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A study of simultaneous electrodeposition of Cu
and S in choline chloride-ethylene glycol deep
eutectic solvents: a pathway to the synthesis of
copper sulfide hexagons†

Mateusz Szczerba, *a,b Joanna Kapusta-Kołodziej,a Mateusz M. Marzec, c

Krystian Sokołowski c and Agnieszka Brzózka *a

Copper sulfides, with their tunable semiconductor properties, are promising materials for electronic and

optoelectronic devices. Among the various synthesis techniques, electrodeposition stands out as a par-

ticularly effective method, offering precise control over the structure and composition of these com-

pounds. In this study, we demonstrate the feasibility of co-electrodeposition of copper and sulfur on a

carbon substrate using deep eutectic solvents (DESs) based on choline chloride and ethylene glycol. The

effects of electrodeposition potential and electrochemical bath composition on the electroreduction

process of CuCl2·2H2O and Na2S2O3 mixtures in DESs were investigated. By controlling the electro-

chemical deposition parameters, we successfully obtained various structures, including Cu clusters,

S-doped Cu clusters, and copper sulfide (CuxS) hexagons. The morphology and composition of the

obtained materials were characterized using scanning electron microscopy (FE-SEM), energy dispersive

X-ray spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS) techniques. Our findings indicate

that co-electrodeposition of Cu and S requires potentials more negative than −0.84 V vs. Pt. Furthermore,

the formation of CuxS hexagons was achieved by acidifying electrochemical baths with H2SO4.

Interestingly, the electrodeposition of Cu from DESs was favored under all investigated synthesis con-

ditions. Consequently, the average atomic percentage of S in the obtained Cu–S materials was a

maximum of 9.36 at%, while EDS point analyses revealed that individual copper sulfide hexagons con-

tained 22.7 to 23.8 at% of S. These results provide valuable insights into the co-electrodeposition of Cu

and S from choline chloride-ethylene glycol DESs and pave the way for the future development of novel

copper sulfide-based materials.

1. Introduction

Transition metal sulfides (TMSs) have attracted considerable
attention due to their unique electronic structure, intriguing
properties, and consequent various applications in fields such
as energy conversion, environmental remediation, and gas
sensing.1–3 Copper sulfides are particularly noteworthy among
TMSs because of the abundant and easily accessible Cu

resources, which makes the synthesis of Cu–S-based materials
highly cost-effective.4,5

Copper sulfides are p-type semiconductors that exhibit
remarkable versatility due to their ability to exist in a wide
range of phases, from copper-rich Cu2S to sulfur-rich CuS. The
formation of various non-stoichiometric Cu2−xS compounds
leads to a wide range of optical and electrical properties,
enabling diverse applications.6,7 These applications include
photocatalysis, photoelectrocatalysis, and electrocatalysis,8 as
well as energy storage in supercapacitors.9 Additionally, copper
sulfides have shown utility in thermoelectric devices10 and bio-
medicine.11 The properties and potential applications of Cu–S
materials are largely influenced by their composition and mor-
phology and the form in which they are synthesized. These
characteristics are, in turn, determined by the chosen synthetic
method.6

Copper sulfides can be synthesized using different
methods. Common methods include solvothermal12 and
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hydrothermal13 processes, ion exchange reactions,14,15 solid-
phase synthesis,16 and atomic layer deposition techniques.17

Electrochemical deposition is another notable method for
synthesizing Cu–S materials.18–21 Electrodeposition has
emerged as a powerful technique for synthesizing advanced
materials, particularly transition metal sulfides, due to its
ability to produce precisely controlled structures and compo-
sitions.22 In this method, by applying an appropriate potential
or current, the desired elements are directly deposited on the
working electrode (current collector),23 enabling the immedi-
ate application of the resulting material. The composition and
morphology of the synthesized materials can be modified by
adjusting not only the current/potential conditions but also
other factors such as the synthesis temperature, precursor type
and concentration, solvent choice, and electrolyte pH.22,24,25 A
key parameter in designing novel and complex structures is
the selection of the solvent for the electrochemical bath.
Recently, deep eutectic solvents (DESs) have gained consider-
able attention as environmentally friendly alternatives that
hold great promise for electrochemical synthesis. DESs are par-
ticularly advantageous due to their wide electrochemical
windows and high thermal stability, which distinguish them
from traditional aqueous solvents.25–27

In recent years, many studies have focused on the electrode-
position of Cu-based materials using deep eutectic solvents.
For example, Vukmirovic et al.28 compared the electrodeposi-
tion of copper from ethaline-based baths on two different sub-
strates: glassy carbon and platinum. These studies indicated
that while the overall deposition behavior of Cu in DESs and
aqueous media is similar, the charge and mass transfer rates
differ substantially. Plaza-Mayoral et al.29,30 investigated the
electrodeposition of Cu–Au 29 and Cu–Ag 30 bimetallic nano-
structures using reline-based baths. Their works demonstrated
that the morphology, nanoparticle size, and elemental compo-
sition of the synthesized materials strongly depend on the
applied potential and the composition of solutions used.
Similar efforts have been made to study the co-electrodeposi-
tion of Cu with chalcogenides such as Te 31 and Se.32

Catrangiu et al.31 explored the electrodeposition of copper tell-
urides (CuxTey) from non-aqueous baths based on choline
chloride and ethylene glycol, emphasizing the complexity of
the process and the challenges in optimizing the synthesis
parameters. In contrast, Sorgho et al.32 focused on the for-
mation of Cu2Se structures using mixtures of Cu2O and SeO2

in reline-based solutions. Their research indicated that copper
can be electrodeposited from DESs very readily, while electro-
deposition of selenium requires much more negative
potentials.

