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n of Cu2NiSnS4 absorber layer on
FTO substrate for solar cell applications

Omar Ait Layachi, *a Hala Hrir,a Abderrazzak Boudouma,a Lahoucine Atourki, b

Sara Azmi, c Yousra Fariat,a Meryem Nini,a Asmaa Moujiba and El Mati Khoumria

Potentiostatic and in situ electrochemical impedance spectroscopy (EIS) measurements were recorded to

study the nucleation and growth mechanisms of electrodeposited Cu2NiSnS4 (CNTS) thin films from

aqueous solution at different applied potentials. The electrodeposition process of Cu–Ni–Sn–S

precursors were studied using cyclic voltammetry and chronoamperometry techniques. The nucleation

and growth mechanism of these films was found to follow a three-dimensional progressive nucleation

limited by diffusion-controlled growth. The nucleation mechanism is found to be influenced by the

presence of S2O3
2−, which prompts the electrodeposition of S. In situ electrochemical impedance

spectroscopy (EIS) investigates the electrodeposition behavior of CNTS precursors on the surface

electrode. A capacitive behavior was observed at high frequencies, while the presence of Warburg

diffusion was detected only for potentials less negative than −1.0 V vs. Ag/AgCl. The crystallographic

structure, morphology, composition, and optical band gap of CNTS thin films was examined using X-ray

diffraction, Raman spectroscopy, scanning electron microscopy, and UV-visible spectroscopy.

Electrodeposition at −0.98 V vs. Ag/AgCl resulted in the formation of microsheets with a uniform

morphology and homogeneous thickness of sulfurized CNTS film. This potential also proved to be

optimal for achieving higher crystallinity, a pure phase, and a suitable band gap energy of approximately

1.6 eV.
1. Introduction

A great deal of work has been devoted to the production of
Cu(In,Ga)Se2 and CdTe-based solar cells, due to their excellent
optical properties and high efficiency. However, the use of toxic
heavy metals restricts the applicability and marketability of
these cells. Consequently, research focus has shied towards
quaternary chalcopyrites naturally abundant on Earth, such as
Cu2XSnS4 (where X represents Zn, Fe, Co, or Ni). In particular,
there has been considerable interest in the development of solar
cells utilizing Cu2ZnSnS4 (CZTS) as a foundational material.1–3 It
has a linearly optimal direct band energy of 1.4 to 1.6 eV, a high
absorption coefficient of 4 × 104 cm−1, and a theoretical power
energy conversion (PEC) limit of 32.2%. In practice, PEC of
CZTS has grown rapidly, initially from 0.66% (ref. 4 and 5) to
over 13%.6 Cu2FeSnS4 (CFTS) absorbs strongly at a visible
wavelength with a shi of about 1.5 eV. Yan et al.7 have fabri-
cated CFTS nanocrystals that exhibit a stable
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photoelectrochemical response using the hot injection method.
Zhang et al. have developed a colloidal method for the synthesis
of Cu2CoSnS4 (CCTS) nanocrystals in the vortex phase, based on
the dissolution process.8 Cu2NiSnS4 (CNTS) was identied as
one of the most promising candidates due to its direct band gap
and high absorption coefficient. Kamble et al. used the hot
injection method to prepare wurtzite-type CNTS nanoparticles.9

Similarly, Wang et al. used a solvothermal method to synthesize
CNTS nanoparticles with a ower-like structure.10 Sarkar and
colleagues opted for hydrothermal synthesis of CNTS nano-
particles, generating a favorable photo-response.11 CNTS has
also been elevated to counter-electrode status in dye-sensitized
solar cells. Xie and colleagues12 examined the replacement of
Zn2+ in CZTS materials, demonstrating that Cu2MnSnS4 and
Cu2NiSnS4 counter electrodes outperform Pt in DSSCs using
ZnO as the base material. Several methods have been employed
to create carbon CNTS based quaternary compounds, including
solvothermal techniques,12 spin coating,13 spray pyrolysis,14 and
electrodeposition.15–18 Among these techniques, the latter has
recently received considerable attention due to its compara-
tively simple and inexpensive process compared to other
methods such as physical vapor deposition (PVD) or chemical
vapor deposition (CVD). In addition, it shows potential for high-
volume production of thin lms containing quaternary
compounds.
RSC Adv., 2024, 14, 29439–29454 | 29439
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Studying the mechanisms of nucleation and growth through
electrochemical techniques is highly advantageous. These
methods facilitate the analysis, control, and measurement of
parameters such as current, electrode potential, and charge.
Consequently, they allow for the manipulation of supersatura-
tion (overpotential) within the system, thus inuencing the
conditions for the development of new phases from the nano-
scale to the microscale.19–21

There are few reports available concerning the electrodepo-
sition process for the creation of CNTS thin lms. These studies
employed a single-step electrodeposition method to success-
fully produce Cu2NiSnS4 thin lms, featuring a pure stannite
phase.15,22–24 Additionally, this research focuses primarily on the
electrochemical properties of CNTS thin lms, neglecting the
electrochemical mechanism. The mechanism of electro-
chemical, including the nucleation and growth processes of the
deposited layer, exerts a signicant inuence on the electrode-
position process. The electrochemical kinetics of CNTS elec-
trodeposition can also be affected by various factors, such as the
deposition potential, bulk composition, temperature bath, and
electrode material. However, to date, we are not aware of any
literature or in-depth study that addresses these issues.

