 
such as fuels or chemicals, is the perfect approach providing possibilities 
for the reduction of net emissions of greenhouse gases. That is why so 
much effort is paid to the utilization of CO2 conversion in the production 
of carbon-neutral or carbon-negative fuels, like methane [4–6], ethylene 
[7,8], ethanol [9] or methanol [10,11], which can be used as energy 
carriers without contributing to additional carbon emissions [1]. CO2 
can be used also as a feedstock for the production of valuable chemicals. 
Electrochemical conversion processes can facilitate the synthesis of 
various chemicals, providing an alternative to traditional methods that 
often rely on fossil fuels as feedstocks [12,13].

EC and PEC are also considered a promising methods for renewable 
energy storage-oriented systems [14,15]. The electro
chemical/photoelectrochemical conversion of CO2 can be coupled with 
renewable energy sources such as solar or wind power. By using excess 
renewable energy to drive these conversion processes, it becomes 
possible to store intermittent renewable energy in the form of chemical 
fuels, providing a means for renewable energy storage [13,16].

Research in electrochemical and photoelectrochemical CO2 conver
sion involves developing new materials, catalysts, and technologies [6, 
17–19]. These advancements not only contribute to addressing climate 
change but also drive technological innovation, potentially leading to 
the development of more efficient and sustainable energy technologies. 
All mentioned factors make EC and PEC conversion of CO2 especially 
important due to its huge potential concerning mitigation of climate 
change, storing renewable energy, producing carbon-neutral fuels and 
chemicals, and contributing to global efforts towards a more sustainable 
and environmentally friendly future.

In recent years, many papers devoted to the engineering of materials 
that may be utilized in CO2 conversion have been published. Yet, a 
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considerable number of investigated materials exhibit drawbacks such 
as low efficiency, stability or selectivity [20]. To meet the criteria for 
commercial viability, catalysts for the CO2 reduction reaction (CO2RR) 
must attain a Faradaic efficiency (FE) exceeding 90 % for current den
sities surpassing 200 mA/cm2. Additionally, these catalysts should 
demonstrate stability for a minimum of 1000 hours to be economically 
feasible [21]. Currently, existing catalysts fall below these benchmarks, 
underscoring the imperative for further investigations focused on 
creating new catalysts endowed with stability, selectivity, and effi
ciency. That is why , many different materials for potential application 
PE and PEC CO2 conversion have been investigated [22,23]. One of the 
interesting, widely investigated materials are copper-based catalysts 
[24]. Copper due to its unique properties supporting the formation of 
double C––C bond is most often used for this purpose [25]. The coupling 
of copper with p-type Cu2O creates possibilities for the utilization of 
light and thus limitation of energy consumption. Light is also considered 
a factor that strongly affects the kinetics and mechanism of electrode 
processes and thus selectivity of the catalytic materials. De Brito et al. 
conducted investigations into the photoelectrochemical conversion of 
CO2 utilizing Cu/Cu2O composites, with a primary focus on the impact 
of pH on the distribution of obtained products in the syngas [26]. Kas 
et al. demonstrated that Cu2O, regardless of its structural properties, 
may effectively facilitate the formation of ethylene [27]. This finding 
was substantiated by Ren et al., who determined that the efficiency of 
the reduction of CO2 to ethanol and ethylene at the Cu2O surface is 
comparable to that observed for polycrystalline copper [28]. It was also 
observed by Kas et al. that the utilization of Cu2O-based nanoparticles 
enables the adjustment of hydrocarbon production selectivity [27]. 
Shang et al. indicated possibilities of electrochemical reduction of CO2 
to ethylene with the use of core-shell copper/cuprous oxide structures 
[29]. Previously Mech et al. reported the EC and PEC performance of 
electrodeposited Cu-Cu2O composite materials toward the conversion of 
CO2 into hydrocarbons [30]. They observed that Faradaic efficiency, 
selectivity and overpotential related to maximal CH4 and C2H4 pro
duction may be tuned by proper adjustment of electrodeposition po
tential. Their results indicated that the presence of light, even at the 
conversion potential window in which Cu2O is considered unstable af
fects the kinetics and mechanism of electrode reactions resulting in the 
formation of several conversion products. Authors observed also that 
decrease in Edep. results in increased ethylene selectivity while the 
opposite effect was observed for methane. In the literature there are 
many reports showing that electrodeposition is method that through 
proper adjustment of process parameters provides possibilities for syn
thesis of pure metal [31,32], alloy [33,34], semiconducting [35,36], and 
multicomponent composite layers of controlled composition, 
morphology, and structure what is crucial in term of development of 
catalytic coatings [37–39]. All these factors in turn affect among other 
properties the final electrocatalytic or photoelectrocatalytic perfor
mance of obtained layers.

The tuning of the electrochemical performance may be also realized 
through the modification of catalysts/photocatalysts with carbon- 
derived materials such as graphene [9,40], graphene oxide (GO) [41]
or reduced graphene oxide (rGO) [42]. Reduced graphene oxide is a 
graphene oxide derivative material. GO is synthesized by the oxidation 
and exfoliation of graphite. The reduction process involves the removal 
of functional groups containing oxygen from GO, resulting in a material 
with properties that are distinct from both graphene oxide and pristine 
graphene [43]. One of the most significant properties of rGO is its 
electrical conductivity. The reduction process restores the sp2 hybridi
zation of carbon atoms, enhancing the electron mobility and allowing 
for efficient charge transport [44]. The reduction of GO can lead to the 
restoration of the graphene structure, contributing to a high specific 
surface area [45]. It is advantageous for applications related to energy 
storage devices, catalysis, and sensors, where a large surface area can 
enhance reactivity and adsorption.

Modification of photocatalytic properties with reduced graphene 

oxide (rGO) may be beneficial for several reasons, particularly in the 
context of improving the performance of photo- and photo
electrocatalysts. Shin et al. reported that rGO may successfully enhance 
charge separation reducing the electron-hole recombination effect in 
photocatalytic CO2 reduction [46]. The positive effect of rGO on charge 
transfer limitation was also indicated by Tu et al. in photo
electrochemical 2,4 dichlorophenol degradation [47]. It was found that 
rGO significantly prevents trap-assisted and bimolecular charge carrier 
recombination and improves charge separation. This in turn results in 
increased charge carriers’ lifetime and quantity of charge transported to 
catalytic active sites [48].

rGO can also expand the absorption spectral range of many metal 
oxides weakly absorbing light in the visible range [49,50]. The effect 
may be related to the highly porous rGO-based materials which in turn 
may result in multiple reflections of light inside the layers and thus 
improve the light absorption [51,52]. The coupling of rGO with semi
conductors may also result in increased surface area which enhances the 
availability of active sites for adsorption and reaction, leading to 
improved catalytic performance [53].

