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1. Introduction

The ever-increasing need for electricity and the depletion of raw materials used to produce it
are driving industries toward the production of photovoltaic (PV) modules mainly based on thin films.
However, PV thin films are semiconductors, some of which are formed from transition metal
chalcogenides (CdSe, CdTe, MnCe, ZnSe and ZnS) (Romeo and Artegiani, 2021; Faremi et al., 2022;
Elafia et al., 2023). Due to its non-toxicity and abundance of elements, ZnSe has attracted considerable
interest in several fields. Its band gap (2,7¢V) is located in the optimal absorption region of the solar
spectrum, coupled with its physicochemical properties, has led to its use in the fields of PV and
electronics (Ramasamy et al., 2011). Methods such as chemical vapor deposition (Metin et al., 2011;
Hankare et al., 2008), sol-gel deposition (Li ef al., 1994; Hao et al., 2007), vacuum physical vapor
deposition (Wei et al., 1992; Sanchez et al., 2000), and electrodeposition (Natarajan et al., 1994),
(Chandramohan et al.,1997; Samantilleke et al., 1998), have been used for thin film production. Among
the different methods, electrodeposition is relatively simple to implement, less expensive in terms of
energy savings, raw material and equipment. In addition, this technique is suitable for large and
irregular surfaces (Yushanjiang et al., 2014; Krishnam et al.,1992; Fernandez et al., 2003; Mann et al.,
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2009; Bienkowski et al.,2010). There is very good documentation in the literature on the
electrodeposition of ZnSe in different media, including aqueous (Metin et al., 2011; Hankare et al.,
2008; Riveros et al., 2003; Bouroushian et al.,2006), organic (Kumar et al.,2012) and high-temperature
molten salts (Wei et al., 1992; Natarajan et al., 1994; Chandramohan et al.,1997; Sanchez et al., 2000).
However, the impact of these media on the environment is significant and it is necessary to find an
alternative to these so-called conventional, environmentally unfriendly media. In this sense, for several
years, we have witnessed the emergence of unconventional media, including deep eutectic solvents
(DETs). Deep eutectic solvents are used because of their easy preparation. They are relatively
biodegradable with an attractive cost and a low ecological footprint (Choi et al.,2011). These media
were introduced in 2003 by Abbott and al. (Abbott et al., 2003), with the choline chloride-urea mixture
in a stoichiometric ratio of 1:2. In 2014, Smith and al (Smith et al., 2014), generalized DETs as
systems formed from a eutectic mixture of Lewis or Bronsted acids and bases. Thus, since then, several
authors have used deep eutectic solvents for the electrodeposition of metals such as silver (Rayée et
al., 2017; Sebastian et al., 2013; Sebastian et al., 2016), copper (Sebastian et al., 2015; Obeten et al.,
2017; Bernasconi et al., 2015), zinc (Moutari et al., 2023; Yang et al., 2014; Xueliang et al., 2016:
Harati et al., 2012; Bucko et al., 2019; Vieira et al., 2015; Abbott et al., 2011), selenium (Cojocaru et
al., 2016; Bougouma et al., 2012), manganese (Moutari et al., 2025; Bozzini et al., 2012; Guo et al.,
2020), etc. However, very few studies concern the electrodeposition of binary ZnSe in DETs medium.
One of the rare studies on the ZnSe system encountered is that carried out by Bougouma and al.
(Bougouma et al., 2014) in ChCl-U medium on a gold electrode. According to these authors, it is
possible to form ZnSe in ChCI-U medium in the presence of the precursor salts Zn and Se. The cathodic
redissolution study allowed the latter to highlight the presence of two anodic peaks corresponding to
the presence of Zn (II) and Se (0) from the formed binary.

This work consists of the electrodeposition of the ZnSe binary on a glassy carbon electrode, in a choline
chloride-urea medium. The techniques used are cyclic voltammetry, chronoamperometry, UV-visible,
and SEM. This article is a continuation of the article on the electrodeposition of zinc in a ChCl-U
medium on a glassy carbon electrode (Moutari ef al., 2023). The optimal zinc deposition temperature
is 100°C. This temperature is used for the deposition of the binary in ChCI-U medium.

2. Materials and experimental methods

2.1. Reagents and solution preparation

To study the electrochemical behavior of the ZnSe binary, two reagents were used for the preparation
of the ChCI-U solvent. Choline chloride (ChCl) (Alfa Aesar, 98%), purified by recrystallization from
absolute ethanol (VWR Chemicals NORMAPUR), filtered and dried under vacuum and urea (VWR
Chemicals NORMAPUR) all mixed in a molar ratio of 1:2. The precursors SeO> (Alfa Aesar, 99.4%)
and ZnSO4.7H20 (VWR Chemicals NORMAPUR, 99.99%) were weighed and added directly without
prior treatment.