In this study, CNTS were electrodeposited from a sulfate
solution. The nucleation and growthmechanisms of Cu–Ni–Sn–
S were systematically investigated. Additionally, the diffusion
coefficient (D) was calculated, the effect of S2O3

2− on the elec-
trochemical behavior of cations was examined, and the impact
of deposition potential on the surface morphology of the CNTS
layer was studied.

2. Experimental

CNTS lms were deposited by co-electrodeposition on an FTO
coated glass electrode from a 50 ml of solution consisting of
0.025 M NiSO4$6H2O, 0.02 M CuSO4$5H2O, 0.015 M SnSO4, and
0.02 M Na2S2O3 as the precursor for the electrodeposition of
Cu–Ni–Sn–S. Additionally, 0.1 M Na3C6H5O7 was employed as
the supporting electrolyte. This nal reagent served as a com-
plexing agent to reduce the reduction potential differences
between the cations and to maintain the electrolyte pH at
approximately 5.5. All chemicals were used as received without
further purication. The electrodeposition process was carried
out using a three-electrode cell with a VersaSTAT 3 potentiostat.
A platinum plate served as the counter-electrode (CE) to
measure the resultant current. About 0.45 cm2 surface of
uorine-doped tin oxide (FTO) substrate, characterized by its
transparent conductive properties, was utilized as the substrate
for thin lm deposition. This material features a substrate
thickness of 2.2 mm, a resistivity ranging from 7 to 10 U ,−1,
and a transmittance exceeding 80%. Due to its excellent
conductivity and optical transparency, FTO is widely employed
in various electronic applications, including solar cells. An Ag/
AgCl/KCl electrode was employed as the reference electrode
(RE) to precisely control the potential applied to the working
electrode. The distance between the working and reference
electrodes was approximately 1 cm to ensure accurate potential
control, while the counter electrode was placed approximately
29440 | RSC Adv., 2024, 14, 29439–29454
1.5 cm away from the working electrode to provide sufficient
separation and minimize interference. The cell was designed to
allow for efficient mixing and uniform distribution of the elec-
trolyte, ensuring consistent mass transport conditions (Fig. 1).
The cyclic voltammetry (CV) was conducted to investigate the
electrochemical behavior of the elements. Chronoamperometry
(CA) was used to monitor the electrodeposition process and
study the mechanism. Finally, the investigation of Electro-
chemical Impedance Spectroscopy (EIS) was carried out using
the same cell electrolyte. A 10 mV amplitude excitation signal
was applied to record the EIS spectra within the frequency range
of 100 kHz to 1 mHz, maintaining the same potential as the
accumulation potential during the co-electrodeposition of Cu–
Ni–Sn–S.

To achieve the desired structure of CNTS, the lms were
annealed in a sulfur-rich environment at a temperature of 550 °
C for 1 hour. The electrochemical and sulfurization process are
represented schematically in Fig. 1.

The crystallinity of the samples was assessed with high-
resolution X-ray diffraction using Cu-Ka radiation (wavelength
1.5418 Å). Raman spectroscopy was employed to conrm the
crystalline phases of the samples. The measurements were
conducted using a Raman spectrometer equipped with
a microscope and a He–Ne laser operating at an excitation
wavelength of 633 nm. The spectrometer was congured to
operate within a wavenumber range of 100 cm−1 to 500 cm−1.
The CNTS morphology was characterized by eld emission
scanning electron microscopy (SEM). Chemical composition
and mapping were analyzed by Energy Dispersive X-ray Spec-
troscopy (EDX) coupled with FE-SEM. Optical characteristics
were analyzed using a UV spectrophotometer (Shimadzu UV-
2600) over the wavelength range of 500 nm to 1400 nm.

3. Results and discussion
3.1. Electrochemical studies

3.1.1 Cyclic voltammetry. Fig. 2 presents the electro-
chemical behaviors of the CNTS precursor in a bath electrolyte
of Na3C6H5O7 (0.1 M). Cyclic voltammetry (CV) is an electro-
chemical technique used to study the electrochemical proper-
ties of materials. It determines suitable potentials for the
electrodeposition of thin lms by sweeping the potential of
a working electrode in a solution and measuring the resulting
current. This method identies reduction and oxidation reac-
tions, providing information on the electrochemical behavior of
materials and the optimal conditions for their deposition.
Generally, to deposit a metallic element, a reduction potential is
applied within the cathodic peak values, meaning a cathodic
potential.