A combination of Cu2O and rGO in terms of light-supported CO2 
conversion was also proved to be beneficial. Liu et al. reported that 
rhombic dodecahedral Cu2O/rGO composite exhibits high visible-light 
activity toward the reduction of CO2 to methanol. It was reported that 
the effect may be related to increased adsorption of carbonate anions 
resulting from the presence of positively charged dodecahedral Cu2O/ 
rGO. The enhanced kinetics of methanol generation may be also 
explained by the participation of the rGO in the transport of photoex
cited electrons from the Cu2O valence band to the surface [54]. An et al. 
also reported the positive effect of the combination of Cu2O and rGO in 
designing the catalytic materials for the photoelectrochemical reduction 
of CO2. They reported extremely high efficiency of photoreduction of 
CO2 to CO – the only product detected in syngas. The formation of 
rGO/Cu2O heterojunction resulted in a 2-time increase of reduction ki
netics and the photoreduction of CO2 resulted in the formation of CO. 
The authors reported also that the presence of rGO resulted in a signif
icant improvement in Cu2O stability. The increased efficiency was 
attributed to the limitation of the charge recombination effect, enhanced 
charge transfer, and increased stability of Cu2O resulting from the 
presence of rGO [55]. It shows that the incorporation of rGO into pho
tocatalytic materials can significantly enhance their performance by 
improving charge carrier dynamics, limiting electron-hole recombina
tion, and protecting Cu2O against its photodegradation. Intensified 
effective charge transfer, a more developed surface area, and a higher 
number of reaction sites were also reported by Wang et as the main 
factor supporting photocatalytic CO2 reduction [56]. The enhancement 
of Faradaic efficiency for conversion of CO2 to CO resulting from the 
presence of rGO was also reported by Bisetto et al. for electrocatalytic 
process conducted at dark conditions [57]. Peng et al. reported that the 
coexistence of Cu0-Cu+ states and rGO promoted the activation of CO2 
molecules, enhanced C-C coupling and improved stability of 
Cu-Cu2O/rGO composite materials. The effect is also related to the size 
effect of Cu-Cu2O particles loaded onto rGO nanosheets. Synthesized 
Cu-Cu2O/rGO materials favour mainly the formation of ethylene and 
much lower amounts of ethane and hydrogen [58]. Carminati et al. 
underlined that regardless of the positive and synergic effects of 
coupling rGO with semiconductors, the mechanisms supporting charge 
carrier dynamics are still not fully understood [49]. All the 
above-mentioned results are related to Cu2O-rGO-based materials tested 
toward CO2 reduction in electrochemical or photocatalytic processes. 
Herein were analysed catalytic activity, efficiency and selectivity of 
Cu-Cu2O-rGO layers polarized at different overpotentials and also 
simultaneously irradiated with Xe lamp. Recently we published results 
showing the possibilities of utilization of Cu-Cu2O composite films as 
catalytic layers allowing photoelectrochemical conversion of CO2 to 
C2H4, CH4, CO, and H2 [30]. Moreover, we showed that irradiation of 
the catalytic layers resulted in modification of the kinetics of electrode 
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processes and thus Faradaic efficiencies related to the formation of 
particular gas products. In this study, we introduce reduced graphene 
oxide into the electrodeposition bath, which significantly alters both the 
physicochemical and electronic properties of the electrodeposited 
composite layers. This modification leads to pronounced changes in both 
band gap and flat band potentials. Moreover, herein we present a 
detailed analysis of the effect of rGO incorporation on energy band 
alignment versus redox potentials corresponding to CO₂ reduction re
actions, offering mechanistic insights into the photoelectrochemical 
behaviour of the system. Compared to the previous study describing the 
effect of electrodeposition potential and conversion potential on pho
toelectrochemical performance, the current study extends catalytic 
performance by introducing the role of rGO in the modification of the 
properties crucial in terms of electrochemical and photoelectrochemical 
CO2 conversion.

In present studies we described synthesis and characterization of Cu- 
Cu2O-rGO composite catalytic layers designed for CO2 conversion. The 
EC and PEC performance of materials was characterized in terms of 
selectivity and Faradaic efficiency. The composite layers were electro
deposited at varying potentials (Edep.). It was observed that the value of 
applied Edep. exert a notable impact on phase composition, morphology, 
band gap (Eg), as well as on conduction, and valence band location. 
Consequently, these changes significantly influenced the EC and PEC 
performance of electrodeposited materials.

2. Experimental details

The Cu-Cu2O-rGO composite films were electrodeposited from an 
electrolyte prepared by dissolution of 0.4 M Cu2+ (Avantor Materials, 
CuSO4, analytically pure), 3 M lactic acid (Avantor Materials, analyti
cally pure,), and addition of 1 g/L rGO (< 18 % O, < 20 µm) (Advanced 
Graphene Products, Poland). 8 M NaOH solution was utilized for 
adjustment of pH to 9.5. Before electrodeposition electrolyte was kept in 
ultrasonic cleaner for 15 min.

Electrodeposition was performed in a standard three-electrode sys
tem with a platinum gauze counter electrode, Ag/AgCl leakless refer
ence electrode. Glass coated with indium tin oxide (ITO) (Ossila Ltd., 
unpatterned, 25 mm×25 mm, thickness 1.1 mm,40 Ω;) was applied as 
the working electrode. Electrodeposition was performed at room tem
perature for 1 h.

ITO substrates before deposition were sonicated for 5–10 minutes in 
hot distilled water and Hellmanex-III (1 ml of Hellmanex-III in 100 ml of 
water), then sonicated in hot distilled water for 5 minutes. After the 
sonification substrate was rinsed with distilled water and again soni
cated for 5 min in isopropyl alcohol. After rinsing with distilled water 
substrate was dried with the air gun. The dried ITO substrate was then 
cleaned in plasma cleaner for 20 min.

Electrodeposition, EIS measurements, and catalytic performance of 
obtained layers were conducted with the use of Biologic SP-200 poten
tiostat/galvanostat with the EIS module. The instrument was controlled 
using EC-Lab software (v11.20).

XRD patterns were recorded using a Panalytical Empyrean diffrac
tometer (Cu anode, 40 mA, 40 kV) in the 2theta range from 20 to 80 deg 
(step of 0.0263 deg, scan rate of 0.2 deg min− 1).

Observations of the layer’s morphology were performed using a 
scanning electron microscope (Quanta 3D 200i) in SE mode (10 kV, 
magnification of 10k).

Mott-Schottky plots were recorded using a standard three-electrode 
system composed of Cu-Cu2O-rGO@ITO working electrodes, a leakless 
Ag/AgCl reference electrode, and a Pt gauze counter electrode. Mea
surements were performed in the dark in 0.1 M KHCO3 (Ar purged for 
15 min, pH = 9.03) at a frequency of 1 kHz with an amplitude of 15 mV.

The potentials corresponding to Mott-Schottky results were pre
sented versus the reversible hydrogen electrode (RHE): 

ERHE = EAg/AgCl + 0.0592⋅pH + E◦
Ag/AgCl                                        (1)

where: ERHE – potential vs RHE, E◦
Ag/AgCl = 0.197 V (25◦C), and EAg/AgCl 

– the potential vs RE.
Diffuse reflectance spectroscopy measurements were conducted 

using a PerkinElmer UV-Vis-NIR Lambda 750 spectrometer (100 mm- 
integrating sphere, InGaAs detector) with Spectralon® as the reference 
sample.

Photoelectrocatalytic and electrocatalytic performance was analyzed 
using a customized photoelectrochemical flow cell (Zahner, optical 
window diameter of 18 mm) at potentiostatic conditions.

Xe lamp (150 W, Horiba) was utilized as the light source in photo
electrochemical measurements. Measurements were performed in a 
three-electrode system with Nafion 117 membrane separating catholyte 
and anolyte (Fuel Cell Store). Nafion membrane was activated using the 
following procedure: a) immersion in 3 % H2O2 (80◦C, 1 h), b) immer
sion in deionized water (80◦C, 2 h), c) immersion in 0.5 M H2SO4 (80◦C, 
2 h), and d) immersion in deionized water (80◦C, 2 h). The membrane 
was rinsed with distilled water between the boiling steps and after the 
final boiling step. After the pretreatment, the membranes were stored in 
deionized water.

Catalytic tests were conducted in 0.1 M KHCO3 saturated with CO2 
(pH = 6.80). Cu-Cu2O-rGO@ITO working and leakless Ag/AgCl refer
ence electrodes were located in the cathodic chamber while platinum 
gauze counter electrode in the anodic one.

The flow rate of electrolytes was kept at 50 ml/min using a Totton 
Flojet HPR 6/8 pump. The flow was controlled using an ultrasonic 
flowmeter (Flowmax 42I, AEA Technique). The constant electrolytes 
temperature was kept at 25 ◦C (IKA HRC 2 Control thermostat). Cath
olyte supplying the flow cell was continuously saturated with CO2 
(99.9999 %, Air Liquide) in the reservoir (500 ml) supplied with an 
aeration diffuser. The flow of CO2 used for electrolyte saturation was 
kept at a flow of 50 ml/min with the use of a mass flow controller (MFC) 
(Bronkhorst F201CV-1K0).