As demonstrated, the electrochemical deposition of copper-
based binary structures from nonaqueous baths is a highly
engaging and extensively researched topic in materials
science. To the best of our knowledge, the co-electrodeposition
of Cu and S from deep eutectic solvents has not yet been inves-
tigated. Therefore, in this study, we present a simple, one-step
approach for synthesizing Cu–S structures by electrochemical
deposition from environmentally friendly DESs based on

choline chloride and ethylene glycol. To support our research,
we provide a comprehensive electrochemical and physico-
chemical characterization of the solvents and baths used. We
place particular emphasis on investigating the effects of the
electrodeposition potential, as well as DES and electrolyte
composition, on the properties of the resulting Cu and Cu–S
materials. Importantly, we outline a systematic route for opti-
mizing electrochemical synthesis parameters, highlighting the
crucial role of bath acidification in achieving copper sulfide
hexagons.

2. Experimental section
2.1. Materials

Choline chloride (C5H14ClNO, ≥98.0%) and sodium thiosul-
fate (Na2S2O3, 99%) were purchased from Merck. Ethylene
glycol (C2H6O2, p.a.), copper(II) chloride dihydrate
(CuCl2·2H2O, ≥99.0%), sulfuric acid (H2SO4, 95%), and nitric
acid (HNO3, 65%) were purchased from Chempur. The water
(H2O) used in this study was purified using the Milli-Q®
system. Carbon paper (180 µm in thickness) was purchased
from Caplinq.

2.2. Instrumentation and software

IKA® C-MAG HS 7 magnetic stirrers with a temperature sensor
were used to heat solvents and solutions. Kinematic viscosity
measurements were performed using a ViscoClock plus visc-
ometer from SI Analytics. For pH and conductivity measure-
ments, a SevenDirect SD23 meter from Mettler Toledo was
employed, equipped with an InLab® Science Pro-ISM pH elec-
trode and an InLab® 731-ISM conductivity sensor.
Electrochemical measurements were carried out using a
BioLogic SP-300 or VMP-300 potentiostat, operated via
EC-Lab® software. The morphology and chemical composition
of the synthesized materials were examined using a field emis-
sion scanning electron microscope (FE-SEM/EDS, Hitachi
S-4700 with a Noran system 7). X-ray photoelectron spec-
troscopy (XPS) analyses were performed with a PHI
VersaProbeII scanning XPS system, utilizing monochromatic
Al Kα (1486.6 eV) X-rays focused to a 100 µm spot. The photo-
electron take-off angle was set to 45°, with pass energies of
117.50 eV for survey scans and 46.95 eV for the high resolution
spectra acquisition. All XPS spectra were charge-referenced to
the unfunctionalized, saturated carbon (C–C) C 1s peak at
285.0 eV. Deconvolution of the spectra was carried out using
PHI MultiPak software (v.9.9.3) with the background sub-
tracted using the Shirley method.

2.3. Preparation of deep eutectic solvents

In this study, three mixtures, composed of choline chloride
(ChCl) and ethylene glycol (EG) mixed at different molar
ratios, were used. Table 1 provides the abbreviated names
(created for the purpose of the study) of all the obtained DESs,
along with the corresponding ChCl : EG molar ratios. To
obtain clear, colorless liquids, the mixtures of choline chloride
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and ethylene glycol were stirred for 12 h at 80 °C (1_EG DES),
60 °C (2_EG DES), and 40 °C (3_EG DES). At the given tempera-
tures, the prepared mixtures became clear easily. Copper and
sulfur precursor solutions were prepared analogously, using
the appropriate DES as a solvent. All experiments were carried
out using 50 mM CuCl2·2H2O and/or 50 mM Na2S2O3, with the
addition of 0, 25, or 50 mM H2SO4.

2.4. Cyclic voltammetry measurements

The electrochemical characteristics of selected deep eutectic
solvents and solutions were investigated by performing cyclic
voltammetry (CV) measurements in a three-electrode system.
The glassy carbon disc electrode served as the working elec-
trode, a platinum wire was used as the quasi-reference (Ref.)
electrode, and a glassy carbon rod was used as the counter
electrode. The use of a Pt quasi-reference electrode is a widely
adopted approach in electrochemical studies of DESs due to
its high thermal stability, ease of use, and compatibility with
solutions containing significant amounts of Cl− ions as well as
acids.33 Prior to each experiment, all electrodes were cleaned
in a mixture of concentrated HNO3 and H2O in a 1 : 3 volume
ratio. For mixtures of 50 mM CuCl2·2H2O and 50 mM Na2S2O3

dissolved in 2_EG and 3_EG DES, the experiments were per-
formed at 50–80 °C with a scan rate of 5 mV s−1 without stir-
ring the electrolyte. For DESs (2_EG and 3_EG) and 50 mM
solutions of individual Cu and S precursors, the experiments
were performed in a similar manner, but at a single tempera-
ture, i.e., 80 °C. In each case, the CV potential range was
chosen based on the observed electrochemical stability of the
electrolyte used.

2.5. Electrodeposition of Cu–S materials

Electrochemical deposition of Cu–S materials was performed
in a three-electrode system, with carbon paper (CP) as the
working electrode, a platinum wire as the quasi-reference elec-
trode, and a glassy carbon rod as the counter electrode. Before
electrodeposition, the CP electrodes were activated in a
mixture of H2O, H2SO4, and HNO3 (volume ratio 1 : 1 : 1) at
60 °C for 6 h, followed by washing with water and drying at
60 °C under vacuum. The treatment introduces oxyl groups
and surface defects within the carbon microfibers,34 which
may facilitate deposit nucleation. For each experiment, a fresh
piece of carbon paper was used. The platinum wire and glassy
carbon rod were cleaned in the same manner as that for the
CV measurements. Electrodeposition was carried out at con-
stant potentials of −0.84, −1.09, or −1.33 V at 80 °C for 10 min

with continuous stirring of the electrolyte. The rationale
behind the selection of electrodeposition potentials and the
synthesis temperature will be discussed in Section 3.2. For the
Cu–S synthesis, 12 mL of a solution containing a mixture of
50 mM CuCl2·2H2O, 50 mM Na2S2O3, and 0, 25 or 50 mM
H2SO4 was used each time. During the study, we compared the
electrodeposition process from electrolytes based on 2_EG
DES (2_EG Cu–S baths) and 3_EG DES (3_EG Cu–S baths).
1_EG DES-based electrolytes were not investigated, which will
be explained in Section 3.1. After synthesis, the samples were
rinsed in warm water to remove impurities from the electro-
chemical bath.