The cyclic voltammetry CV was investigated in the range of
−1.3 to 1 V vs. Ag/AgCl. The Ni2+ voltammogram (Fig. 2a)
displays a cathodic peak starting at −1.0 V attributed to the
reduction of Ni2+ (eqn (1)) and might also be accompanied by
the hydrogen evolution reaction (eqn (7)). The introduction of
Sn2+ elements show the presence of a peak cathodic at −0.8 V
corresponding to the Sn2+ reduction (eqn (2)) (Fig. 2b). Subse-
quently, the addition of Cu2+ ions to the solution results in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the fabrication performance of CNTS thin films.
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observation of a peak at −0.3 V, attributed to the reduction of
Cu2+ ions (eqn (3)) (Fig. 2c). Following this, the S2O3

2− ion was
added to the bulk electrolyte. Fig. 2d shows a wide, large peak
around −0.9 V. This notable change can be attributed to the
chemical reactions occurring between S2O3

2− and cations.
Fig. 3a and b shows the cathodic process of Cu2+, Ni2+ and Sn2+

in presence and absence of S2O3
2−. It was clear that the addition

of S2O3
2− shied the potential peaks to the positive values. This

could be attributed to the electrodeposition of sulfur (S) (eqn
(4)–(6)), induced by the presence of metal ions. On the other
hand, there is a signicant difference between the potential
peaks of the elements shown in Fig. 3a and the peaks of the
same elements shown in Fig. 2a–c. This can be explained by the
complexing effect of Na3C6H5O7, which decreases when the
elements are in the same bath but increases when the elements
are analyzed separately. The mechanism of CNTS precursor
electrodeposition is believed as below.

Ni2þ þ 2e�/Ni

ENi ¼ �0:447 V� RT

2F
ln
�
Ni2þ

�ðvs: Ag=AgClÞ
(1)

Sn2þ þ 2e�/Sn

ESn ¼ �0:384 V� RT

2F
ln
�
Sn2þ�ðvs: Ag=AgClÞ

(2)
© 2024 The Author(s). Published by the Royal Society of Chemistry
Cu2þ þ 2e�/Cu

ECu ¼ þ0:14 V� RT

2F
ln
�
Cu2þ�ðvs: Ag=AgClÞ

(3)

S2O3
2� þ 6Hþ þ 4e�/2Sþ 3H2O

ES ¼ þ0:5 V� RT

2F
ln
�
S2O3

2��ðvs: Ag=AgClÞ
(4)

where ECu, ENi, and ESn are the Nernst potentials for the
respective half-reactions relative to the Ag/AgCl reference elec-
trode. [Cu2+], [Ni2+], and [Sn2+] represent the concentrations of
the respective ions in the electrolyte. T, F, and R denote the
temperature in kelvin, the Faraday constant, and the ideal gas
constant, respectively.25 According to the Nernst equations
provided, the standard electrode potentials are −0.44 V for Ni,
−0.384 V for Sn, 0.14 V for Cu, and 0.5 V for S. These values
illustrate signicant differences in the standard reduction
potentials among Cu, Ni, Sn, and S.

S + 2e− / S2− (5)

2Cu2+ + Ni2+ + Sn2+ + 2S2O3
2− + 16e− + 12H+ /

Cu2–Ni–Sn–S4 + 6H2O (6)

2H+ + 2e− / H2 (7)
RSC Adv., 2024, 14, 29439–29454 | 29441
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Fig. 2 Cyclic voltammograms of CNTS precursor in bath electrolytic containing Na3C6H5O7: (a) Ni2+ (0.035 M), (b) Ni2+ (0.035 M) + Sn2+ (0.015
M), (c) Ni2+ (0.035 M) + Sn2+ (0.015 M) + Cu2+ (0.02 M) and (d) Ni2+ (0.035 M) + Sn2+ (0.015 M) + S2O3

2− (0.02 M). Scan rate (25 mV s−1), potential
range (1 to −1.3 V. vs. Ag/AgCl), pH = 5.5.
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Fig. 4a shows the CV resulted from the bulk electrolyte
containing the CNTS precursor at different scan rates. All plots
show cathodic and anodic peaks consistent with those shown in
Fig. 2d. In addition, the peaks show an increase in current
intensity as the scan rate increases. Fig. 4b shows the anodic
current peaks (Ipeak) around −1 V plotted as a function of the
square root of the scan rate (v1/2). A robust linear correlation (R2

= 0.9917) is observed between v1/2 and Ipeak. This suggests that
the limitation of the CNTS precursor deposition process on the
FTO electrode surface is controlled by diffusion.
Fig. 3 Cathodic polarization curves of CNT precursor on FTO electrod
conditions: (a) without S2O3