Gas chromatography (GC-MS/TCD, Shimadzu QP2020) equipped 
with HP-PLOT/U column for MS line (0.530 mm diameter, 30 m length, 
Agilent, J&W; helium carrier gas flow rate of 377.5 ml⋅min− 1) was 
utilized for determination of the concentration of particular products in 
syngas. The analyses were performed at 35 ◦C and the system was kept at 
150 ◦C for 600 s before each measurement. The composition of syngas 
was determined using certified calibration mixtures (Air Liquide, 
Poland).

The XPS analyses were carried out in a PHI VersaProbeII Scanning 
XPS system using monochromatic Al Kα (1486.6 eV) X-rays focused to a 
100 µm spot and scanned over the area of 400 µm x 400 µm. The 
photoelectron take-off angle was 45◦ and the pass energy in the analyzer 
was set to 46.95 eV (0.1 eV step) to obtain high energy resolution spectra 
for the Cu 2p3/2 region. A dual beam charge compensation with 7 eV Ar+

ions and 1 eV electrons was used to maintain a constant sample surface 
potential regardless of the sample conductivity. All XPS spectra were 
charge referenced to the unfunctionalized, saturated carbon (C-C) C 1 s 
peak at 285.0 eV. The operating pressure in the analytical chamber was 
less than 3.0 × 10− 9 mbar. Deconvolution of spectra was carried out 
using PHI MultiPak software (v.9.9.3). Spectrum background was sub
tracted using the Shirley method.

For X-ray absorption spectroscopy (XAS) measurements, the samples 
were scraped from electrodes and then ground with mortar and pestle. 
Then, they were spread on adhesive Kapton tape and attached to the 
stainless steel frame, while the excess of the material was removed using 
cotton buds. The spectra at the Cu K-edge were collected at the bending 
magnet ASTRA beamline [59] of the National Synchrotron Radiation 
Centre SOLARIS [60]. The measurements were made in transmission 
mode using an incident photon beam provided by a modified Lemonnier 
type double crystal monochromator equipped with a Ge(220) crystal 
pair as monochromators. Three consecutive scans for each sample were 
processed and analyzed using the ATHENA program from the DEMETER 
software package [61]. The energy calibration and alignment of the 
collected spectra were made based on Cu foil reference spectra. It was 
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recorded before and during the sample scans in the reference chamber, 
with the absorption edge of 8979 eV (read as the first maximum of the 
spectrum derivative).

3. Results and discussion

Cu-Cu2O-rGO composite layers were electrodeposited using a po
tential range determined based on results describing the mechanism of 
electrode reactions resulting in the formation of Cu-Cu2O composite 
films reported by Mech et al. [30,62]. Cu-Cu2O-rGO composite materials 
were deposited on the ITO substrate by applying electrodeposition po
tentials of – 325, – 350, – 375, and – 400 mV (vs Ag/AgCl). During the 
electrodeposition, rGO flakes were co-deposited and incorporated into 
the composite layer.

Fig. 1 shows XRD patterns for ITO and for electrodeposited Cu-Cu2O- 
rGO composite layers. Independently on deposition potential, there are 
visible peaks corresponding to the presence of metallic copper and 
cuprite phases (International for Diffraction Data (ICDD); 
ICDD:98–062–7117, ICDD:98–005–3322). It may be observed that 
peaks existing in the XRD pattern for ITO substrate (ICDD: 
98–005–0849) are also visible in spectra recorded for composite films. It 
was observed that peaks corresponding to the ITO located at 2theta 
= 37.29, 35.08, and 30.16 deg and to Cu2O, existing in the same angle 
range overlap. The subsequent peak corresponding to ITO existing at 
50.57 deg appears in an angle range very close to location of the peaks 
characteristic to metallic Cu. It is visible that with the decrease of the 
deposition potential, the intensities of peaks corresponding to the cop
per and cuprite presence increase while peaks coming from the ITO 
substrate decrease. These changes in the spectra indicated an increase in 
layer thickness with deposition potential decrease and that the electro
negativity of the WE may be considered as the main factor affecting the 

kinetics of electrode processes. Comparing the XRD patterns presented 
in this work to those obtained previously for Cu-Cu2O layers it may be 
concluded that the presence of rGO in the electrolyte results in changes 
in the kinetics of reactions resulting in the formation of Cu and Cu2O 
phase as well [30]. The presence of rGO resulted in significant differ
ences in the intensity of peaks corresponding to Cu2O existing at 
36.43 deg, 42.49 deg., and 61.7 deg. as well as to metallic Cu phase 
existing at 43.41 deg. In Cu-Cu2O composite layers the intensity of peak 
coming from the Cu2O phase visible at 42.49 was higher than this cor
responding to metallic Cu (43.41 deg.) only for Edep. of – 400 mV. For 
remaining Edep. the effect was opposite and the intensity of the peak 
coming from metallic Cu was higher, indicating a higher amount of Cu 
present in the layer. For the Cu-Cu2O-rGO composite layer indepen
dently of applied electrodeposition potential the peak related to Cu2O 
existing at 42.49 deg. was higher than the peak related to Cu visible at 
43.41 deg. It was also observed that the intensity of the peak existing at 
36.43 deg. Corresponding to the Cu2O phase is much higher for 
Cu-Cu2O-rGO than for Cu-Cu2O layers deposited at the same Edep. values. 
Observed significant differences in recorded XRD patterns indicated the 
presence of rGO in the electrolyte favouring the formation of the Cu2O 
phase during the electrodeposition process [30].

Although in the XRD patterns, there are no peaks related to the 
presence of rGO in electrodeposited layers its existence was revealed by 
results of SEM layers morphology observations (Fig. 1, Fig. 2). On the 
surface of the materials, rGO flakes partially or completely covered with 
copper and copper oxide can be observed. SEM results indicated that 
electrodeposited layers morphology is dependent on applied deposition 
potential. The surface of the Cu-Cu2O-rGO layer deposited at Edep. = – 
325 mV consists of a flat area covered with a Cu-Cu2O layer and 
spherical Cu-Cu2O crystallites. There are also visible rGO flakes attached 
to the electrode surface and also covered with a copper-cuprite layer.

At lower electrodeposition potential of – 350 mV the formation of 
polyhedral Cu2O crystallites and cauliflower-like structures was 
observed. Independently on applied deposition potential, in the films, 
there are visible rGO flakes decorated with Cu-Cu2O. Further decrease of 
the electrodeposition potential caused a slight increase in the size of 
polyhedral Cu2O crystallites and a larger amount of cauliflower-like 
structures.

The formation of similar Cu2O crystallites at ITO substrate was re
ported also in our previous work dedicated to the properties of elec
trodeposited Cu-Cu2O composite films [30]. The formation of similar 
octahedral Cu2O structures formed in copper lactate-based electrolytes 
of higher temperature (60 ◦C) onto the surface of Al substrate at lower 
potentials, close to – 300 mV (Ag/AgCl) was also observed by Du et al. 
[63]. SEM analysis showed that the phase composition and morphology 
of electrodeposited coatings are strongly affected by the presence of rGO 
influencing the kinetics of electrode reactions and thus phase composi
tion of electrodeposited composite layers. As was indicated by SEM 
images presence of rGO affected also the distribution of electrodeposited 
Cu and Cu2O phases increasing electrochemically active surface area 
(EASA) and providing the possibility of the existence of a larger amount 

Fig. 1. XRD patterns for Cu-Cu2O-rGO@ITO composite coating electro
deposited at various Edep. (vs. Ag/AgCl).

Fig. 2. SEM images of Cu-Cu2O-rGO@ITO composite layers electrodeposited at different Edep. (vs Ag/AgCl) (mag. 10k).
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of catalytically active sites. SEM images along with recorded XRD pat
terns show the value of applied Edep. and the presence of rGO are 
important in terms of modulation of the Cu/Cu2O phase ratio which is 
considered to be crucial in terms of the selectivity of electrodeposited 
layers [27,64]. All the above-mentioned factors are considered espe
cially important in electrochemical and photoelectrochemical CO2 
conversion.

