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In the present study, the role of electrolysis current density in the range of 0.1-0.5 A/cm? on the formation
of the phase composition, crystal lattice, particle thickness, and morphology of the powdery product obtained
during the electrochemical dissolution of zinc using a carbon cathode was analyzed for the first time. The
synthesis was carried out at a temperature of 90 °C and a process duration of 20 min in an inert electrolyte
medium consisting of a 1 M sodium chloride solution with the addition of 0.2 M thioacetamide as a sulfur
source, both in the absence and in the presence of the ATLAS surfactant. The results of X-ray phase analysis,
X-ray structural analysis, and energy-dispersive X-ray analysis showed that the synthesized precipitates
consist predominantly of zinc sulfide in the sphalerite modification (a-ZnS), with a minor amount of ele-
mental sulfur detected. It was established that the unit cell parameters change with current density in a
nonlinear manner. At the same time, the adding of ATLAS surfactant into the electrolyte during the synthe-
sis stage leads to a noticeable decrease in the crystal lattice parameters of the final product. The thickness
of zinc sulfide particles, estimated using the Scherrer formula, exhibits a tendency to increase with increas-
ing current density, ranging from approximately 4 to 5 nm. The addition of ATLAS surfactant to the electro-
lyte has little effect on the particle thickness. Analysis of SEM images of samples MP5 and MP10, synthe-
sized at the same current density of 0.50 A/cm? but without surfactant and with 0.5 g/l ATLAS in the elec-
trolyte, respectively, revealed a significant difference in particle sizes. The particles in sample MP10 are
several times smaller than those in sample MP5, indicating the effective role of ATLAS as a particle growth

stabilizer and its ability to promote the formation of a more monodisperse powder.
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1. INTRODUCTION

A distinct place among nanomaterials is occupied by
chalcogenides of elements from the zinc subgroup, which
exhibit semiconducting properties. In particular, zinc
oxide and zinc sulfide possess a wide band gap, which
promotes their application in materials science. Another
important aspect of research in the field of
nanochemistry and nanotechnology is the search for
methods and approaches to obtain particles with the
narrowest possible size distribution. For this purpose,
various particle growth stabilizers are employed [1-5].

Semiconductor nanomaterials are of particular
interest due to their size-dependent optical, electrical,
and surface characteristics, which enable their
application in optoelectronics, sensing, catalysis, and
energy-related technologies [6]. Significantly,
chalcogenides of group II elements represent an
important class of compounds owing to their chemical
stability and pronounced quantum size effects.

Zinc sulfide (ZnS) is a wide-band-gap II-VI
semiconductor that has been extensively investigated at
the nanoscale because of its favorable electronic
structure, high exciton binding energy, and
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environmental compatibility [7-8]. When the particle
size 1s reduced to the nanometer scale, the properties of
7ZnS become strongly dependent on synthesis conditions,
including particle size, crystallinity, defect density, and
chemical composition [9]. Consequently, the controlled
preparation of ZnS nanoparticles with narrow size
distributions and well-defined composition remains a
central challenge in nanochemical synthesis.

Taking into consideration of mentioned above,
current density plays a key role, as it directly
determines the rate of electrochemical processes and the
local concentration of reactive species in the vicinity of
the electrode surface. Changes in current density can
lead to significant variations in particle size,
morphology, defect concentration, and stoichiometry of
the synthesized nanomaterials [10]. Despite numerous
studies on the electrochemical synthesis of ZnS
nanoparticles, the effect of current density on their
chemical composition has not been sufficiently clarified,
particularly in systems employing sulfur-containing
precursors such as thioacetamide.

In this work, the effect of current density on the
chemical composition of ZnS nanoparticles synthesized by
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electrolysis of an aqueous sodium chloride solution is
investigated using a soluble =zinc anode, with
thioacetamide serving as a sulfur-containing precursor.
The synthesis is carried out both in the absence and in the
presence of ATLAS FLUKA surfactant to evaluate its role
in stabilizing nanoparticle growth and modifying the
chemical composition of the product. The results of this
study provide insight into the nanochemical mechanisms
governing ZnS nanoparticle formation and contribute to
the development of controlled electrochemical synthesis
strategies for semiconductor nanomaterials.

2. EXPERIMENTAL DETAILS

Nanosized precipitates were obtained by electrolysis of
an aqueous solution containing NaCl and TAA, without the
addition of surfactant (the first five experiments) and with
the addition of ATLAS surfactant (the subsequent five
experiments). Electrolysis was carried out in a
galvanostatic mode at a constant temperature of 90 °C
using a two-electrode system consisting of a zinc plate
(anode) and a carbon rod with a surface area of 5cm?
(cathode), with an electrolysis duration of 20 min.