2−, (b) with S2O3
2−, rate scan (25 mV s−1), po

29442 | RSC Adv., 2024, 14, 29439–29454
3.1.2 Chronoamperometry. Chronoamperometry (CA) is an
experiment where the potential is xed and the resulting
current at the working electrode is recorded.26 The electrode
current observed over time varies as an analyte diffuses from the
bulk solution to the sensor surface.1 Furthermore, CA can also
be used to study the nucleation and growth mechanism of the
elements.27,28 Fig. 5a presents the current transients of CNT
precursor onto FTO surface. The applied potential was selected
according to the cathodic peak of each element, as depicted in
Fig. 3a, resulting in values of −0.62 V, −1.1 V, and −1.05 V vs.
e in the electrolytic bath containing Na3C6H5O7 under the following
tential range (0 V to −1.3 V. vs. Ag/AgCl), pH = 5.5.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Cyclic voltammograms of CNTS precursor on FTO electrode at different scan rate, (b) linear plots of cathodic peak (Ipeak) current as
a function of the square root of scan rate (v1/2).
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Ag/AgCl for Cu2+, Ni2+, and Sn2+, respectively. As presented by
the schematic view of nucleation and growth mechanism in Fig.
6a, the current transient plot (Fig. 6b) shows three distinct
regions. In region (I), corresponding to the initial stage prior to
potential application, a liquid boundary layer forms between
the solid substrate and the bulk solution, as shown in the
diagram. Region (II) is characterized by a rapid increase in
Fig. 5 Transients current and their plots according to the Cottrell equat
applied are −0.62 V, −1.10 V and −1.05 V for Cu2+, Ni2+ and Sn2+ respe

© 2024 The Author(s). Published by the Royal Society of Chemistry
current density due to metal nucleation and an increase in
nucleus density. Here, electroactive species are transported to
surface-formed nuclei through hemispherical diffusion zones
developed around each nucleus.29 In addition, the radius of the
hemispherical diffusion zones increases with time due to
growth, resulting in a decrease in current density due to
a decrease in the mass ux moving toward the electrode surface
ion for: (a and b) Cu2+, (c and d) Ni2+ and (e and f) Sn2+. The potentials
ctively.

RSC Adv., 2024, 14, 29439–29454 | 29443
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Fig. 6 (a) Schematic depiction of the nucleation and growth phenomena at various stages and (b) theoretical chronoamperometry plot for
nucleation and growth mechanisms.
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within region (II). In region (III) a stabilization plateau charac-
terized by a lower current density was observed, indicating
saturated growth. Clearly, for the electrodeposition of Cu, Ni
and Sn, the shape of the current shows in Fig. 5 represents
a typical characteristic of electrochemical nucleation and
growth process. Furthermore, all transients exhibit a similar
behavior, characterized by a rapid increase in current corre-
sponding to the isolated growth of each individual copper
nucleus and the increasing number of these nuclei present on
the electrode surface, during which the transport of electro-
active species to the nuclei formed on the surface occurs
through hemispherical diffusion zones developed around each
individual nucleus. As these nuclei grow, coalescence of adja-
cent diffusion zones with localized hemispherical nuclei results
in a current maximum (Imax) followed by a decaying current,
associated with diffusion-limited growth.30 These characteris-
tics align with the nucleation of 3D hemispherical clusters fol-
lowed by diffusion-limited growth.30

The chronoamperometry results obtained from the steady-
state region of current versus time data (t $ tmax) can be
utilized to calculate the diffusion coefficient for each element
using Cottrell's equation (eqn (8)). In Fig. 5b, the data of the
transients (t $ tmax) from Fig. 3a showed a satisfactory linear
regression t to the t−1/2 values.

I(t) = nFC(D/p)1/2t−1/2 (8)
Table 1 Calculated values of diffusion coefficient of Cu2+, Ni2+ and
Sn2+

Element
Applied potential
(V. vs. Ag/AgCl)

Diffusion coefficient
D (cm2 s−1)

Cu2+ −0.62 1.00 × 10−8

Ni2+ −1.10 8.98 × 10−11

Sn2+ −1.05 1.64 × 10−8

29444 | RSC Adv., 2024, 14, 29439–29454
where I(t) is the current, nF is the molar number of electrons
transferred during electrodeposition, C is concentration, D is
the diffusion coefficient, and t is the time. Table 1 presented the
diffusion coefficient values obtained for Cu2+, Ni2+ and Sn2+.
The low values of this parameter, in comparison with the
literature,30,31 are attributed to the complexation effect intro-
duced by trisodium citrate at pH = 5.5.