An effect of the electrodeposition potential on band gap width was 
investigated based on Tauc plots derived from collected DRS spectra 
presented in Fig. 3. The dependences were plotted based on the Tauc 
equation: 

(α⋅hv)
1
n = A(hv − Eg) (2) 

where h denotes Planck’s constant, v is the photon frequency, A repre
sents the proportionality constant, α is the absorption coefficient, and Eg 
is the energy corresponding to the band gap. DRS spectra were trans
formed using the Kubelka-Munk function described as: 

F(R) =
(1 − R)2

2R
(3) 

where R represents reflectance. Assuming that F(R) is proportional to 
the absorption coefficient, α was replaced with F(R). Considering the 
direct band gap of Cu2O [65] (direct transition, n = ½), the final equa
tion may be defined as: 

(F(R)⋅hv)2
= A(hv − Eg) (4) 

The results showed that variations in electrodeposition potential led 
to significant changes in the band gap width, which ranged from 2.80 to 
2.32 eV.

The most noticeable reduction of band gap width from 2.80 to 
2.38 eV was indicated for changes in electrodeposition potential from – 
325 mV to – 350 mV. It may be observed that also changes in 
morphology corresponding to this potential change are the most visible. 
A further change in electrodeposition potential from – 350 mV to – 
375 mV resulted in a much lower reduction of band gap value by 
0.06 eV. It is visible that there is no difference in band gap energy 
determined for Cu-Cu2O-rGO layers deposited at – 375 mV and – 
400 mV. Jiang et al. reported that in Cu-Cu2O composite layers the band 
gap value is affected by the amount of metallic copper present in ob
tained deposits [66]. A decrease in deposition potential may create more 
preferential conditions for direct electroreduction of copper lactate 
complexes to copper or reduction of previously deposited Cu2O than for 
the formation of cuprite [62]. Thus as indicated by XRD patterns visible 

in Fig. 1 the Cu/Cu2O ratio increases with a decrease in electrodeposi
tion potential which in turn may be responsible for observed changes in 
band gap values. It may be also seen that the intensities of peaks related 
to the presence of Cu and Cu2O are very close which is reflected by very 
similar energies corresponding to the band gap. It was also reported that 
the presence of polyhedral Cu2O structures (Fig. 2) may enhance 
reflectivity and simultaneously reduce light dispersion [67]. This effect 
may in turn contribute to the reduced visible light absorption of Cu2O 
deposited by applying relatively more electronegative potentials [68].

We observed that ternary Cu-Cu2O-rGO exhibit higher band gap 
values than reported previously in Cu-Cu2O composite layers deposited 
at the same conditions [30]. The presence of rGO resulted in the increase 
of band gap value even by 0.5 eV (Edep. = – 325 mV) while for more 
electronegative deposition potentials band gap was ca. 0.3 eV higher. 
The energies corresponding to the band gap determined for obtained 
layers are summarized in Table 1.

Mott-Schottky plots presented in Fig. 4 indicated that all electro
deposited Cu-Cu2O-rGO layers are p-type materials. In this case, the flat 
band potential (Efb) corresponds to the position of the maximum of the 
valence band. The imaginary component of impedance (Zim) allows the 
calculation of the space charge region capacitance (Csc) given by: 

Csc =
− i

2πfZim
(5) 

where f represents the frequency of the AC signal and i represents the 
imaginary unit. The capacitance-voltage relationship for p-type semi
conductors, based on the Mott-Schottky approximation, is expressed as: 

1
Csc

=
− 2

εε0eNAA2(E − Efb +
kT
e
) (6) 

Where E represents applied potential (V), T is the temperature (K), e 
represents the elementary charge (1.602·10− 19 C), NA represents the 
acceptor concentration (cm− 3), ε is the dielectric constant, ε0 is the 
vacuum permittivity (8.85·10− 12 F/m), A – is the electrode area (cm2), 
and k is the Boltzmann constant (1.38 ×10− 23 J/K). The donor density 
may determined from the slope of the Mott-Schottky plot, while the Efb 
may be obtained by extrapolating the plot to C = 0.

Determined flat band potentials indicated that a increase in the 
electrodeposition potential results in an elestropositive shift of the flat 
band potentials. Most noticeable shifts were observed for the changes in 
the electrodeposition potential from – 325 to – 350 mV and from – 350 
to – 375 mV where flat band potential was decreased by 0.12 V. Less 
meaningful difference of 0.05 V was observed for further change in 
electrodeposition potential from – 375 mV to – 400 mV.

It may be also observed that the slope of the Mott-Schottky plot 
expressed by 2

εε0eNA
. The term is strongly dependent on synthesis condi

tions indicating different charge carrier densities in deposited layers 
(Table 1). Analyzing determined slopes it may be pointed out that 
composite layers deposited at – 325 and – 350 mV exhibit the highest 
charge carrier concentration. Flat-band potentials as well as Mott- 
Schottky slopes are summarized in Table 1.

Fig. 5 shows an energy diagram presenting possible charge transfer 
mechanisms for synthesized catalytic layers. The diagram provides a 
detailed representation of the band structure of all electrodeposited 

Fig. 3. Tauc plots derived from DRS spectra of layers deposited at varying Edep..

Table 1 
The band gap (Eg) and flat band potential (Efb) for layers deposited at varying 
Edep.

Edep., mV (vs Ag/AgCl) Eg, eV Efb, V (vs RHE) 2
εε0eNA

– 325 2.80 1.49 4.986⋅10− 4

– 350 2.38 1.37 2.822⋅10− 4

– 375 2.32 1.25 8.523⋅10− 4

– 400 2.32 1.20 2.817⋅10− 4
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layers in relation to the redox potentials associated with reactions that 
produce liquid or gaseous products in CO2-saturated KHCO3. Obtained 
results indicate that CB for the layer deposited at – 325 mV is located at 
much more electronegative potential than it was observed for the 
remaining layers. However, for all electrodeposited layers redox po
tentials corresponding to reactions resulting in gas/liquid products 
formation are located at more electropositive potentials than CB edge 
creating the possibility of reduction of CO2 molecules by electrons 
generated by incident light. Among the reactions resulting in the for
mation of CO2 derivative products, the course of the reaction resulting in 
the formation of hydrogen is also possible. This concurrent accompa
nying reaction results in a decrease in selectivity and Faradaic efficiency 
related to conversion process. Instead of all electrodeposited layers 
exhibiting appropriate band location, there are many other factors 

strongly influencing the efficiency of the reduction of CO2 molecules 
with photogenerated electrons including charge carriers recombination 
effect, charge separation, and light conversion efficiency as well.

Comparing the results described by Mech et al. related to the syn
thesis of the Cu-Cu2O composite layers using the same procedure it may 
be observed that modification of the Cu-Cu2O composite layer with rGO 
results in a much more different band structure. Modification of the Cu- 
Cu2O composite layer with rGO resulted in a significant shift of the flat 
band potential towards the electropositive direction. The most signifi
cant shift resulting from the presence of rGO was observed for the layer 
deposited at – 350 mV and it was 0.3 V. The presence of rGO resulted 
also in a much wider band gap width. The band gap width increased 
even by 0.5 eV for layers deposited at – 325 mV. Although, differences in 
Efb location and Eg were noticeable for layers deposited at Edep. ≤ – 

Table 2 
Faradaic efficiencies of Cu-based materials designed for CO2 conversion.

Material Synthesis method Electrolyte Type of reactor FE Conversion 
potential, V

Ref.