3. Results and discussion
3.1. Physicochemical characteristics of solvents and
solutions

Detailed physicochemical characterization was performed for
the deep eutectic solvents used in the presented studies, as
well as for the electrochemical baths prepared with them. This
included determining kinematic viscosity (υ), conductivity (κ)
and pH. The experiments were conducted over a wide range of
temperatures (50–90 °C) or exclusively at 80 °C, which was the
temperature selected for the electrodeposition of Cu–S
materials. Fig. 1 illustrates the dependence of kinematic vis-
cosity, conductivity, and pH on temperature for 1_EG, 2_EG
and 3_EG DESs. As shown, for DESs containing an excess of
ethylene glycol relative to choline chloride, measurements
were conducted from 50 to 90 °C in 10 °C increments.
Importantly, these solvents remained clear even at room temp-
erature. Due to the low ethylene glycol content in 1_EG DES,
experiments were not possible below 70 °C, as it was no longer
clear under these conditions. Therefore, for 1_EG DES, the
physicochemical characteristics were determined in a
restricted temperature range (75–90 °C), in 5 °C steps.

The data presented in Fig. 1a–c demonstrate that tempera-
ture had a significant impact on the measured values of υ, κ,
and pH. Among the studied solvents, 1_EG DES showed the
highest viscosity (Fig. 1a), while 3_EG had the lowest. This
difference is due to the variations in hydrogen bond strength
between the solvent components.35 Moreover, the differences
between υ values, at a given temperature, were consistently
smaller between 2_EG and 3_EG DES, compared to 1_EG DES,
which showed significantly higher kinematic viscosity at both
80 and 90 °C. An increase in temperature resulted in a
decrease in kinematic viscosity for all DESs, due to the break-
ing of hydrogen bonds between the components of the eutectic
mixtures.36,37 Conversely, conductivity exhibited a different
trend (Fig. 1b). Throughout the entire temperature range,
3_EG DES exhibited the highest κ values, while 1_EG DES had
the lowest. This behavior can be explained by the temperature-
induced reduction in viscosity, which enhances the mobility of
ions within the DESs, thereby increasing the overall conduc-
tivity.37 Regarding temperature-related changes in pH (Fig. 1c),
solvents with a lower ethylene glycol content consistently

Table 1 Abbreviated names of the deep eutectic solvents (DESs) used,
along with the corresponding molar ratios of choline chloride (ChCl)
and ethylene glycol (EG) in the mixtures

Deep eutectic solvent name ChCl : EG molar ratio

1_EG 1 : 1
2_EG 1 : 2
3_EG 1 : 3

Paper Dalton Transactions

8890 | Dalton Trans., 2025, 54, 8888–8902 This journal is © The Royal Society of Chemistry 2025

Pu
bl

is
he

d 
on

 0
1 

M
ay

 2
02

5.
 D

ow
nl

oa
de

d 
on

 4
/2

/2
02

6 
1:

55
:1

1 
A

M
. 

View Article Online

https://doi.org/10.1039/d5dt00591d


showed higher pH values, regardless of temperature. All the
studied DESs were characterized by acidic pH values. For 2_EG
and 3_EG DESs, lower temperatures (50–70 °C) resulted in
minimal pH changes, with significant increases only observed
at 80 and 90 °C. Similarly, 1_EG DES showed a notable
increase as the temperature rose from 75 to 80 °C, with no sig-
nificant variations observed at higher temperatures. These
variations in acidity among the solvents are likely due to differ-
ences in the strength and quantity of hydrogen bonds between
the mixture components, which in turn affected the acid–base
equilibria.

Due to the limited operating temperature range for 1_EG
DES, further studies focused exclusively on the other two sol-
vents. Cu–S electrodeposition studies were conducted using
solutions with a constant concentration of copper (50 mM
CuCl2·2H2O) and sulfur (50 mM Na2S2O3) precursors. These
mixtures were prepared in both 2_EG and 3_EG DESs and
referred to as the 2_EG Cu–S bath and the 3_EG Cu–S bath,
respectively. The Cu–S baths were acidified during subsequent
adjustment by adding either 25 mM or 50 mM H2SO4. Fig. 2a
illustrates the dependence of kinematic viscosity on tempera-
ture for the unacidified 2_EG Cu–S and 3_EG Cu–S baths,
alongside the corresponding results for the original DESs. The
effects of acid concentration (CH2SO4

) on the physicochemical
properties of the Cu–S bath at 80 °C are shown in Fig. 2b–d.

From the analysis of the results illustrated in Fig. 2a, it can
be seen that the addition of Cu and S precursors to the respect-
ive deep eutectic solvents had a minor effect on the observed
kinematic viscosity values. At lower temperatures (50–60 °C),
the inclusion of precursors caused slightly increased observed
υ values, while at temperatures above 70 °C, the changes
became negligible, particularly for the bath based on 3_EG
DES. Similarly, the addition of H2SO4 did not significantly
affect the measured values of kinematic viscosity (Fig. 2b) or
conductivity (Fig. 2c). Conversely, the pH of the baths (Fig. 2d)
showed significant changes. The unacidified mixtures exhibi-
ted a slightly alkaline pH (7.5 < pH < 8.0). The addition of
acid, at both 25 and 50 mM concentrations, dramatically
reduced the pH, resulting in strongly acidic baths (0.3 < pH <
1.6). Since electrochemical reactions (including electrodeposi-
tion) depend on a wide range of parameters, the results
obtained will provide a better understanding of the processes
taking place in the studied electrolytes. This matter will be dis-
cussed in the next sections.