The non-dimensional curves proposed by Scharier
et al.,27,32 which depict the relationship between (I/Imax)

2 and t/
tmax, are commonly employed. According to this model, there
exists two different modes of nucleation, namely instantaneous
nucleation, and progressive nucleation. In the scenario where
the rate of nucleation is considerably faster when compared to
the resultant rate of growth, subsequent nuclei are formed at all
potential growth sites within a very brief period, thus leading to
the classication of nucleation as instantaneous. Conversely, if
the rate of nucleation is slow, nucleation will persist to occur at
the surface while the previous nucleation centers continue to
grow, resulting in the term progressive nucleation. To investi-
gate nucleation and the kinetics of growth, the experimental
outcomes were compared to the theoretical model that was
normalized in terms of the maximum current, Imax, as well as
the time at which the current density reached its maximum
value tmax. This is achieved by comparing experimental obser-
vations with theoretical predictions.27,33

For instantaneous nucleation:�
j

jmax

�2

¼ 1:9542
tmax

t

�
1� exp

�
�1:2564

t

tmax

��2
(9)

And for progressive nucleation:

�
j

jmax

�2

¼ 1:2254
tmax

t

"
1� exp

 
�2:3367

�
t

tmax

�2
!#2

(10)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Theoretical plots of instantaneous and progressive nucleation processes and experimental plots of: (a) CNT precursor, (b) CNT precursor
in presence of S2O3

2−.
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The current transients shown in Fig. 5a are plotted again in
a dimensionless form in Fig. 7a and compared with the theo-
retical transients. The theoretical curves illustrating progressive
Fig. 8 (a) Transients current of CNTS precursor at different applied poten
as deposited CNTS film deposited at −0.98 V, and (d) mechanism involv

© 2024 The Author(s). Published by the Royal Society of Chemistry
nucleation and instantaneous nucleation (dotted lines) limited
by diffusion growth are also presented. According to Fig. 7a it's
shown that the curves of Cu2+ and Sn2+ are not described
tials, (b) the corresponding Scharifker–Hills' models, (c) SEM images of
ing progressive nucleation and growth as hemispherical centers.
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adequately by the theoretical models of instantaneous and
nucleation growth. This behavior could be attributed to addi-
tional processes, such as the inuence of a complexation agent
or mass transport limitations.34 For Ni2+, the curve shows that
probably the nucleation is both instantaneous and progressive
before tmax and becomes instantaneous aer tmax. In another
hand, Fig. 7b presented the nucleation and growth mechanism
of CNT precursor in presence of S2O3

2−. The curve for Sn2+

remains above the peak, while Cu2+ exhibits instantaneous
nucleation before tmax and gradually conforms to the model
aer tmax. The Ni2+ curve demonstrates a transition to instan-
taneous nucleation aer the addition of S2O3

2−. These behav-
iors can be explained by interactions between S2O3

2− and
cations: it is possible to consider that the chemical reaction at
the surface between the S2− ions generated in the bath and
cations (eqn (1)–(5)) could alter the nucleation and growth
mechanism process,21 additionally, the effect of complexation
between metal ions and S2O3

2− may contribute to this behavior
(eqn (11)).21,35 Fig. 3 demonstrates that S2O3

2− electrodeposition
is induced by the presence of metallic ions, further impacting
the nucleation and growth mechanism of the process.

2S2O3
2− + 2Cu2+ / S4O6

2− + 2Cu+ (11)

Fig. 8a presents a series of chronoamperometry curves for
the CNTS precursor on the FTO electrode. Various potentials,
namely −0.98 V, −1.00 V, and −1.10 V vs. g/AgCl, were applied.
Fig. 9 Transients current density (j) vs. (t−1/2) for the decreasing parts of
−1.10 V.

29446 | RSC Adv., 2024, 14, 29439–29454
It was observed that the current intensity increased with higher
applied potential. Furthermore, the transient current density
proles obtained in all cases reveal the nature of the electro-
chemical nucleation and growth process. Furthermore, Fig. 8a
indicate that the transients exhibit a similar behavior, charac-
terized by a rapid increase in current corresponding to the
isolated growth of each individual nuclei and the increasing
number of these nuclei present on the electrode surface, during
which the transport of electroactive species to the nuclei formed
on the surface occurs through hemispherical diffusion zones
developed around each individual nucleus. As these nuclei
grow, coalescence of adjacent diffusion zones with localized
hemispherical nuclei results in a current maximum (Imax) fol-
lowed by a decaying current, associated with diffusion-limited
growth.30 These characteristics align with the nucleation of 3D
hemispherical clusters followed by diffusion-limited growth.30

Fig. 8b illustrates the experimental data aer normalization
using the expressions (j/jmax)

2 and (t/tmax). The corresponding
theoretical model curves are also displayed. The observed
representation indicates a signicant agreement between the
experimental plots and the progressive nucleation mode fol-
lowed by 3D diffusion limited growth over the measured
potential range. As a result, the rate of nucleation of CNTS
precursor is slow, while the previous nucleation centers
continue to grow.

SEM examination of the surface of a CNTS (−0.90 V) thin lm
deposited on an FTO substrate revealed a dense lm (Fig. 8c).
Fig. 8a at different applied potentials: (a) −0.98 V, (b) −1.00 V and (c)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Although the CFTS lm covered the surface, it exhibited cracks.
The morphology resembles a stone pattern or crown shyness in
trees (Fig. 8c). As the deposition progresses, the size of CNTS
nuclei increases, along with a rise in their quantity, suggesting
a time-dependent progressive feature. This conrms the
behavior mechanisms shown in Fig. 8b. In a progressive
nucleation mechanism, an overpotential is required to drive the
electron transfer reaction to form nuclei large enough to be
stable. This process involves several distinct stages: nucleation
of the new phase, growth of individual metal centers, over-
lapping of growing centers to form a complete layer, and
thickening of the complete layer. These stages are shown in
Fig. 8d.