Cu–Cu2O–rGO Electrodeposition from Cu(II) lactate 
electrolyte with rGO at pH 9.5

0.1 M KHCO3 

(CO2-sat.)
Modified Zahner PEC flow cell CH4: 10 %, C2H4: 

9.91 % 
CO: 20.84 %

– 0.6 to – 1.1 V 
vs. RHE

This 
work

Cu-Cu2O Electrodeposition from Cu(II) lactate 
electrolyte at pH 9.5

0.1 M KHCO3 

(CO2-sat.)
Modified Zahner PEC flow cell CH4: 13.37 %, C2H4: 

8.99 % 
CO: 16.27 %

– 0.6 to – 1.1 V 
vs. RHE

[30]

ER-Cu5-LDH/rGO Co-precipitation of Cu5Al-CO3 LDH with 
GO, electrochemical reduction

0.1 M KHCO3 

(CO2-sat.)
H-type cell C2H4: 54 % – 1.2 V vs. RHE [69]

ER-Cu2O/rGO Physical mixing of Cu2O with GO, 
sonication, electroreduction

0.1 M KHCO3 

(CO2-sat.)
H-type cell C2H4: 27 % – 1.2 V vs. RHE [69]

CuO/Cu2O 
NWAs@rGO

Thermal oxidation (600◦C, 4 h), self- 
assembly of rGO

CO₂ + H2O (gas 
phase)

Gas-closed reactor CO: 0.31 μmol/cm2 

(24 h)
Photocatalysis 
(no bias)

[70]

NG/Cu Spray of Cu2O NPs on nitrogen-doped 
graphene (NG) on GDE

1 M KOH Flow cell C2⁺ (mainly ethanol): 
68 %

– 1.4 V vs. RHE [71]

BG/Cu Spray of Cu2O NPs on boron-doped 
graphene (BG) on GDE

1 M KOH Flow cell CO: 64.2 % – 1.4 V vs. RHE [71]

rGO/Cu Spray of Cu2O NPs on rGO on GDE 1 M KOH Flow cell CO: 88.2 % – 1.4 V vs. RHE [71]
PVA/rGO/(Cu2O/ 

Cu_Cl)
Cu2O nanocubes via reduction with 
ascorbic acid, halide-assisted size 
control, rGO + PVA, film casting

0.5 M KHCO3 Sealed 2 ml vessel Methanol: 63 % – 0.75 V vs. RHE [72]

Cu–Cu2O–CeOx/rGO Electrostatic adsorption of Cu2+ and 
Ce3+ on GO, solvothermal reaction with 
thiourea in EG

2 M KOH Flow cell C2H4: 32 % EtOH: 
26 % AcOH: 13.5 % 
PrOH: 3 %

– 0.9 V 
vs RHE

[73]

Cu–Cu2O/rGO Electrostatic assembly of CHNs and GO, 
drop-casting, in situ electrochemical 
reduction to Cu–Cu2O

1 M KHCO3 Flow cell C₂H₄: 55.4 %– 
68.2 % C₂H₆: 
37.6 %–10.2 %

– 1.3 to – 1.4 V vs 
SHE

[58]

Cu–N–G Deposition of N-doped graphene (N-G) 
layer on Cu foam via in situ growth 
(annealing + doping)

0.1 M KHCO3 H-type cell Ethanol: 33.1 % – 0.8 V vs RHE [9]

Cu@Cu2O Thermal reduction of Cu(OH)2 in H2/Ar 
at 250 ◦C → air oxidation at room temp. 
for 3 weeks

0.1 M KHCO3 H-type cell C₂H₄: 21 %, Ethanol: 
29 %

– 1.0 V vs RHE [29]

Cu2O/RGO (2:1) Modified Hummer’s method, chemical 
reduction to rGO, in situ growth of cubic 
Cu₂O via wet chemistry

0.1 M KHCO3 Three-electrode cell CO: 50 %, HCOO⁻: 
18 %

– 0.9 V vs RHE [57]

Cu₅Al-ER Co-precipitation of Cu5Al-LDH, 
calcination (LDO), in situ 
electrochemical reduction

0.2 M KHCO3 

(CO2-sat.)
H-type cell C₂H₄: 36 % – 1.2 V vs RHE [74]

CuNPs/rGO Co-reduction of Cu(II) and GO using 
hydrazine in NaOH at 70 ◦C (drop-cast 
on glassy carbon)

0.1 M NBu4PF6 

in acetonitrile
Three-electrode cell CO and C₂O₄²⁻ (no FE 

explicitly given)
– 1.2 to – 1.4 V 
vs. NHE

[75]

Cu/Cu2O@NG Electroreduction of MOF− 199 and N- 
doped graphene (4:1 mass ratio) in 
0.2 M KI

0.2 M KI (CO2- 
sat.)

Flow cell C₂–C₃ products: 56 % 
(EtOH, C₂H₄, n- 
PrOH)

– 1.9 V vs RHE [76]

Cu/Cu2O Cu NPs mixed with CuI reconstructed via 
cyclic voltammetry in 1.0 M KOH

1.0 M KOH H-type cell C₂H₄: 28 % EtOH: 
22 % PrOH: 8 %

– 0.76 V vs RHE [77]

pCu/CuxO.GO(PtRod) DC electrophoresis: Cu rod anode + Pt 
cathode in TSC & GO solution

0.1 M TBABF4 

in acetonitrile
Single-compartment gas-tight 
cell

CO: 40 % C₂H₆: 4 % –0.28 V vs NHE [77]

N–NiZnAl CLDH/RGO Urea-assisted microwave synthesis of 
NiZnAl–LDH/RGO, calcination under 
NH3 at 500 ◦C for 3 h

0.5 M NaCl 
(CO2-sat.)

Gas-tight cell CO: 92 % – 0.83 V vs RHE [78]

Ag/CuxO@rGO/Mo 
+ BiVO4 photoanode

Electrodeposition CuxO@rGO layers on 
the Mo-loaded FTO glass, then 
magnetron sputtering of Ag

0.1 M KHCO3 Standalone tandem two- 
electrode photoelectrochemical 
cell

H2: 34.1 % 
CO: 49.1 % 
CH4: 13.0 % 
Formate: 0.68 %

Photocatalysis 
(no bias)

[79]
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350 mV the VB edge was located in similar potentials as it was in the 
case of Cu-Cu2O composite layers. The only noticeable difference was 
observed between layers deposited at – 325 mV, hereafter modification 
of the layer surface with rGO the CB was significantly shifted towards 
electronegative direction by 0.36 V. Previous studies suggest that Cu 
vacancies play a crucial role in enhancing the catalytic activity of Cu₂O 
for photoelectrochemical CO₂ reduction. Additionally, it was observed 
that the concentration of these Cu vacancies, as well as holes in Cu₂O, 
can be effectively controlled by adjusting the deposition potential [80].

Consistent with our findings, it has been observed that modifying 
electrodeposition conditions enables the synthesis of materials with 
varying conduction band (CB) and valence band (VB) positions, directly 
influencing their photoelectrochemical activity. This highlights that the 
overall performance of light-driven CO₂ conversion using composite 
materials arises from the complex interplay of multiple factors, each 
playing a crucial role in photoelectrocatalytic activity.

Also, DFT calculations have shown that both tensile and compressive 
strain in the cuprite crystal lattice can significantly reduce the band gap 
of Cu₂O [81]. Electrodeposition depending on current-voltage condi
tions may also generate internal stresses in deposited layers [82–84]. It 
was observed that tensile stress tends to dominate in thin copper films 
deposited at high overpotentials, whereas compressive stress becomes 
more prominent in thicker films [82]. Apart from internal stresses and 

defect density, there are also other factors strongly affecting the final 
properties of deposited films including among others bath composition, 
overpotential, current density, temperature, agitation, substrate mate
rial, and film thickness. Voltammetric and electrogravimetric results 
reported in the literature demonstrate that varying the electrodeposition 
potential of Cu-Cu₂O significantly influenced the kinetics of electrode
position processes [62]. The kinetics of electrode reactions and the 
mechanism of film growth may be considered as key factors affecting the 
final properties of electrodeposited films including the conduction band 
(CB), valence band (VB) location, and the band gap value as well. Thus 
proper adjustment of electrodeposition parameters creates possibilities 
for the synthesis of layers of properties adjusted in terms of specific 
applications.