For the experiments, 1 L of electrolyte was prepared
as a sodium chloride solution with a concentration of
1 Mand 0.2 M TAA, and 1 L of an identical solution (1 M
NaCl and 0.2M TAA) containing 0.5 g of ATLAS
surfactant. Approximately 200 mL of electrolyte was
used for each experiment. In total, 10 experiments were
conducted. The experiments differed in current intensity
1, current density j, and applied voltage U.

The numbering of samples, the content of
surfactants, and the voltage during electrolysis are
presented in Table 1.

Table 1 - The numbering of samples, the content of
surfactants, and the voltage during electrolysis
Content of J
No surfactant, | I, A ’ UvVv
A/sm?
g/l
MP1 0 0.48 0.096 1.6
MP2 0 1.00 0.200 2.4
MP3 0 1.54 0.308 3.5
MP4 0 2.00 0.400 4.1
MP5 0 2.51 0.502 4.9
MP6 0.5 0.48 0.096 1.5
MP7 0.5 1.00 0.200 2.3
MP8 0.5 1.54 0.308 3.2
MP9 0.5 2.00 0.400 4.0
MP10 0.5 2.51 0.502 4.8
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for Collective Use of Scientific Equipment “Laboratory
of Materials Science of Intermetallic Compounds” at
Ivan Franko National University of Lviv. A detailed de-
scription of the microscope and the energy-dispersive
microanalyzer is provided in Appendix A. X-ray diffrac-
tion patterns of the synthesized powders were recorded
by the head of the X-ray laboratory using a DRON 4-13
diffractometer with Cu Ko radiation.

The results of phase analysis, carried out with using
program package WINCSD of ZnS (SG F-43m), are pre-
sented in Fig. 1.
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The extraction of synthesized nanopowders and the
mechanism of electrolytic formation of zinc sulfide are
described in [11].

The powdery precipitates were analyzed by X-ray
phase and structural analysis to determine their crystal
structure and particle size. The chemical composition of
the powders was examined using energy-dispersive
X-ray microanalysis (EDX).

Particle morphology and approximate particle sizes
were evaluated from images obtained using a Tescan
Vega3 LMU scanning electron microscope at the Center
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Fig.1-The calculated diffractograms of the samples

MP1-MP5 (without ATLAS) and MP6-MP10 (in the presence of
ATLAS)

The structure of a-ZnS is a cubic close-packed lattice
(Fig. 2). In this structure, zinc and sulfur atoms occupy
the same positions as in the diamond structure: the lat-
tice can be described as two equivalent face-centered cu-
bic (FCC) sublattices, each containing four atomic posi-
tions. These sublattices are displaced relative to each
other by a vector in the [1/4 1/4 1/4] direction. If the
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lowest layer is denoted as A, the ABC stacking sequence
is observed in the cubic sphalerite structure.
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Fig. 2 - Projection of the crystalline structure of synthesized
7ZnS nanoparticles: a) and b) the unit cell; ¢) Packaging of tetra-
hedrons of [ZnS4]¢-; d) second coordination environment

The results obtained using an energy-dispersive
X-ray microanalyzer (EDXR analysis) are presented in
Table 2.

Table 2 — The results of EDXR analysis

No MP1 MP3 MP5
Jj, Alem? 0.096 | 0.308 0.502
[Atlas], g/L 0 0 0
Xzzn (mol. %) 47.89 48.74 45.85
Xzs (mol. %) 52.11 | 51.26 54.15
Xzns (mol. %) 95.78 | 97.48 91.7
xs (mol. %) 4.22 2.52 8.3
with ATLAS

No MPé6 MP8 MP10

Jj, Alcm?2 0.096 0.308 0.502
[Atlas], g/L 0.5 0.5 0.5
Xzzn (mol. %) 45.31 48.83 48.01
Xzs (mol. %) 54.69 51.17 51.99
Xzns (mol. %) 90.62 97.66 96.02
xs (mol. %) 9.38 2.34 3.98

As shown by the EDX analysis results, the main
product of the synthesis is zinc sulfide with sulfur impu-
rities ranging from 2 to 9 %. Sulfur is likely formed dur-
ing the electrolysis process from sulfide ions generated
both as a result of electrochemical reactions and through
the hydrolysis of TAA. A portion of the sulfide ions that
do not have sufficient time to convert into zinc sulfide
precipitate in the form of elemental sulfur.

The results of crystallographic calculations are sum-
marized in Table 3.