In Fig. 9, it is evident that the correlation between the values
of j and t−1/2 during the nal stages of the transient curves (t >
tmax) exhibits linearity across the potential range. The above
results conrm that the process of CNTS precursor deposition
on an FTO substrate is limited by diffusion phenomena.

3.1.3 In situ electrochemical impedance spectroscopy
(EIS). Fig. 10 presented an investigation of in situ electro-
chemical impedance spectroscopy (EIS) during electrodeposi-
tion of CNTS precursor at various applied potentials.
Electrochemical transformations that occur at the electrode/
electrolyte interface can be modeled by extracting components
of the electronic equivalent circuits that correspond to the
Fig. 10 In situ EIS measurements during electrodeposition of CNTS precu
and (d) comparison of all EIS curves.

© 2024 The Author(s). Published by the Royal Society of Chemistry
experimental impedance spectra. The circuit consists of several
elements, namely the ohmic resistance of the electrolyte solu-
tion (Rs), the Warburg impedance (W), constant phase elements
(CPEs) can be considered as non-ideal capacitors where the
value of Q is analogous to that of capacitance, while also
incorporating the factor of ideality, denoted by n, and the
electron transfer resistance (Rct). Within the electronic circuit,
the Rs and W components represent the overall characteristics
of the electrolyte solution and the diffusion behavior of the
redox elements in the solution, respectively.36 Fig. 11. Presents
a schematic illustration of the succussive steps involved in
electrodeposition and its equivalent circuits. As the charging of
the electric double-layer capacitor progressed, the overpotential
across the double layer became sufficient to initiate the ion
discharge reaction. Concurrently, nucleation and growth took
place, as depicted in the schematic illustration in Fig. 11a. The
corresponding circuit model for this process consisted of two
resistors and a capacitor in series (R(RQ)), as demonstrated in
Fig. 11c. Throughout the nucleation and growth stages of the
deposits, the diffusion zones surrounding the center do not
bring enough ions for discharge, resulting in a slowdown of the
electrodeposition rate controlled by diffusion control (Fig. 11b).
The equivalent circuit included two resistors, a capacitor, and
an inductance caused by diffusion denoted “W”, connected in
series (R(Q(RW))), as shown in Fig. 11d. In the process, the
rsor at different applied potentials: (a)−0.98 V, (b)−1.00 V, (c)−1.10 V,

RSC Adv., 2024, 14, 29439–29454 | 29447
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Fig. 11 Schematic depiction and corresponding circuitry during electrodeposition process. (a) Nucleation and growth; (b) diffusion control
process and diffusion region overlap; (c) equivalent circuit for nucleation and growth; (d) equivalent circuit for diffusion control process.
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diffusion region around each active point was expanded,
resulting in an overlapping region, as shown in Fig. 11b.36

The Nyquist plots, represented by the dotted curves in
Fig. 10, extend a frequency range from 0.01 Hz to 100 kHz under
an amplitude of 0.01 V. In all cases the EIS spectra depict
capacitive behavior at high frequencies through semicircles,
specically related to interfacial impedance. This includes
capacitance associated with double layer or electron transfer.
Fig. 10a and b shows the appearance of Warburg impedance
indicated by 45° straight line. This impedance arises from the
transport of CNTS precursor in the solution and becomes more
prominent at higher frequencies as the deposition potential
becomes more negative. Moreover, the lack of Warburg
impedance presented in Fig. 10c at applied potential of −1.10 V
could suggest that the electrodeposited layer is comparatively
thin. Within the Nyquist plots (Fig. 10d), the diameter of the
semicircle reects the Rct value, which indicates the redox
conversion of the electroactive marker CNTS precursor on the
electrode at a given potential. As we can see in Table 2, the
electrochemical response decreases at −1.10 V (64.16 U)
compared to the response at −1.00 V (125.80 U) and at −0.98 V
(187.60), which indicate the rapid electron transfer process of
CNTS precursor at −1.10 V.37
Table 2 Fitted parameter values obtained from EIS measurements at va

Applied potential
(V. vs. Ag/AgCl) Rs (U) Rct (U)

−0.98 60.82 � 0.60 187.60 � 1.19
−1.00 59.69 � 2.60 125.80 � 6.23
−1.10 59.12 � 1.09 64.16 � 4.62

29448 | RSC Adv., 2024, 14, 29439–29454
3.2. Structure and properties of the sulfurized thin lms
composed of CNTS

The precursor thin lms were electrodeposited at 550 °C for 1
hour in the presence of sulfur powder.38 The structural and
properties of the resulting CNTS thin lms are presented in the
following study.