The highest value of Eg in the case of Cu-Cu2O-rGO layer deposited at 
– 325 mV amounting to 2.8 eV may result in limited light absorption and 
a lower concentration of photoinduced electrons in the conduction 
band. A decrease of Edep. resulting in a decrease of the band gap value to 
less than 2.4 eV significantly enhancing light absorption efficiency. The 
decrease of the band gap value may simultaneously result in an 
enhanced photogenerated charge recombination effect. Instead of sig
nificant shifts of Efb toward less electropositive direction resulting from 
applied Edep. the conduction band is still located at more electronegative 
potentials than the redox potential characteristic for reactions in which 
CO2 is reduced to several added-value species creating possibilities of 
utilization of electrodeposited layers in light-supported reduction of 
CO2. Overall enhancement of photoelectrocatalytic CO2 reduction is also 
dependent on the kinetics and mechanism of the charge transfer pro
cesses at several interfaces existing in Cu-Cu2O-rGO composite layers. 
The presence of metallic Cu catalyzing CO2 reduction directly may also 
reduce the charge transfer recombination effect due to the formation of 
the Schottky barrier at the Cu2O/Cu interface. Location of the Fermi 
level of Cu (WF = 4.7 eV, [85]) at less electropositive potential than the 
Fermi level of Cu2O (WF = 4.32–4.66 eV, [86]) supporting the transfer 
of the electrons from the conduction band of Cu2O to metallic copper. A 
similar effect resulted in unidirectional electron transfer from the Cu2O 
conduction band existing at the Cu2O/rGO interface. Mutual Fermi level 
location of rGO (WF = 4.8 eV, [87]) and Cu2O and high conductivity of 
rGO driving transportation of the electrons to surface-active sites or 
metallic Cu. Presence of rGO limiting recombination effect, supporting 
charge transfer and enhancing surface reactions kinetics. The presence 
of rGO resulting in also in an enlarged surface area creating preferential 
conditions for CO2 molecules adsorption and their further reduction. 
The existence of Cu/rGO interfaces at highly developed rGO surface may 
also enhance charge transport and its redistribution across the surface of 
Cu providing appropriate conditions for the formation of numerous 
catalytically active sites.

EC and PEC tests were conducted in CO2-saturated 0.1 M KHCO3 at 
potentials ranging from – 0.6 to – 1.1 V (vs RHE) (each 0.1 V). The 
concentration of gaseous products in syngas was determined using gas 
chromatography. The Faradaic efficiency was calculated using the 
following equation: 

FE =
Vn⋅zn⋅F⋅p

Q⋅R⋅T
⋅100% (7) 

where F represents the Faraday constant, Q is the charge, p is the pres
sure, R is the gas constant, T is the temperature, Vn is the volume of the 
collected n gas (CH4, C2H4, C2H6), zn is the number of electrons char
acteristic for particular products (zn = 2, 8, and 12 for CO, CH4, and 
C2H4, respectively).

The effect of illumination on the changes in FE for particular gas 
products was described by dependence expressing the ratio of the FE 
determined for the layer tested under illumination to FE determined for 
the layer tested in the dark: 

Fig. 4. Mott-Schottky plots for films deposited at various Edep. (0.1 M KHCO3 
purged with Ar for 15 min A = 15 mV, f = 1 kHz).

Fig. 5. The energy diagram based on determined Eg and Efb values with re
actions involved in the reduction of CO₂ to gaseous products in KHCO₃. (green 
lines: VB of Cu-Cu2O, orange lines: CB of Cu-Cu2O, [30]).
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φ =
QLightOn

QLightOff
⋅100% (8) 

The dependences representing the differences resulting from the 
illumination are presented in Fig. 6a), b), and c) (bottom part) for C2H4, 
CH4, and CO, respectively. It should be also mentioned that syngas 
contained significant amounts of hydrogen resulting from the course of 
concurrent hydrogen evolution reaction.

The partial current efficiencies (FE) for particular gaseous products 
obtained in the dark and under illumination are shown in Fig. 6. Results 
of GC-MS/TCD analyses revealed the presence of CH4, C2H4, CO, and H2 
in syngas. Independently on the applied conversion potential the FE for 
H2 was significantly higher than for remaining gas products and ranging 
from 59.02 % (Econv. = – 0.9 V, Edep. = – 400 mV, Light Off) to 79.07 % 
(Econv. = – 1.1 V, Edep. = – 350 mV, Light On).

The highest values of FE for the conversion of CO2 to C2H4 were 
observed for the Cu-Cu2O-rGO layers synthesized at – 400 mV (Fig. 6a). 
The FEmax for ethylene production is located at – 0.8 V and amounting to 
9.91 % (Light On) for the layer deposited at – 400 mV whereas for 
materials electrodeposited at more positive potentials, the FEmax shifts 
to – 0.9 V. The presence of light does not affect the location of the 
maximum related to C2H4 production. Independently on Econv. it was 
observed that FE for C2H4 reaches higher values with the decrease of the 
Edep. value. This effect may be related to the increasing amount of 
metallic copper promoting the formation of the C––C bond. The effect of 
illumination resulted in an increase of FE even by 16.09 % (Edep. = – 
350 mV, Econv. = – 1.1 V). It was also observed that illumination in most 
cases increased FE except layers deposited at – 300 and – 400 mV for 

Econv. of – 0.9 and – 1.1 V, respectively (Fig. 6a, bottom). The decreased 
FE resulting from the presence of light may result from the preferential 
course of concurrent electrode reactions.

FE calculated for methane indicated that the highest FE amounting to 
10 % was observed for layer deposited at – 400 mV at Econv. = – 0.8 V in 
light-supported conditions (Fig. 6). It is visible that under light illumi
nation at Econv. ≥ – 0.9 V FE for CH4 increases with the decrease of Edep. 
except the layers deposited at – 350 and – 375 mV for which calculated 
Faradaic efficiencies are almost the same with a slight difference for 
Econv. of – 0.6 V. In dark conditions in this Econv. range the situation a 
slight difference in FE calculated for layer deposited at – 350 mV and – 
375 mV is visible also at Econv. of – 0.7 V. At Econv. ≤ – 1.0 V indepen
dently on light conditions the situation is different and clear dependence 
between Edep. and calculated FE is not observed. At Econv. of – 1.0 V for all 
applied Edep. FE are almost the same and amounting to ca. 7.65 %. What 
is more the illumination of the layer does not result in any changes in FE. 
It may be also observed that illumination of the layer surface at Econv. ≥ – 
0.9 V resulted in a slight increase in the FE ranging from 3.29 % (Econv. =

– 0.9 V, Edep. = – 0.375 mV) to 20.64 % (Econv. = – 0.7 V, Edep. = – 
350 mV) (Fig. 6b, bottom). For Econv. of – 1.0 V the effect resulting from 
the change in light intensity was not visible. In two cases (for Edep. = – 
350 mV and Edep. = – 400 mV) at Econv. of – 1.1 V illumination of the 
layer resulted in a decrease in FE.

Fig. 6c presents FE dependences calculated for CO. It is visible that 
the FE for CO formation increases with the decrease of Edep.. There is one 
exception observed for Econv. of – 0.7 V where calculated FE for layers 
deposited at – 375 and – 400 mV are almost the same independently on 
light conditions. It is also observed that the highest values of FE are 

Fig. 6. FE and φ factor calculated for a) C2H4, b) CH4, and c) CO. FEs were calculated for all electrodeposited layers tested at various Econv. at dark and under light 
illumination.
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achieved at – 0.6 V and are decreasing with the decrease of the Econv. 
potential. Also, the differences in FE result from differences in Edep. are 
less meaningful with the decrease of Econv.. The dependences reflecting 
the influence of layer illumination on FE changes indicated indepen
dently on Econv. only slight differences in FE determined for layers tested 
in the dark and at light-illuminated conditions. The most significant 
effect of the illumination was indicated for the composite layer elec
trodeposited at – 350 mV tested at Econv. of – 0.7 V.