The entire solid mixture was heated at 100°C for 2 hours under magnetic stirring, in an oil bath, using
a hot plate (IKA C-MAGHS7) equipped with a temperature sensor and a temperature control device
(IKATRO NETS-D5), until a homogenous and transparent liquid was obtained.

2.2. Experimental methods
The electrochemical experiments were performed using a three-electrode system connected to an
Autolab PGSTAT302N potentiostat (Metrohm). Before use, all glassware was cleaned with Milli-Q
water and dried in an oven. The working electrode was made of glassy carbon (BASI, geometric
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surface=0.0707 cm?). It was polished with an alumina (1.0 um)-water suspension on a porous neoprene
mat (Struers), then subjected to two 5-minute ultrasonic waves and rinsed with Milli-Q water to remove
all traces of alumina, then dried with nitrogen. The counter electrode was a platinum grid with a surface
area of approximately 3 cm?. It was flame —cleaned using a blowtorch using an incandescent flame. A
silver wire insulated in a capillary tube containing the electrolyte consisting of a mixture of choline
chloride and urea in a molar ratio of 1:2 was used as the reference electrode. It was rinsed with water
and dried using absorbent paper.

3. Results and Discussion
3.1. Bibliometric Analysis.

The bibliometric analyses involve gathering data from scientific databases and utilizing techniques
such as co-occurrence network analysis mapping, citation analysis, and exploring the relationship
between key topics and their impact on the field of study (N’diaye et al., 2022; Bazzi et al., 2023;
Moutari et al., 2023; Hammouti et al., 2025; Kadda et al., 2025). The time periods in 2004-2025
research on “deep eutectic solvents” has evolved thematically, leading to a comprehensive
examination, enhanced understanding, the evolution of the production and the collaboration between
institutions and countries. The net progress in articles started over 2010 to more than 3000 articles both
in 2024 and 2025 as shown in Figure 1. Analysis of the Figure 2 left reveals that more than 98% are
article, reviews, book chapters and conference papers, and Figure 2 right over 53% of the contribution
concerns the chemistry and Chemical engineering, Materials sciences and Engineering. The others are
distributed across applications such as physics, energy, agriculture, biochemistry... The most prolific
authors interesting by this domain are list in Figure 3. Hachim and Afshar Mogaddam are the top
slightly less than 100 papers. China is widely the highest country investing and contributing in the
domain exceeding 6600 articles as indicated in Figure 4. The publication of articles needs the choice
of the higher impact journals, such as the International Journal of Biological Macromolecules (IF 8.5
and 10.3 CiteScore) selected as the first journal of the list containing 5 journals (Figure 5). The second
one is Microchemical Journal (IF 5.1 and 6.2 CiteScore).
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Figure 1. Evolution of the production from 2004 to 2025
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3.1. Potentiodynamic study of the electrochemical behavior of binary ZnSe on a glassy
carbon electrode (GCE).

For clarity, the study begins by recording the cyclic voltammograms of the two precursor salts,
presented separately. The cyclic voltammogram recorded in a ChCI-U medium + 10 mmol of SeO; is
shown in Figure 5. Analysis of the figure reveals two cathode peaks named C1 and C2 at potentials of
-0.4 V and -0.8 V, corresponding respectively to the transition from Se(IV) to Se (0) and Se (0) to Se
(-II) according to equations (1) and (2):

Ci: Se(IV) + 4e™ - Se(0)(1)
Ca: Se(0)+2e~ = Se(—1) (2)
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Figure 5: Cyclic voltammogram of the ChCl-U + 10 mmol of SeO; system, on a glassy carbon
electrode, v=10 mV.s™!, at T=100°C.