3.2. Electrochemical properties of solvents and solutions

Before synthesizing Cu–S materials, the electrochemical
characterization of baths containing the respective element
precursors was carried out. To achieve this, cyclic voltammetry
(CV) curves were recorded within the temperature range of
50–80 °C for a mixture of 50 mM CuCl2·2H2O and 50 mM
Na2S2O3 dissolved in 2_EG DES (Fig. 3a) and 3_EG DES
(Fig. 3b). CV scans were recorded over a potential range of
−0.90 to +1.80 V, starting with cathodic polarization from an
initial potential of 0 V.

Fig. 1 The dependence of (a) kinematic viscosity, (b) conductivity, and
(c) pH on temperature for 1_EG, 2_EG, and 3_EG deep eutectic solvents.
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The data presented in Fig. 3 demonstrate a significant
effect of temperature on the current–potential dependencies.
Higher temperatures generally lead to an increase in current
density ( J), likely due to the reduced kinematic viscosity and
enhanced conductivity of the baths. Moreover, regardless of
the temperature, rapid changes in J values, associated with
electrolyte decomposition, were observed on both the cathodic
and anodic sides within the potential range of the CV curves.
Higher temperatures also accelerated the earlier decompo-
sition of the electrolyte; however, some differences in the
recorded curves for mixtures were observed. For the 2_EG Cu–
S bath (Fig. 3a), the increase in cathodic current density at very
negative potentials was less pronounced compared to that in
the 3_EG Cu–S bath (Fig. 3b). Conversely, on the anodic side,
the 3_EG Cu–S bath generally showed a slower increase in

anodic current density at very positive potentials compared to
the 2_EG bath. These observations are summarized in
Table S1 of the ESI,† which presents a quantitative comparison
of the current density values recorded at different potentials
for the 2_EG Cu–S bath and the 3_EG Cu–S bath across all
studied temperatures.

All recorded CV curves (Fig. 3) displayed two main
reduction peaks, one of which appeared on the anodic side
( just before E = 0 V) and was associated with the reduction of
an oxidation product. At 50 °C, the most prominent reduction
peak was observed at potentials of −0.95 and −0.90 V for the
2_EG Cu–S and the 3_EG Cu–S bath, respectively. In both
cases, as the temperature increased, this peak became more
pronounced, with its maximum shifting toward less negative
potentials. Overall, increasing the temperature in the Cu–S

Fig. 2 (a) The dependence of kinematic viscosity on temperature for deep eutectic solvents (2_EG and 3_EG) and solutions containing a mixture of
50 mM CuCl2·2H2O and 50 mM Na2S2O3 (2_EG Cu–S bath and 3_EG Cu–S bath). The dependence of (b) kinematic viscosity, (c) conductivity, and
(d) pH on the concentration of H2SO4 in solutions containing a mixture of 50 mM CuCl2·2H2O and 50 mM Na2S2O3 (2_EG Cu–S baths and 3_EG
Cu–S baths).
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baths significantly promoted both electroreduction and elec-
trooxidation of the precursors. Based on these findings,
further investigations into the electrochemical characteristics
of the solvents and solutions, as well as the electrodeposition
of Cu–S materials, were conducted at 80 °C. Importantly, litera-
ture data indicate that both of the deep eutectic solvents used
are thermally stable at the selected temperature,38 which
allows us to exclude the effect of their decomposition on the
electrochemical reactions under investigation. Fig. 4 shows the
cyclic voltammetry curves; the left-hand column displays the
data for 2_EG DES and its corresponding baths, while the
right-hand column presents the analogous data for 3_EG DES
and its baths.

The CV curves presented in Fig. 4a and b confirm that
neither of the selected solvents exhibited visible redox peaks
or decomposition in the negative potential range (up to −1.80

V). Decomposition was only observed on the anodic side,
which was irrelevant in the context of the planned studies, as
the focus is on cathodic reduction regions for Cu–S electrode-
position. By analyzing the curves for single precursor baths
(Fig. 4c–f ), it can be seen that reduction peaks appeared in the
studied potential range for both CuCl2·2H2O and Na2S2O3

solutions. Interestingly, more intense peaks were observed for
precursors dissolved in 3_EG DES. This is likely due to the
lower viscosity of this solvent (Fig. 1a), which enhances ion
mobility. For both solvents, the electroreduction of the copper
precursor (Fig. 4c and d) followed a two-step mechanism (Cu2+

→ Cu+ → Cu0) as proposed by Vukmirovic et al.28 When 2_EG
DES was used, CuCl2·2H2O reduction peaks were observed at
−0.23 V (Cu2+ + e− → Cu+) and −1.40 V (Cu+ + e− → Cu0). In
contrast, for 3_EG DES, analogous peaks appeared at the less
negative potentials of −0.20 and −1.26 V, respectively. For the
sulfur precursor (Fig. 4e and f), a single characteristic
reduction peak was observed, with a maximum located at
−1.28 V for 2_EG DES and −1.31 V for 3_EG DES. The electro-
reduction of Na2S2O3 was notably favorable in the less viscous
DES, as evidenced by the prominent peak visible in Fig. 4f. It
should be pointed out that literature data indicate that the two
DESs differ in terms of intermolecular interactions. For 2_EG
DES, most of the hydrogen bonds are formed between chloride
anions and EG molecules, whereas in 3_EG DES, hydrogen
bonding predominately takes place between EG molecules.35

Solvents with different characteristics can influence inter-
actions with copper and sulfur precursor ions, which in turn
may directly affect the shape of the recorded cyclic voltampero-
grams. Our idea is supported by similar studies on the co-elec-
trodeposition of SmCo films, where the ChCl : EG ratio influ-
enced the position of characteristic redox peaks in the
recorded CV curves.39 Another key factor is the ability of Cu2+

ions to form complexes. For the DESs used, the main ligands
coordinating Cu2+ are chloride ions (originating from CuCl2
and choline chloride) and ethylene glycol molecules. A higher
EG content can decrease the availability of free Cl− ions while
increasing the role of ethylene glycol in Cu2+ coordination,
leading to changes in the geometry and stability of the com-
plexes. Cu–Cl and Cu–EG complexes, in turn, may exhibit
different redox potentials.33,40,41 Furthermore, our data in
Fig. 1 suggest that the solvents studied possess distinct
physicochemical characteristics, reinforcing the likelihood of
differences in electrochemical properties.