Obtained results indicated that the presence of light slightly in
fluences the kinetics of electrode reactions and the most important pa
rameters that significantly affect the electrochemical performance of 
synthesized Cu-Cu2O-rGO composite layer are deposition potential and 
conversion potential as well.

The electrochemical performance of Cu2O cubic crystals in electro
catalytic CO2 reduction to ethylene was also investigated by Ning et al. 
Authors reported a maximum FE for C2H4 of approximately 16 % at – 
1.3 V (vs. RHE) [88]. Similarly, Ren et al. explored Cu2O films, 
emphasizing that film thickness plays a crucial role in determining the 
reaction kinetics and selectivity of electrode reactions. XRD analysis 
revealed that the reduction of Cu2O to metallic copper promotes the 
preferential formation of C2+ products, with this effect being more 
pronounced in thicker films. The highest FE for ethylene formation, 
40.25 %, was achieved with a 0.9 µm thick film [28]. Additionally, the 
authors highlighted that Cu2O electrodes exhibit significantly faster 
reaction kinetics compared to polished copper. This enhancement was 
attributed to the increased roughness caused by the reduction of Cu2O, 
which enlarges the electrochemically active surface area [28]. Notably, 
the electrochemical performance of copper(I) catalysts was assessed 
within the same potential range as that used in the study by Mech et al. 
[30]. The authors observed that the maximum of FE for C2H4 was shifted 
toward more electropositive potentials (– 0.9 V vs. RHE) and indicated 
that maximal Faradaic efficiency for CH4 and C2H4 were observed for 
illuminated layers and amounted to 13.37 and 8.99 %, respectively. 

Results obtained for Cu-Cu2O-rGO catalytic layers reported in the pre
sent work indicated lower FE for methane generation, amounting to 
10 %. On the other hand, the FE for ethylene slightly increased by 
0.92 %. Although the presence of rGO in electrodeposited layers 
significantly affected both band gap width and flat band location these 
changes do not result in noticeable changes in selectivity or Faradaic 
efficiencies of obtained materials. The obtained results were summa
rized in Table 1 and compared with catalytic performance of selected 
Cu-based materials.

XPS and XAS analyses were carried out to determine the changes in 
surface chemical states and the oxidation states of copper in the com
posite layers deposited at narrow Edep. values. The spectra were recorded 
before and after the catalytic test performed at light-supported condi
tions for samples exhibiting the highest Faradaic efficiencies of C2H4 
formation. The XPS spectra in the Cu 2p3/2 region for the four investi
gated samples are shown in Fig. 7. Each of the spectra was fitted with six 
components, with the main peak located at a binding energy of 
932.6 eV, indicating the presence of metallic copper [89,90]. A shoulder 
on the left side, consisting of two components positioned at 934.7 eV 
and 936.6 eV, corresponds to oxidized copper states in both + 1 and + 2 
oxidation states – present as oxides and/or hydroxides. Additionally, 

Fig. 7. Deconvolution of Cu 2p3/2 spectra for Cu-Cu2O-rGO composite layers deposited at – 325 mV (a, b) and – 400 mV (c, d) before (a, c) and after (b, d) cat
alytic tests.

Table 3 
Relative composition [%] derived from fitting the Cu 2p3/2 regions for Cu-Cu2O- 
rGO composite layers deposited at different Edep. before and after (b, d) catalytic 
tests.

Edep., mV 
(vs Ag/AgCl)

Description Econv., 

V (vs RHE)
Cu(0) Cu(I)/Cu(II)

– 400 before catalytic test ​ 44.1 55.9
– 400 after catalytic test – 0.8 60.6 39.4
– 325 before catalytic test ​ 39.7 60.3
– 325 after catalytic test – 0.9 46.7 53.3
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three shake-up satellite peaks in the 940–945 eV range confirm the 
presence of Cu2+ species [89,91,92]. Table 3 presents the relative con
tents of copper, divided into oxidized and metallic fractions. In both 
cases, results indicate higher amounts of metallic copper after the pho
toelectrocatalytic conversion of CO2 than before. There are also differ
ences in the surface phase composition of samples deposited at 
− 325 mV and − 400 mV which are consistent with XRD results (Fig. 1). 
In layers deposited at − 325mV the Cu2O/Cu ratio is higher than in 
layers deposited at – 400 mV. Observed results suggest instability of the 
electrodeposited layer and electrochemical reduction of the Cu2O pre
sent at the surface of layers during the conversion process. XPS results 
are also consistent with previously reported electrochemical quartz 
crystal microbalance (EQCM) results (Table 3) [30].

It must be emphasized that the coexistence of multiple copper- 
related species and the presence of two oxidation states is a result of 
both the surface sensitivity of the XPS technique (in the applied mea
surement geometry, the analysis probes to a depth of up to 5 nm), as well 
as copper’s natural tendency to oxidize under atmospheric conditions to 
form oxides and hydroxides. For these reasons, the characteristic spec
trum of rGO in the C 1 s region was not observed – rGO is covered by a 
layer of copper and air-derived contaminants that is too thick to allow 
for a measurable signal.

Fig. 8a and b show the X-ray absorption near edge structure (XANES) 
measured for catalytic layers listed in Table 3. The entire spectra, 
including the extended X-ray absorption fine structure (EXAFS), are 
shown in Figs. S2–4. The characteristic feature at 8979 eV appears in 
both metallic copper and Cu₂O, but not in CuO (as shown in Figure S1). 
It is more pronounced for Cu₂O than for metallic Cu. For both Cu-Cu2O- 
rGO catalytic layers electrodeposited at – 300 and – 400 mV we observe 
features characteristic of Cu and Cu2O. The feature at 8979 eV is slightly 
decreasing for samples after the catalytic tests, which indicates the 
reduction of Cu2O. This change is more clear for the Cu-Cu2O-rGO 
composite layer deposited at – 325 mV, containing initially more Cu2O 
phase which is in agreement with XRD (Fig. 1) and XPS (Fig. 7) analyses.

4. Conclusions

In this work, we reported results concerning the application of 
electrodeposited Cu-Cu2O-rGO catalytic layers in electrochemical and 
photoelectrochemical conversion of CO2. Obtained results indicated that 
the presence of rGO significantly affected Eg value and Efb location 
compared to Cu-Cu2O layers electrodeposited at the same condition 
reported in the literature. Additionally, a decrease in electrodeposition 
potential resulted in increased FE towards the formation of C2H4 and CO. 
The effect was also visible for CH4 but in a limited potential window. 
Maximal Faradic efficiency toward C2H4 formation was observed at Econv 
= – 0.8 V and it was 9.91 % (Light On). The location of the maximum of 
FE for CH4 was also observed at Econv = – 0.8 V and it was 10 % (Light 

On). Reported results indicated that both electrodeposition and con
version potential significantly affected Faradaic efficiency towards the 
formation of particular gas products. It was also observed that the 
presence of light resulted in changes in most cases resulting in the in
crease of FE for CH4, C2H4, and CO formation compared to FEs obtained 
in the dark conditions, but at some potentials presence of light resulted 
in increased kinetics of concurrent electrochemical reactions related to 
hydrogen evolution or formation of liquid conversion products. XPS and 
XAS analyses confirmed the degradation of the layers during the pho
toelectrochemical conversion of CO2 and the reduction of Cu2O to 
metallic Cu.
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[36] K. Syrek, M. Jażdżewska, M. Kozieł, L. Zaraska, Photoelectrochemical activity of 
Cu2O electrochemically deposited at different temperatures, J. Ind. Eng. Chem. 115 
(2022) 561–569, https://doi.org/10.1016/j.jiec.2022.09.002.

[37] K. Mech, M. Marzec, K. Szaciłowski, Ultrasound supported galvanostatic deposition 
of Zn coatings reinforced with nano-, submicro-, and micro-sic particles—weak 
acidic chloride baths, Materials 14 (2021), https://doi.org/10.3390/ma14113033.

[38] K. Mech, Electrodeposition of composite Ni-TiO2 coatings from aqueous acetate 
baths, Metall. Mater. Trans. A 50 (2019) 4275–4287, https://doi.org/10.1007/ 
s11661-019-05325-7.