3.2.1 XRD analysis. Fig. 12 presented the XRD patterns of
CNTS lms electrodeposited at different reduction potential.
The characteristic peaks observed around 28.80°, 47.54°, and
56.73° correspond to the (111), (220), and (311) planes, respec-
tively of the Cu2NiSnS4 cubic cell (space group F�43m), as indi-
cated in the powder diffraction le ICDD 00-026-0552 (ref. 39)
(Fig. 12a), and are also consistent with previous ndings
studies.10,11,40 FTO reection is presented at 38.04°.41 The crys-
tallinity of CNTS phase improved as the potential applied
decreased. In addition to these peaks, there were additional
peaks indicating the presence of impurity phases such as binary
compounds (NiS2, CuS, and SnS) and a ternary compound
(Cu2SnS3). The existence of the NiS2 phase can be deduced by
the diffraction lines at 2q= 27.02°, 31.84°, and 35.76° (ICDD 01-
078-4702). The SnS and CuS phases can be noticed around 2q =
31° (ICDD 04-008-7739, ICDD 00-23-0959 respectively). The
rious applied potentials

W (U s−0.5)

CPE

Q (S sn) n (×10−3)

58.01 � 3.76 0.072 � 0.005 796 � 1.13
76.65 � 7.66 0.253 � 0.013 899 � 4.58
— 12.0 � 0.25 999 � 3.10

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) XRD patterns of CNTS sulfurized films at different applied potentials, (b) XRD patterns of CNTS film obtained at −0.98 V and (c) the
mean peak intensity of 112 reflections.
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ternary Cu2SnS3 phase exhibits identical reection peaks, as
depicted in Fig. 12b (ICCD 00-026-0552).

Structural parameters such as the lattice parameters (a, b,
and c), the reticular distance (dhkl), the full width at half
maximum (b), the average crystallite size (D), the microstrain
(3), and the dislocation density (d) were determined. The values
of the reticular distance for CNTS thin lms on the mean peak
(111) plane were calculated using the Bragg equation (eqn
(12)).42

nl = 2dhkl sin q (12)

As mentioned above, the CNTS thin lms have a cubic
structure, resulting in equal lattice parameters (a = b = c).
Therefore, the lattice parameters were determined using the
formula for reticular distance (eqn (13)). The Gaussian Fourier
transform of the primary peak (111) is shown in Fig. 12c. The
average crystallite size (D) is determined using the Debye–
Scherrer formula (eqn (13)).

dhkl ¼ affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi	
h2 þ k2 þ l2


q (13)

D ¼ kl

b cosðqÞ (14)
Table 3 Structural parameters of CNTS electrodeposited thin films

Applied potential (V) (hkl) 2q (°) b (°) D (nm

−0.98 111 28.897 0.004712 30.40
−1.00 111 29.143 0.004398 32.60
−1.10 111 28.995 0.006475 22.13

© 2024 The Author(s). Published by the Royal Society of Chemistry
In this equation (eqn (14)), the shape factor (k = 0.9) is denoted
by the variable k, the X-ray wavelength (1.5406 Å) is represented
by the symbol l, the full width at half maximum (FWHM) is
denoted by b, and the Bragg diffraction angle is represented by
the symbol q.

The microstrain (3) can be formulated as follows (eqn (15)):40

3 ¼ b

4 tanðqÞ (15)

The dislocation density (d) can be assessed using the Wil-
liamson and Smallman formula (eqn (16)):43

d ¼ 1

D2
(16)

Details of comprehensive data, encompassing the primary
structural parameters, are presented in Table 3.

The crystallite size calculated using Debye–Scherrer formula
was found to be 30.40 nm, 32.60 nm and 22.13 nm for CNTS
these lms electrodeposited at −0.98 V, −1.00 V and −1.10 V
respectively. As can be seen, the crystallite size decreases at
−1.10 V potential. In another hand, it is worth noting that the
increase in grain size leads to a reduction in grain boundaries,
which in turn reduces recombination and increases the effective
diffusion length of minority carriers. This leads to an increase
) d-Spacing (Å) a = b = c (Å) 3 d (nm−2)

3.090 5.351 0.00457 0.00108
3.064 5.307 0.00422 0.00094
3.080 5.333 0.00626 0.00204

RSC Adv., 2024, 14, 29439–29454 | 29449
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Fig. 13 Raman spectra analysis of sulfurized CNTS thin films electrodeposited at different potentials: (a) −0.98 V, (b) −1.00 V and (c) −1.10 V.

Fig. 14 (a) SEM image, (b) cross-sectional, (c) the individual elemental mappings and (d) the EDS analysis of the sulfurized CNTS thin film
deposited at −0.98 V. vs. Ag/AgCl.

29450 | RSC Adv., 2024, 14, 29439–29454 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 (a) UV-visible absorption spectra and (b) band gap energy of CNTS thin films at different potential.
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in short-circuit photocurrent in polycrystalline solar cells.44 The
calculated value of the lattice parameter is a = 5.3 Å and other
parameters are listed in Table 3.