Comparing the CV curves for pure precursors (Fig. 4c–f )
with those obtained for their mixtures (Fig. 4g and h) revealed
significant differences. These differences included variation in
the E values at which electrolyte decomposition became
evident, as well as changes in the positions and number of
redox peaks. For the Cu baths, decomposition on the anodic
side occurred at less positive potentials, while the S baths
remained stable up to 0.90 V. Conversely, on the cathodic side,
CuCl2·2H2O solutions were stable up to −1.80 V, whereas
Na2S2O3 solutions began to decompose at less negative poten-
tials. In the Cu–S baths, decomposition was observed on both
the cathodic and anodic sides; however, the electrolytes

Fig. 3 Cyclic voltammetry curves recorded at 50–80 °C at a scan rate
of 5 mV s−1 for a mixture of 50 mM CuCl2·2H2O and 50 mM Na2S2O3

dissolved in (a) 2_EG DES and (b) 3_EG DES.
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demonstrated a relatively wide stability range. In turn, consid-
ering the redox peaks, it is evident that the electrochemical
reactions occurring in the mixtures were significantly more
complex than those in the pure precursor solutions. The main
reduction peak for the Cu–S baths was observed at −0.84 V,
with an additional peak (visible only for the 2_EG Cu–S bath)
at −1.58 V. The analysis described in Section 3.3 identified the
main peak (−0.84 V) as corresponding to the electroreduction
of copper ions. Interestingly, the number of anodic peaks in
the mixtures exceeded the sum of peaks observed for single
precursors, further highlighting the complexity of the electro-
chemical processes in these systems. In addition to their dis-
tinct electrochemical characteristics, the analyzed electrolytes
exhibited differences in color. Na2S2O3 solutions were color-
less, CuCl2·2H2O solutions were orange, while mixtures of
both compounds had a green hue. These observations suggest
that introducing Na2S2O3 into CuCl2 solutions influences the
coordination of copper ions. S2O3

2− ions can compete with Cl−

and EG ligands, forming various Cu–S2O3 complexes or mixed
complexes with other ligands. Additionally, S2O3

2− ions might
stabilize the Cu1+ form of copper, analogous to aqueous solu-
tions, thus broadening the range of possible complexes.42,43

Taken together, these findings confirm that redox peak shifts

in the cyclic voltammetry curves for solutions using different
DESs are a natural occurrence and result from the intricate
coordination chemistry of the studied systems.

Based on the CV data (Fig. 4g and h), the electrodeposition
of Cu–S materials was initially planned at constant potentials
of −0.84 and −1.58 V, i.e., for values at which the characteristic
reduction peaks discussed earlier were observed. However, pre-
liminary experiments (data not included) revealed that the syn-
thesis at −1.58 V was impractical due to the rapid decompo-
sition of the electrolyte. Therefore, these conditions were aban-
doned, and two alternative potentials (i.e., −1.09 and −1.33 V)
located between −1.58 and −0.84 V were selected for future
experiments. These newly chosen E values were within the
regions of the electroreduction of Cu and S precursors in
single-component electrolytes and offered greater stability for
the electrodeposition process.

3.3. Study of Cu–S electrodeposition at different potentials

As described in the previous sections, the electrodeposition of
Cu–S materials was carried out using a constant-potential
method, with chronoamperometric (ChA) curves recorded
during each experiment. The syntheses were conducted at
80 °C for 10 min, with continuous stirring of the electrolyte,

Fig. 4 Cyclic voltammetry curves recorded at 80 °C at a scan rate of 5 mV s−1 for (a) 2_EG DES and (b) 3_EG DES; 50 mM CuCl2·2H2O dissolved in
(c) 2_EG DES and (d) 3_EG DES; 50 mM Na2S2O3 dissolved in (e) 2_EG DES and (f ) 3_EG DES; a mixture of 50 mM CuCl2·2H2O and 50 mM Na2S2O3

dissolved in (g) 2_EG DES and (h) 3_EG DES.
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using carbon paper (CP) as the working electrode. The experi-
ments began with Cu–S baths containing a mixture of 50 mM
CuCl2·2H2O and 50 mM Na2S2O3 dissolved in 2_EG and 3_EG
DESs. Fig. 5a presents the ChA curves obtained during electro-
deposition at different potentials (i.e., −0.84, −1.09, and −1.33
V) from a Cu–S bath based on the 2_EG DES. Fig. 5b shows
analogous curves for the electrosynthesis from the 3_EG Cu–S
bath. Finally, Fig. 5c summarizes the average charge density
(Q) values recorded during Cu–S electrodeposition at different
potentials for electrolytes based on both DESs.