[39] K. Mech, A novel magnetoelectrochemical method of synthesis of photoactive Ni- 
TiO2 coatings from glycinate electrolytes, Mater. Des. 182 (2019) 108055, https:// 
doi.org/10.1016/j.matdes.2019.108055.

[40] S. Ozden, L. Delafontaine, T. Asset, S. Guo, K.A. Filsinger, R.D. Priestley, 
P. Atanassov, C.B. Arnold, Graphene-based catalyst for CO2 reduction: The critical 
role of solvents in materials design, J. Catal. 404 (2021) 512–517, https://doi.org/ 
10.1016/j.jcat.2021.10.014.

[41] N. Rashid, M.A. Bhat, A. Das, P.P. Ingole, Unprecedented lower over-potential for 
CO2 electro-reduction on copper oxide anchored to graphene oxide 
microstructures, J. CO2 Util. 39 (2020) 101178, https://doi.org/10.1016/j. 
jcou.2020.101178.

[42] M.N. Hossain, J. Wen, A. Chen, Unique copper and reduced graphene oxide 
nanocomposite toward the efficient electrochemical reduction of carbon dioxide, 
Nature 7 (2017) 3184, https://doi.org/10.1038/s41598-017-03601-3.

[43] A.T. Smith, A.M. LaChance, S. Zeng, B. Liu, L. Sun, Synthesis, properties, and 
applications of graphene oxide/reduced graphene oxide and their nanocomposites, 
Nano Mater. Sci. 1 (2019) 31–47, https://doi.org/10.1016/j.nanoms.2019.02.004.

[44] N. Singh, P. Siwatch, J. Kaushal, J. Sharma, S.K. Tripathi, One-step green synthesis 
of reduced graphene oxide by electrochemical etching of carbon rods and effect of 
different bias voltages on the quality, J. Solid State Chem. 291 (2020) 121537, 
https://doi.org/10.1016/j.jssc.2020.121537.

[45] K.K.H. De Silva, H.-H. Huang, R. Joshi, M. Yoshimura, Restoration of the graphitic 
structure by defect repair during the thermal reduction of graphene oxide, Carbon 
166 (2020) 74–90, https://doi.org/10.1016/j.carbon.2020.05.015.

[46] J. Shin, J.N. Heo, J.Y. Do, Y.-I. Kim, S.J. Yoon, Y.S. Kim, M. Kang, Effective charge 
separation in rGO/NiWO4@Au photocatalyst for efficient CO2 reduction under 

K. Mech et al.                                                                                                                                                                                                                                    Journal of CO2 Utilization 97 (2025) 103106 

11 

https://doi.org/10.1021/acsenergylett.9b02585
https://doi.org/10.1021/acsami.5b04393
https://doi.org/10.1021/acsami.5b04393
https://doi.org/10.1016/B978-0-323-95513-3.00024-1
https://doi.org/10.1021/acsaem.9b02178
https://doi.org/10.1038/s41467-019-10996-2
https://doi.org/10.1021/acscatal.0c00749
https://doi.org/10.1021/acscatal.0c00749
https://doi.org/10.3390/ma14123171
https://doi.org/10.1016/j.cherd.2022.03.034
https://doi.org/10.1007/s12274-022-4698-3
https://doi.org/10.1007/s12274-022-4698-3
https://doi.org/10.1016/j.ijhydene.2018.07.174
https://doi.org/10.1021/acs.energyfuels.0c02009
https://doi.org/10.1021/acs.energyfuels.0c02009
https://doi.org/10.1039/C5EE02591E
https://doi.org/10.1039/D1EE02714J
https://doi.org/10.1016/j.rser.2019.03.022
https://doi.org/10.1016/j.rser.2019.03.022
https://doi.org/10.1016/j.pnsc.2014.06.006
https://doi.org/10.1016/j.pnsc.2014.06.006
https://doi.org/10.1016/j.coche.2013.03.005
https://doi.org/10.1016/j.coche.2013.03.005
https://doi.org/10.1021/acsenergylett.8b01996
https://doi.org/10.1021/acsenergylett.8b01996
https://doi.org/10.1016/j.electacta.2019.05.016
https://doi.org/10.1016/j.electacta.2019.05.016
https://doi.org/10.1007/s12598-024-02919-y
https://doi.org/10.1007/s12598-024-02919-y
https://doi.org/10.1016/j.chempr.2017.09.009
https://doi.org/10.1021/acs.iecr.7b03514
https://doi.org/10.1021/acs.iecr.7b03514
https://doi.org/10.1039/D1TA02751D
https://doi.org/10.1039/D0TA03525D
https://doi.org/10.1016/j.mtnano.2020.100096
https://doi.org/10.1002/anie.202315621
https://doi.org/10.1002/anie.202315621
https://doi.org/10.1016/j.cej.2014.11.081
https://doi.org/10.1039/C4CP01520G
https://doi.org/10.1021/cs502128q
https://doi.org/10.1021/cs502128q
https://doi.org/10.1016/j.jcis.2019.05.073
https://doi.org/10.1016/j.jcis.2019.05.073
https://doi.org/10.1016/j.susmat.2024.e01000
https://doi.org/10.1016/j.electacta.2012.07.067
https://doi.org/10.1149/2.1101409jes
https://doi.org/10.1149/2.1101409jes
https://doi.org/10.1016/j.jelechem.2015.04.022
https://doi.org/10.1007/s10008-013-2363-1
https://doi.org/10.1007/s10008-013-2363-1
https://doi.org/10.1016/j.optmat.2024.115910
https://doi.org/10.1016/j.optmat.2024.115910
https://doi.org/10.1016/j.jiec.2022.09.002
https://doi.org/10.3390/ma14113033
https://doi.org/10.1007/s11661-019-05325-7
https://doi.org/10.1007/s11661-019-05325-7
https://doi.org/10.1016/j.matdes.2019.108055
https://doi.org/10.1016/j.matdes.2019.108055
https://doi.org/10.1016/j.jcat.2021.10.014
https://doi.org/10.1016/j.jcat.2021.10.014
https://doi.org/10.1016/j.jcou.2020.101178
https://doi.org/10.1016/j.jcou.2020.101178
https://doi.org/10.1038/s41598-017-03601-3
https://doi.org/10.1016/j.nanoms.2019.02.004
https://doi.org/10.1016/j.jssc.2020.121537
https://doi.org/10.1016/j.carbon.2020.05.015


visible light, J. Ind. Eng. Chem. 81 (2020) 427–439, https://doi.org/10.1016/j. 
jiec.2019.09.033.

[47] L. Tu, Y. Hou, G. Yuan, Z. Yu, S. Qin, Y. Yan, H. Zhu, H. Lin, Y. Chen, S. Wang, Bio- 
photoelectrochemcial system constructed with BiVO4/RGO photocathode for 2,4- 
dichlorophenol degradation: BiVO4/RGO optimization, degradation performance 
and mechanism, J. Hazard. Mater. 389 (2020) 121917, https://doi.org/10.1016/j. 
jhazmat.2019.121917.

[48] M.Z. Rahman, P. Maity, O.F. Mohammed, J. Gascon, Insight into the role of 
reduced graphene oxide in enhancing photocatalytic hydrogen evolution in 
disordered carbon nitride, Phys. Chem. Chem. Phys. 24 (2022) 11213–11221, 
https://doi.org/10.1039/D2CP00200K.

[49] S.A. Carminati, I. Rodríguez-Gutiérrez, A. de Morais, B.L. da Silva, M.A. Melo, F. 
L. Souza, A.F. Nogueira, Challenges and prospects about the graphene role in the 
design of photoelectrodes for sunlight-driven water splitting, RSC Adv. 11 (2021) 
14374–14398, https://doi.org/10.1039/D0RA10176A.

[50] R. Suresh, R. Udayabhaskar, C. Sandoval, E. Ramírez, R.V. Mangalaraja, H. 
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