Figure 6 shows the cyclic voltammogram recorded on a glassy carbon electrode (GCE) in ChCl-U+50
mmolal ZnSO4.7H>0 medium. The recorded voltammogram shows a cathodic peak C3 at a potential
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of -1.18 V and an anodic peak A1 at a potential of +0.90 V, corresponding respectively to the transition
from Zn(II) to Zn(0) according to equation (3) and the anodic response A1 corresponds to the reverse
process according to equation (4)

Cs: Zn(Il) + 2e~ - Zn(0) (3)
A1:Zn(0) - Zn(1l) + 2e~  (4)
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Figure 6: Cyclic voltammogram of the ChCI-U + 50 mmol of ZnSO4.7H>0 system, on a glassy carbon
electrode, v=10 mV.s™!, at T=100°C

The system formed by the mixture of precursor salts (50 mmol of ZnSO4.7H20 and 10 mmol of SeOy)
in ChCI-U medium allows the recording of the cyclic voltammograms presented in Figure 7. These
recorded voltammograms correspond to the study of the interdependence of the peaks which allows
the highlighting of the peak corresponding to the formation of the binary ZnSe. Thus at the potential
of -1.2V, we observe a cathodic peak C1 and an anodic peak Al corresponding respectively to the
reduction of Se (IV) to Se (0) and the oxidation of Zn (0) to Zn (II). When the inversion potential is
between -1.3V and -1.6 V, all the voltammograms present the cathodic peaks C1 and C4 and the anodic
peaks A1 and A2. The deposition of C4 leads to an increase in the peak Al and the appearance causes
the disappearance of peaks corresponding to the deposition of Zn (0) and Se (0), which would be linked
to the synthesis of ZnSe (Mirtat et al., 2002), according to equation (5)

Zn(Il) +2e~ + Se(0) —» ZnSe %)

At a potential more negative than -1.2 V, the appearance of a second peak A2, is observed on the anodic
side, along with a progressive increase in the density of both peaks. Beyond the potential of -1.4 V, the
intensity of peak A1 decreases inversely to that of peak A2. Everything suggests that the potential of -
1.4 V would be the optimal for the formation of the ZnSe binary.

The inverse variations in the intensities of the anodic peaks linked respectively to the formation of the
binary compound and to selenium could suggest that, depending on the potential, the formation of the
binary compound is accompanied by a phase more or less rich in selenium. The free enthalpy of
formation of the binary ZnSe (AG°f=-154,4kJ) is negative, meaning that the compound formed is
thermodynamically stable compared to its constituent elements in their standard state. This result is of
the same order as that obtained by (Kroger et al., 1978).
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Figure 7: Cyclic voltammograms of the ChCI-U +10 mmol of SeO> + 50 mmol of ZnSO4.7H>0
system, at different cathode terminals, on a glassy carbon electrode, v=10 mV.s™!, at T=100°C.

Figure 8 shows cyclic voltammograms of the binary system recorded at different scan rates in the
potential window from + 1.2 V to -1.4 V. An increase in the speed leads to an increase in the intensity
of the cathode peak C4 and that of the anodic peaks Al and A2. This electrochemical phenomenon
shows a linear trend, suggesting a process typical of diffusion-controlled reaction kinetics.
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Figure 8: Cyclic voltammograms of the ChCI-U +10 mmol of SeO; + 50 mmol of ZnSO4 7H>O
system, on a glassy carbon electrode, at different scan rates, T=100°C.

Linear sweep voltammograms from the deposition potential of -1.4 V to positive potentials are shown
in Figure 9. Two anodic peaks Al and A2 are clearly observed during the different experiments
corresponding to the dissolution of the ZnSe binary deposit. The increase in the current density of peaks
Al and A2 with time indicates an accumulation of material on the electrode surface related to the
formation of a ZnSe deposit. However, the density growth of peak A2 appears to be greater than that
of peak A1. This result suggests a greater presence of selenium in the formation of the ZnSe binary. In
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this case, the binary could be a non-stoichiometric compound, or the formation of the binary could be
accompanied by deposition of Se.
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Figure 9 : Linear voltammograms of the ChCl-U +10 mmol of SeO: + 50 mmol of ZnSO47H,0 system,
recorded on a glassy carbon electrode, after various deposition times (s) as indicated, v=10 mV.s™".
The deposition and onset potential is set at -1.4 V.

3.2. Chronoamperometric study of the electrochemical behavior of the ZnSe binary on a
glassy electrode

Figure 10 shows the transient curves recorded from the system consisting of ChCl-U +10 mmol of
SeO2 + 50 mmol of ZnSO4 7H20 at 100°C, on a GCE. To record these transient, the carbon electrode
is subjected to a potential of -0.2V (E1) for I s, then to a second potential of -1.28 V (E2) for 5 s, and
finally a variable potential E3 is applied for 20 s, from which a current vs.time transient is recorded
each time. Generally chronoamperometric analysis of transients exhibits an ascending current that
reaches a maximum from which the current decreases with time. Comparison of the curves obtained at
different potentials shows that the current density corresponding to maximum current (j,,x ) increases
as the potential tends toward negative values. At the same time, the corresponding current decreases
with the potential. When the growth of the synthesized binary stops, the current decreases very rapidly,
and the transients overlap, presenting a profile of a Cotrell-type diffusion controlled phenomenon.