Analysis of the chronoamperometric curves presented in
Fig. 5a and b reveals that the relationship between J and t
varied depending on the electrodeposition potential, although
certain common features were observed. One notable charac-
teristic is the relatively rapid increase in cathodic current
density, followed by a maximum value of J. The increase indi-

cates the occurrence of an electrodeposition nucleation
process, during which both the number and size of nuclei
grow.44,45 After reaching the maximum, the current density
gradually decreases, followed by a plateau in the J vs. t curve.
This stage corresponds to the ion diffusion-limited growth of
the deposit.46 A detailed analysis revealed that more negative
deposition potentials result in the current density maximum
being reached more quickly, suggesting faster nucleation and
material growth.30 Moreover, the maximum is achieved more
rapidly for electrodeposition from the 3_EG Cu–S bath com-
pared to the 2_EG bath, likely due to the lower viscosity and
higher conductivity of the 3_EG solution (as shown in Fig. 2b
and c). Additionally, higher J values at the maximum are
associated with more negative potentials. This is typical and
significantly influences the final characteristics of the syn-
thesized materials.29,44,47 Comparing the results shown in

Fig. 5 Chronoamperometric curves recorded during the first 20 s of electrodeposition on carbon paper at different potentials (E), using a mixture
of 50 mM CuCl2·2H2O and 50 mM Na2S2O3 dissolved in (a) 2_EG DES and (b) 3_EG DES. The insets show the data for the remaining electrodeposi-
tion time (t ). (c) Effect of the applied potential on the charge density (Q) recorded during Cu–S electrodeposition from the 2_EG Cu–S and 3_EG
Cu–S baths. (d) Average atomic percentage (at%) of Cu and S in the electrodeposited materials.
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Fig. 5a and b, it can be observed that the ChA curves obtained
for the 2_EG Cu–S bath exhibit slightly lower current densities
at the maximum, likely due to the higher viscosity and lower
conductivity of the 2_EG solutions. After about 60 s of electro-
deposition, nearly constant J values are observed across all
curves, with higher cathode current densities recorded for
syntheses at more negative potentials. This behavior influ-
ences the varying charge density (Q) values (see Fig. 5c),
recorded during the electrochemical deposition. As expected,
the data indicate that higher Q values correspond to more
negative electrodeposition potentials and baths with higher
conductivity, such as the 3_EG Cu–S bath. Interestingly, at a
potential of −1.09 V, the Q values for both baths are remark-
ably similar, suggesting that similar electrochemical processes
proceed under these conditions. However, the high standard
deviations in Q values observed at −1.33 V indicate that depo-
sition at this potential is less reproducible, likely due to exces-
sive electroreduction of the electroactive species.

The electrodeposited materials were analyzed for their com-
position (energy dispersive X-ray spectroscopy, EDS) and mor-
phology (scanning electron microscopy, FE-SEM). Fig. 5d sum-
marizes quantitative EDS data indicating the average atomic
percentage (at%) of copper and sulfur in the synthesized
samples. The carbon content, corresponding to the CP sub-
strate, was excluded from the calculations, with the assump-
tion that Cu and S together account for 100% atomic compo-
sition. Detailed FE-SEM/EDS analyses for samples synthesized
at specific potentials are shown in Fig. 6 (−0.84 V and −1.09 V)
and Fig. S1, ESI† (−1.33 V).

As can be seen from Fig. 5d, copper was the primary com-
ponent of the electrodeposited products, regardless of the elec-
trodeposition potential or the Cu–S bath used. Notably, co-
electrodeposition of Cu and S was only observed at potentials
more negative than −0.84 V. EDS spectra (Fig. 6e) for samples
synthesized at the least negative potential (i.e., −0.84 V) did
not show a typical K-line signal of sulfur, which would appear
at the energy around 2.3 keV. This observation indicates that
the reduction peak seen previously in the CV curves (Fig. 4g
and h) at −0.84 V corresponds to the electroreduction of
copper ions. Electrodeposition at more negative potentials
resulted in Cu–S materials containing a small at% of S, with a
higher S content observed at −1.33 V. These Cu–S materials
exhibited distinct morphological differences compared to
those consisting primarily of copper. Fig. 6a–e present FE-SEM
images with corresponding EDS analyses for samples obtained
at −0.84 V. Under these conditions, the electrodeposition
process did not produce a continuous copper film over the
carbon paper fibers. Instead, the 10 min synthesis led to the
formation of Cu clusters distributed across different areas of
the substrate. The electrodeposited materials displayed a
complex morphology, indicative of a diffusion-controlled
process.46 Interestingly, using the 2_EG-based bath produced
less morphologically regular and more aggregated copper clus-
ters compared to the 3_EG bath. The characteristic dendritic
morphology of copper clusters has previously been observed in
both aqueous48 and DES-based49 solutions. In the presence of

chlorides, the reduction of Cu2+ ions can proceed in steps
(Cu2+ → CuCl → Cu0), promoting the formation of Cu den-
drites. The unique growth pattern of Cu during electrodeposi-
tion may result from surface saturation of the working elec-
trode and limited mass transport, leading to irregular crystal
growth development along preferential crystallographic
directions.48

For electrodeposition at −1.09 V, as with −0.84 V, the result-
ing materials were not continuous films (Fig. 6f and i). The
obtained EDS maps (Fig. 6g, h, j and k) further confirmed the
co-electrodeposition of Cu and S in the same regions of the
samples. Both baths produced morphologically similar Cu–S
products, which, given the low at% of sulfur, can be described
as S-doped Cu clusters. These clusters consisted of many
smaller domains; however, due to their overlap, determining
their average size was challenging. Electrodeposition at −1.33
V proved to be the most challenging. Under these conditions,
excessive electroreduction of precursors occurred, resulting in
a substantial amount of product that exhibited poor adhesion
to the carbon substrate. After rinsing the samples in water,
much of the deposit detached, making it difficult for FE-SEM/
EDS analyses (Fig. S1, ESI†) to accurately reflect the true mor-
phology and composition of the samples. Nevertheless, the
results indicate that the most negative potential facilitated
relatively uniform electrodeposition of the Cu–S material.
However, as with the other cases, this process did not result in
the formation of a continuous film.