All unit cell parameters are noticeably smaller for
the samples obtained in the presence of a surfactant in
the electrolyte. Regarding the effect of current density,
a stepwise, nonlinear dependence is observed (Fig. 3-5).
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Table 3 — The results of crystallographic calculations of the
samples MP1-MP10

No [aA| vkt [T g | AaS]
MP1 |5.399| 157.4 2.338 0.096 0
MP2 |5.401| 157.6 2.339 0.200 0
MP3 |5.396| 157.1 | 2.3364 0.308 0
MP4 |5.402| 157.6 2.339 0.400 0
MP5 |5.393| 156.9 | 2.3353 0.502 0
MP6 |5.397| 157.2 2.337 0.096 0.5
MP7 |5.395| 157 2.3361 0.200 0.5
MP8 |5.398| 157.3 | 2.3375 0.308 0.5
MP9 |5.397| 157.2 2.337 0.400 0.5
MP10 | 5.39 | 156.6 | 2.3341 0.502 0.5
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Fig. 3 — Dependence of parameter a of the ZnS unit cell on cur-
rent density
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Fig. 4 - Dependence of volume (V) of the ZnS unit cell on cur-
rent density
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Fig. 5 — Dependence of interatomic distance Zn-S on current
density

The lattice parameter a and the unit cell volume V
are correlated: local maximum of a correspond to local
maximum of V, and minimum correspond to minimum.
This behavior is expected for a cubic unit cell (V, A?’).

The absolute variations of a (~ 0.02 A) are small
(~0.37% of the average value), but statistically

JJ. NANO- ELECTRON. PHYS. 18, 01032 (2026)

significant for X-ray diffraction measurements, as they
correspond to noticeable changes in interatomic dis-
tances. A change in V of approximately 1 A3 (~0.64 %)
is also physically meaningful, since even small concen-
trations of interstitial defects, vacancies, or impurities
can produce such shifts.

Vacancies of Zn or S, as well as interstitial Zn defects
(Zn[:), alter the average lattice spacing. An excess of Zn
leads to an increase in a and V, whereas sulfur deficiency
or compensated non-stoichiometry results in a decrease in
unit cell volume due to a more compact atomic arrange-
ment. Foreign impurities (e.g., oxygen) substituting for sul-
fur in the lattice may either decrease or increase the lattice
parameters, depending on the substituting atom and its
ionic radius. Smaller crystallites (nanoscale crystallite size
D) often exhibit lattice expansion due to surface pressure
or strain effects, whereas larger grains tend to show lattice
parameters closer to literature values.

Although ZnS is the dominant phase in the overall
Rietveld refinement, weak impurity phases (such as
ZnO, polytypic modifications, or non-stoichiometric com-
plexes) may affect the positions of the main diffraction
peaks through peak overlap or background shifts. Local
maximum (MP2, MP4) may correspond to synthesis con-
ditions that yield the most “pure” and least defective cu-
bic lattice, and thus larger values of a.

The synthesis temperature and heat-treatment du-
ration determine the defect equilibrium: higher temper-
atures generally promote defect relaxation and bring the
unit cell dimensions closer to their thermodynamic equi-
librium values, whereas rapid cooling can “freeze in”
metastable defects. MP2 and MP4 (local maxima of a
and V) most likely correspond to synthesis conditions
(optimal temperature, duration, and sulfur excess) that
minimize vacancy concentration, resulting in the largest
unit cell volume. MP5 and MP10 (minimum) are likely
associated with more pronounced non-stoichiometry and
possibly impurity incorporation, leading to reduce a.
MP3 and MP6-MP9 (intermediate values) reflect a com-
bination of partial recrystallization, partial defect relax-
ation, and moderate non-stoichiometry.

The particle thickness of the zinc sulfide powders
was estimated using the Scherrer formula, and their
morphology was also taken into account based on SEM
images. As shown in Table X and Fig. 3-6, the average
particle thickness decreases with increasing TAA
concentration, ranging from 4 to 5 nm. Thus, it can be
concluded that the zinc sulfide particles are nanosized
in terms of thickness. The results also indicate a
tendency for a slight increase in particle thickness with
increasing current density.

5.5
‘ \ MP10
5 0,5 gfL. Atlas
€45
=
4 E

0.6
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Fig. 6 — Dependence of the thickness of ZnS nanoparticles on
current density
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Table 4 — The results of the calculation of the thickness of the
samples MP1-MP10

o [ | P TR
MP1 2.14 0 0.096 4.01
MP2 1.94 0 0.200 4.42
MP3 1.87 0 0.308 4.59
MP4 1.8 0 0.400 4.76
MP5 1.93 0 0.502 4.44
MP6 1.93 0.5 0.096 4.44
MP7 1.93 0.5 0.200 4.44
MP8 1.9 0.5 0.308 4.51
MP9 1.88 0.5 0.400 4.56
MP10 1.69 0.5 0.502 5.07

Fig. 7 - SEM photographs of samples MP5 (a) and MP10 (b),
obtained at the same current density of 0.5 A/em?2. Sample
MP10 was synthesized with a content of 0.5 g/Li of ATLAS sur-
factant, and sample MP5 was synthesized without surfactant

Adding ATLAS surfactant to the electrolyte does not
contribute to obtaining smaller particles in thickness, in
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Bruiue ryctuHu cTpyMy Ha XiMIiYHHE CKJIAJ HAHOYACTHHOK ZnS 3a BimcyTHOCTI Ta

npucytHocti IIAP ATLAS FLUKA
0.B. Cumitrox!, O.M. Amuyxk2, M.O. ITyx2, B.M. Kopmam3, O.B. Mapuyxk!