To highlight the nucleation and growth mode that occurs during the formation of the ZnSe binary, the
transient curves obtained were compared with those of the theoretical model of Scharifker and Hills

(Scharifker et Hills, 1978). Figure 11 presents the plot of the dimensionless experimental curves of
t

the current density (]# )? as function of ( ) obtained by using the transient data from Figure 10.

tm ax

These experimental curves are plotted in the same figure as the theoretical Scharifker and Hills curves
for instantaneous and progressive 3D nucleation and growth according to equations (6) and (7).
In the case of instantaneous nucleation (IN)

()" = 19542 « (=== « 1 — exp[-1,2564 » ()]} (6)

Jmax tmax

In the case of progressive nucleation (PN)

(- )2 = 1,2254 « (m22) {1 — exp [—2,3367 « (= )2]}2 (7

Jmax Tmax
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The analysis of Figure 11 below indicates that the shapes of the experimental curves follow the
theoretical model of Scharifker and Hills for progressive three dimensional (3D) nucleation and
growth. In short, the electrodeposition of ZnSe follows slow kinetics involving a progressive 3D
nucleation and growth phenomenon. This suggests the synthesis of non-uniformly sized binaries.

-27
——E3=-138V  ——E3=-1,40V
.22 4+
E3=-142V E3=-1,44V
5 .17 -
& ——E3=-146V  ——E3=148V
g
=12 ——E3=-1,50V  ——E3=-152V
-7 -
-2 ' - ' '

0 1 2 t(s) 3 4 5

Figure 10: Transients recorded on a glassy carbon electrode in a ChCl-U +10 mmol of SeO; + 50
mmol of ZnSO47H>0 at T=100°C. Glassy carbon electrode subjected to E1=+1.2V, for t=1Is, then
jump to E2=-1.24 V for t=5s, then variation of E3.
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(i/jmax)?
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Figure 11: Comparative study of the dimensionless curves (j/jmax )*>=f (t/tmax ) Of the transient current
density recorded on a glassy carbon electrode in a solution of ChCI-U++10 mmol of SeO; + 50 mmol
of ZnSO47H>0, with the theoretical model of Scharifker and Hills.

3.3.  Characterization of ZnSe deposition

Figure 12 represents the SEM image of the synthesis of the ZnSe binary obtained on a glassy carbon
electrode at -1.4 V under potentiostatic control for 780s. Two essential parts can be noted on the image.
One part consists of whitishgreyish crystals in the form of veins that we attribute to the deposition of
Se (0). A second part corresponds to a thin layer consisting of two black and whitish colored elements
that would be linked to the deposition of the binary on the surface of the carbon electrode.
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Figure 12: SEM image of ZnSe synthesis at 100°C.

Introducing the mixture of SeO, and ZnSO4.7H>0 into the ChCl-U medium (Figure 13) produces a
colorless solution under magnetic stirring. The UV range with the least interference compared to other
electromagnetic analysis techniques. The use of UV-visible spectroscopy measurement at 100°C
identifies a well-defined absorption peak at 264 nm, which is thought to be related to the presence of
the ZnSe species in the medium, in accordance with data from Venkatachalam and al. (Venkatachalam
et al 2007) and Attia and al. ( Attia and al et a/ 2019) in a molten salt medium. This result confirms
and supports previous hypotheses on the synthesis of the ZnSe binary.
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Figure 13: UV-visible spectra of the mixture of 10 mmol of SeO; and 50 mmol of ZnSO4.7H20 in a ChCIl-U
medium.

Conclusion

This work consisted of the synthesis of the ZnSe binary in a choline chloride-urea medium at 100°C.
The study of the interdependence of the cathode peaks made it possible to highlight the peak linked to
the binary and to determine the equilibrium potential (-1.40 V) of the deposition of the two precursors
salts during the formation of the binary. The ZnSe deposition peak appears at a potential of -1.30V.
Time favors the deposition of selenide much more during the formation of the binary, which explains
the presence of a greater electrodeposited charge of Se(0) during the redissolution of the deposit linked
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to the synthesis of ZnSe.Chronoamperometric analysis confirms a progressive 3D deposition. The SEM
image of the deposited layer shows non-uniform thin layers on the surface of the glassy carbon
electrode, which are likely due to the presence of the ZnSe binary, as indicated by the UV-visible
analysis.
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