3.4. Study of Cu–S electrodeposition from acidified
electrochemical baths

Given the excessive Cu content in the obtained samples,
further adjustment of the Cu–S electrodeposition process was
undertaken to synthesize materials with a higher S content. A
review of prior studies on the electrodeposition of metal sul-
fides from aqueous thiosulfate-containing electrolytes18,50–53

highlighted the importance of preparing electrochemical
baths with an acidic pH. In our case, the initial Cu–S baths
had a slightly alkaline pH, ranging from 7.5 to 8.0 (Fig. 2a),
which may have hindered the efficient co-electrodeposition of
copper and sulfur. In aqueous systems, low pH leads to the
disproportionation of S2O3

2− ions into colloidal sulfur (S0) and
SO3

2− ions.50 Under such conditions, one probable electrore-
duction reaction is S0 → S2− + 2e−.18 Although electrodeposi-
tion in non-aqueous solvents can differ significantly from that
in aqueous systems, the effect of acidification on the compo-
sition and morphology of the deposited materials was investi-
gated. Concentrated sulfuric acid was added to prepare Cu–S
baths with low pH; the acid concentrations of 25 and 50 mM
were chosen. The addition of acid altered the green colors of
Cu–S baths to orange, similar to the orange solutions observed
for pure CuCl2·2H2O in DESs. This color change may suggest a
change in the complexation of copper ions. For subsequent
experiments, an electrodeposition potential of −1.09 V was
chosen, as this condition previously produced an adherent
product with a composition containing both Cu and
S. Syntheses were conducted at 80 °C for 10 min with constant
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stirring of the electrolyte and using CP as the working elec-
trode. Fig. 7a presents the ChA curves recorded during electro-
deposition at −1.09 V from 2_EG Cu–S baths with the addition
of 0, 25, or 50 mM H2SO4. Fig. 7b shows analogous curves
recorded for electrodeposition from 3_EG Cu–S baths. Fig. 7c
summarizes the average charge density (Q) values obtained
during Cu–S electrodeposition from both 2_EG Cu–S and 3_EG
Cu–S baths with different H2SO4 concentrations.

Within the ChA curves for the acidified solutions (Fig. 7a
and b), an additional characteristic feature was observed.
During the initial seconds of synthesis, a decrease in cathodic
current density was evident, followed by an increase associated
with the nucleation stage described earlier. The initial

decrease in J values is attributed to the double layer charging
process,45 indicating a shift in the electrodeposition mecha-
nism at −1.09 V. Furthermore, the presence of acid led to shal-
lower minima in current density, while subsequent electrode-
position steps occurred at higher cathodic current densities
compared to the acid-free baths. Comparing the curves for
acid concentrations of 25 and 50 mM, it is evident that the
higher acid concentration resulted in more negative J values,
likely due to the increased number of highly mobile H+ ions.
Interestingly, the impact of the acid addition was particularly
pronounced in the bath based on 3_EG DES, as highlighted by
the charge density values (Fig. 7c). Higher concentrations of
H2SO4 yielded higher Q values, although the increase was

Fig. 6 (a) and (c) FE-SEM images and the corresponding (b) and (d) Cu EDS maps and (e) EDS spectra for samples synthesized at a potential of
−0.84 V. (f ) and (i) FE-SEM images and the corresponding (g) and ( j) Cu and (h) and (k) S EDS maps for samples synthesized at a potential of −1.09
V. Results for samples electrodeposited from the 2_EG Cu–S bath (first and third lines) and the 3_EG Cu–S bath (second and fourth lines).
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more significant for 3_EG Cu–S baths compared to the 2_EG
Cu–S baths.

The samples obtained during electrodeposition at −1.09 V
from different baths were examined in terms of morphology
and composition using FE-SEM/EDS imaging. Fig. 7d summar-
izes quantitative EDS data, indicating the average atomic per-
centage (at%) of copper and sulfur in the synthesized
materials. Fig. 8 provides detailed FE-SEM/EDS analyses for
samples electrodeposited from baths containing 50 mM
H2SO4. Analogous analyses for baths with 25 mM H2SO4 are
summarized in Fig. S2, ESI.†

As shown in Fig. 7d, modifying the bath composition
allowed an increase in the average S content of the materials;
however, the maximum sulfur content achieved was only 6.64
at%, indicating that copper remained the predominant com-
ponent of the deposits. The average atomic percentage of S

was higher for materials synthesized from 3_EG Cu–S baths,
with the sulfur content increasing with increasing H2SO4 con-
centration in the electrolyte. More notable than the average
compositions were the FE-SEM images and the corresponding
Cu and S EDS maps for the obtained samples (Fig. 8a–f and
Fig. S2a–f, ESI†). Regardless of the electrodeposition con-
ditions, two distinct types of structures were observed on the
carbon substrate, appearing separately and not forming a con-
tinuous film. These differences are particularly illustrated in
Fig. 8b, d, and f, where both copper-based clusters and hexag-
onal structures containing significant amounts of copper and
sulfur are visible. Interestingly, the synthesis of similar hexa-
gons has been previously reported in the literature as mor-
phologies typical of various copper sulfides.4,54,55 Given the
previously described color change of the Cu–S baths, it may be
inferred that different Cu–S2O3 complexes are present in the

Fig. 7 Chronoamperometric curves recorded during the first 20 s of electrodeposition on carbon paper at a potential of −1.09 V using a mixture of
50 mM CuCl2·2H2O and 50 mM Na2S2O3 with the addition of 0, 25, or 50 mM H2SO4 dissolved in (a) 2_EG DES and (b) 3_EG DES. The insets show
the data for the remainder of the electrodeposition time (t ). (c) Effect of H2SO4 concentration on the charge density (Q) recorded during Cu–S elec-
trodeposition from 2_EG Cu–S and 3_EG Cu–S baths. (d) Average atomic percentage (at%) of S and Cu in the electrodeposited materials.
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electrolytes after acidification compared to before. This change
likely leads to a change in the electrodeposition mechanism at
−1.09 V. To further analyze these differentiated structures,
higher magnification FE-SEM imaging and EDS point analyses
were performed (Fig. 8g–i and Fig. S2g–i, ESI†). EDS spectra
collected at points marked 1–4 revealed that the observed clus-
ters were composed solely of Cu, whereas the hexagons con-

tained both Cu and S, with the sulfur content ranging from
22.7 to 23.8 at% depending on the sample analyzed. The pre-
sented FE-SEM/EDS results suggest that the electrodeposition
conditions used in this study successfully synthesized Cu-rich
copper sulfide hexagons, which coexist alongside pure copper
clusters. When comparing the morphologies of the samples
obtained from the different baths, it is worth noting that the
synthesis of hexagonal structures was more prevalent in 3_EG
Cu–S baths. This may explain the significant increases in Q
values (Fig. 7c) observed for these baths. In contrast, the 2_EG
Cu–S baths yielded more copper clusters on the surface, with
Cu–S structures present in lower quantities (compare Fig. 8a, b
and Fig. S2a, b, ESI†). The Cu clusters were typically on the
micrometer scale, while the individual hexagonal structures
exhibited diagonals ranging from hundreds of nm up to about
1600 nm.