1 Boniurncbkuli HayloHabHUl yHigepcumem imenl Jleci Yipainku, 43025 Jlyuvk, Ykpaina
2 HosososuncbKull Hayrosuli niyel, 45400 Hososonuncok, Yipaina
3 Jlveiecoruil HayloHabHUl yHisepcumem imeri leana @parnka, 79000 Jlveis, Yipaina

VY nmaHomy HOCHIIKEHHI BIeEpIe IIPOAHAI30BAHO POJIb T'YCTUHHU CTPYMY €JIEKTPOJI3y B miamasdoni 0,1-
0,5 A/em? Ha dopMyBaHHS (PA30BOTO CKIIATY, KPUCTAJIYHOI IPATKH, TOBIIMHU Ta MOPQOJIOril YaCTUHOK IT0PO-
IIKOIOAI0HOT0 IPOJIYKTY, OTPHMAHOTO IIiJ] YacC eJIEKTPOXIMIYHOIO PO3YHMHEHHS IIMHKY 3 BUKOPUCTAHHSIM BYTi-
nbHOro karoma. Cunres aaiticHoBasm 3a Temmepatypu 90 °C Ta Tpusasocti mporiecy 20 XB y cepeJOBHIII 1H-
IUdepPeHTHOro eJIeKTPoIiTy — 1 M posumuy HaTpiit xmaopuay 3 momasanusM 0,2 M TioatieraMiny Ak Jxepesia
cysibdypy, AK 3a BIICYTHOCTI, TaK 1 3a HasgBHOCTI moBepxHeBo-akTHBHOI peuoBuuu ATLAS. Pesymsratm
PEHTTeH0(a30BOT0, PEHTIEHOCTPYKTYPHOTO T €HEePTOJUCIIEPCITHOTO PEHTTEHIBCHKOT0 aHAIII3Y TTOKA3AIIH, ITI0
CHHTE30BaHI 0CaM CKJIATAITHCA MEePeBAKHO 3 IIMHK Ccyabdimy y cdhaseputHiit mogudikarii (a-ZnS), npu
oMy (hiKCyeThCsT He3HAYHA JOMIIIIKA eJleMeHTapHoI cipku. BeraHoBiieHo, 110 mapamMeTpu eJieMeHTapHOI KO-
MIpKH 3MIHIOIOTBCS 3 TYCTHHOIO CTPYMY 3a HesHiiHuM 3akoHoM. Boguouac BBemenns [TAP ATLAS no esexr-
POJIITY Ha eTalll CHHTe3y IPU3BOAUTE [0 IIOMITHOTO 3MeHIIeHHs [TapaMeTpiB KPUCTAIIYHOI IPATKH y KiHIle-
BoMy npoaykri. OIfiHKa TOBIIMHY YACTUHOK IIUHK CyJibdiny, BukoHaHa 3a dopmysowo llleppepa, 3acsimunia
TEHIEHITIo 10 11 3poCTaHHA 31 30LIbIIEHHAM I'YCTUHH CTPyMY — Bif mpubiansHo 4 1o 5 am. [Ipu mpomy moxa-
BauHaA [IAP ATLAS 110 eJIeKTpoJIiTy IIPpaKTUYHO He BIUIMBAE HA BeJIUMYNHY TOBITUHH YacTHHOK. AHamis CEM-
300paskens 3paskiB MP5 ta MP10, cuaTesoBanux 3a 0aHAKOBOI ryctuHU cTpyMmy 0,50 A/cM?, aie BiAIOBIIHO
6es ITAP Ta 3 Bmictom 0,5 r/a1 ATLAS, nmokasas icTOTHY pisHHITIO y PO3Mipax YacTHHOK. YaCTUHKH y 3pasKy
MP10 e B kiibka pasiB OpiOHIIIMMY IMOPIBHAHO 31 3paskom MP5, mo cBiguuth mpo edexrusay posib ATLAS
SAK cTad1Ii3aTopa PoCcTy YaCTUHOK 1 10T0 3JaTHICTD CIPUATH (DOPMYBAHHIO OLIIBII MOHOIUCIIEPCHOTO IIOPOIIKY.

Knrouogi ciosa: Enexrpoximiunuii cunres, Hamouactuuru, [unk cynsdin, Kpucranorpadgivua mpoexiris.
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