3.2.2 Raman analysis. Fig. 13 presents the Raman spectra
analysis tted using Lorentzian functions. The low peak inten-
sity approximately at 282 cm−1 and the most intense peak
around 330 cm−1 correspond to two peaks associated with the
A1 vibration of the CNTS lattice.38,45 The peak at 282 cm−1 is not
observed at−0.98 V. Conversely, based on the intensity and Full
Width at Half Maximum (FWHM), the peak at 282 cm−1 shows
a slight decrease in intensity as the deposition potential
increases from −1.00 V to −1.10 V. Moreover, a higher intensity
of the peak corresponds to larger crystallites and smaller micro-
strain. These results agree with the XRD structural parameters
given in Table 3. The peaks at 294–302 cm−1 and 345–350 cm−1

are characteristic of the orthorhombic CTS phase.46 The low-
intensity peak observed between 312 and 317 cm−1 can be
attributed to the surface-formed SnS2 and/or CTS,47 which
increases as the potential rises. This phenomenon can be
elucidated by the increased concentration of Sn element, as
demonstrated by SEM mapping analysis shown in Fig. 14.

3.2.3 SEM-EDS-mapping. Fig. 14a shows themorphology of
sulfurized CNTS thin lms deposited at −0.98 V vs. Ag/AgCl on
FTO-coated glass substrates.48–50 The SEM images of the
surfaces of CNTS lms at potentials of −0.98 depict a micro-
sheets structure with a somewhat homogeneous surface and
uniform size distribution. Moreover, the presence of numerous
large voids and/or cavities is noticeable. The thickness of CNTS
lm was found to be homogeneous and measured around 8 mm
(Fig. 14b).

The SEM-EDX elemental mapping technique provides
insight into the spatial distribution of various compositional
elements. The same gure displays the elemental mapping for
Cu, Ni, Sn and S of the CNTS thin lms revealing approximately
uniform distribution of all compositional elements (Fig. 14c).
The concentration of Cu was found to be important, which may
indicate the low complexation with tri-sodium citrate, while the
Ni and Sn EDS analysis have the same concentration (Fig. 14d).
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.2.4 Optical analysis. The optical band gap energy of CNTS
lms, electrodeposited in various electrolytes, was determined
using Tauc's relation (eqn (17)). This involved extending the
linear portion of the graph that illustrates the relationship
between (ahn)2 and energy (hn) through extrapolation.

ahn = (A(hn − Eg))
1/2 (17)

The optical characteristics of the synthesized CNTS nano-
crystals are illustrated in Fig. 15a. A broad optical absorption in
the visible range and a tail extending to longer wavelengths can
be observed from the measurement. As is commonly under-
stood, Cu2NiSnS4 is a direct bandgap semiconductor, with
a bandgap value of approximately 1.5 eV. The optical band gap
(Eg) of sulfurized CNTS samples electrode at different potential
is determined by extrapolating the linear portion of the (ahn)2

versus photon energy (hn) curve to the intercept on the hori-
zontal photon energy axis (Fig. 15b). The value of band gap is
1.68 eV, 1.73 eV and 1.89 eV for thin lms CNTS −0.98 V, CNTS
−1.00 V and CNTS−1.10 V respectively. The signicant increase
in band energy observed in CNTS −1.00 V and CNTS −1.10 V
may be attributed to the presence of secondary phases.

4. Conclusion

The CNTS thin lms of absorbers made of low-cost, readily
available, and environmentally safe have been synthesized
through the process of electrodeposition with a constant
applied potential followed by sulfurization at high tempera-
tures. The electrochemical reduction behavior of Cu–Ni–Sn–S,
as well as its nucleation and growth kinetics on the FTO-coated
electrode surface, were investigated in trisodium citrate elec-
trolyte solutions. We have demonstrated that the initial phase
of CNTS precursor electrodeposition for all chosen potentials
corresponds to three-dimensional progressive nucleation with
growth controlled by diffusion of the nuclei. The nucleation
mechanism is found to be inuenced by the presence of S2O3

2−

as well as inducing the electrodeposition of metal–S. In situ
electrochemical impedance spectroscopy demonstrated capac-
itive behavior at high frequencies. However, the presence of
RSC Adv., 2024, 14, 29439–29454 | 29451
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Warburg diffusion was observed only for potentials lower than
−1.0 V vs. Ag/AgCl. The cubic quaternary lms with high crys-
tallinity were achieved by applying −0.98 V vs. Ag/AgCl. SEM-
EDS analysis revealed a uniform morphology of microsheets
of sulfurized CNTS lm, with a homogeneous thickness of 8 mm,
while EDS indicated a signicant concentration of Cu, sug-
gesting low complexation by trisodium citrate. The optimal
band gap energy, determined from the visible absorption
spectra provided by CNTS electrodeposited at −0.98 V, was
found to be −1.6 eV.
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