To further confirm the elemental composition and reveal
chemical states, the selected samples were analyzed using the
XPS technique. Fig. S3, ESI† shows the survey scans of Cu–S
deposits synthesized at −1.09 V from the 3_EG Cu–S baths
before and after H2SO4 acidification. The acquired XPS survey
scans for both samples indicate that the same photoemission
lines originate from copper, sulfur, oxygen, carbon and chlor-
ine elements.56 The detected C 1s, O 1s, and Cl 2p signals indi-
cate the surface contamination of Cu–S samples from the Cu
precursor, moisture, or from the chemisorption of oxygen-con-
taining functionalities due to its exposure to air. Detailed
information about the oxidation states of copper and sulfur
was obtained from registered high-resolution XPS spectra. The
curve-fitted high-resolution spectra acquired in the Cu 2p3/2, S
2p, and O 1s regions are shown in Fig. 9.

The Cu 2p3/2 spectra (Fig. 9a and d) were fitted with six
components, with the first line at 932.7 eV corresponding to
either the Cu0 or the Cu+ oxidation state like in Cu2O and/or
Cu2S.

57–59 The spectra also exhibited shake-up structures in
the binding energy range of 940–950 eV and an additional
high left “shoulder”, evidenced by the component centered at
934.5 eV, which suggests the presence of Cu2+ oxidation
states.57 The signal for Cu2+ is most likely associated with
partial contamination of the samples by the copper precursor
used in Cu–S electrodeposition. This interpretation is sup-
ported by the Cl 2p spectra (Fig. S4a and b, ESI†), which were
fitted with a doublet structure (the p3/2–p1/2 separation equals
1.6 eV). The main 2p3/2 line is centered at 197.9 eV, indicating
the presence of Cl− ions from chlorides like CuCl2.

56

The S 2p spectra (Fig. 9b and e) showed two doublet struc-
tures with 2p3/2–2p1/2 spin–orbit splitting of 1.16 eV. The first
main 2p3/2 line observed at 161.7 eV is related to S2− ions in
copper sulfides (CuxS), as found in Cu2S.

58 In contrast, the
second 2p3/2 line observed at 168.3 eV originates from SO4

2−

ions.60 The presented S 2p spectra reveal a significant differ-
ence between Cu–S samples synthesized without (Fig. 9b) and
with (Fig. 9e) electrochemical bath acidification. As can be
seen in Fig. 9b, in the absence of acid addition, sulfur co-elec-
trodeposited with copper is prone to oxidation upon exposure
to the air, which corresponds to low-intensity S2− components.

Fig. 8 (a) and (b) FE-SEM images and the corresponding (c) and (d) Cu
and (e) and (f ) S EDS maps for samples synthesized at a potential of
−1.09 V from 2_EG Cu–S (the left-hand column) and 3_EG Cu–S (the
right-hand column) baths acidified with 50 mM H2SO4 addition. (g) and
(h) High magnification FE-SEM images with the corresponding (i) EDS
point analyses.
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Conversely, the dominance of S2− ions and the low detection
of SO4

2− (Fig. 9e) for Cu–S hexagons can suggest the formation
of low air-sensitive CuxS-type compounds. In addition, the O
1s signal analysis (Fig. 9c and f) also indicates the presence of
minor metal oxide species such as CuO or Cu2O. The O 1s
spectra were fitted with three components with the first line at
530.8 eV corresponding to C–O–C groups and/or the low part
of O–Cu bonds. The second line at 532.3 eV indicates OvC
type bonds and some part of O–S bonds. The third line at
533.2 eV corresponds to either O–C–O or –OH type
species.56,61,62 XPS analyses, supported by the earlier EDS ana-
lyses, indicate that the Cu–S structures electrodeposited from
choline chloride and ethylene glycol-based deep eutectic sol-
vents exhibit low sensitivity to air oxidation, which may be of
interest for their future applications.

4. Conclusions

In this study, we present a simple, one-step electrodeposition
method to synthesize various Cu and Cu–S structures using
environmentally friendly deep eutectic solvents (DESs) com-
posed of choline chloride and ethylene glycol. Based on the
cyclic voltammetry curves recorded for the studied electrolytes,
we selected the initial electrodeposition conditions. The chron-

oamperometry curves, in turn, allowed us to describe the
mechanism of electrochemical deposition from CuCl2·2H2O
and Na2S2O3 mixtures prepared in DESs. By adjusting the elec-
trodeposition conditions, we successfully produced Cu clus-
ters, S-doped Cu clusters, and copper sulfide (CuxS) hexagons,
as confirmed by characterizing the morphology and compo-
sition of the materials using FE-SEM, EDS, and XPS tech-
niques. We believe that the presented results will enhance the
understanding of Cu–S co-electrodeposition from DESs and
pave the way for the development of new and complex copper
sulfide-based materials.
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Fig. 9 High-resolution XPS spectra in the Cu 2p3/2, S 2p, and O 1s regions for Cu–S samples synthesized at a potential of −1.09 V from the 3_EG
Cu–S bath (a)–(c) without and (d)–(f ) with the addition of 50 mM H2SO4.
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