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This article presents a detailed study on the electrochemical synthesis, analysis, and potential applica-
tions of nanoparticles composed of zinc oxide (ZnO) and zinc sulfide (ZnS); the electrochemical method of
obtaining ZnO/ZnS nanoparticles from a solution using two-electrode synthesis and zinc anodization is de-
scribed. Sodium chloride and thiourea were used as the electrolyte; the concentration ranges of sulfur-con-
taining substance was investigated, under which only zinc sulfide can be obtained. The influence of thiourea
concentration on the particle thickness and composition of the electrolysis products in an aqueous solution
of sodium chloride with a soluble zinc anode was studied for the first time. X-ray diffraction was employed
to analyze the structural properties and thickness of the nanoparticles. The products of zinc anodization are
nanoscale zinc oxide and zinc sulfide. With an increase in the thiourea content, the thickness of the formed
particles decreases. It was found that at the lowest thiourea concentrations, mainly zinc oxide is formed,
while at the highest concentrations, mainly zinc sulfide is formed. Increasing the concentration of thiourea
is accompanied by the transformation of the wurzite modification of ZnO into sphalerite and the substitution
of oxygen atoms with sulfur atoms. ZnS particles (1.3-3.6 nm) are significantly thinner than ZnO particles
(7-29 nm). The synthesized nanoscale powders of zinc oxide, zinc sulfide, and their mixtures can be used for
the production of semiconductor devices. The article discusses the potential applications of these nanoparti-
cles in various fields such as photocatalysis, sensors, and energy storage devices. Overall, this study provides
valuable insights into the synthesis, characterization, and potential applications of ZnO/ZnS nanoparticles,

highlighting their promising prospects in nanotechnology.
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1. INTRODUCTION

The development of nanotechnology has opened up
new opportunities for creation of materials with unique
properties and applications. One such material is zinc
oxide (ZnO) [1] and zinc sulfide (ZnS) [2] nanoparticles,
which have attracted significant attention due to their
potential applications in various fields, including optoe-
lectronics, photocatalysis, and sensors. The electrochem-
ical synthesis of ZnO/ZnS nanoparticles has emerged as
a promising method for producing these materials with
high purity and controlled size and shape. This article
discusses the challenges and future directions in the de-
velopment of the materials for various applications.

In recent years, zinc oxide is a widely used metal ox-
ide material because of its unique physical and chemical
properties such as high chemical [3] and mechanical sta-
bility [4], broad range of radiation absorption [5], high
piezo—catalytic activity [6], electro chemical coupling co-
efficient 7], non-toxic nature etc.

ZnO is a semiconductor in group II-VI (a broad en-
ergy band of 3.37 eV) at room temperature. ZnO (NPs)
is low toxicity, low cost and an excellent material due to
their crystal structure, size and stability [8].

In the work, we presented the results of obtaining
double-powder ZnO/ZnS nanoparticles that can be used
for perspective applications.
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2. EXPERIMENTAL DETAILS

Nanoscale sediments was obtained by electrolysis of
an aqueous solution of sodium chloride and thiourea in
galvanostatic mode (current strength 2.04 A,
teonst = 90 °C) with identical zinc plates (anode) and coal
rods (cathod) with an area of electrode 5 cm2. For the syn-
thesis of ZnO and ZnS, 1M solution of sodium chloride
and thiourea (0.25 M + 3,0 M with a step in 0.25 M) has
been used. The voltage varied from 5.6 to 6.6 V.

Table 1 - The details of experiment

No [CH4NaS], M Current, V
1 0.25 6.0
2 0.5 6.0
3 0.75 5.9
4 1.0 5.6
5 1.25 6.6
6 1.5 6.4
7 1.75 6.0
8 2.0 5.9
9 2.25 6.4
10 2.5 5.8
11 2.75 6.3
12 3.0 6.3
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The starting materials were transferred into a meas-
uring flask (200 mL) and filled with water to more than
half of its volume. The mixture was then heated to the
experimental temperature (90 °C) for the dissolution of
the electrolysis components, and water was added up to
the mark on the flask. The resulting solution was poured
into a 400 mL flask, where electrodes (a zinc plate and a
carbon rod) were placed. The electrolyzer (a beaker with
the electrolyte solution, a neodymium magnet, elec-
trodes submerged in the solution, a thermocouple, and a
regular mercury thermometer) was immersed in a ther-
mostat that maintained a constant temperature of 90°C,
and connected to a constant current source B5-46 or B5-
49. The current and voltage on the electrolyzer were
monitored by an ammeter and voltmeter. The experi-
mental duration was 20 minutes, which was the same
for all experiments. The setup for electrochemical syn-
thesis is shown in Fig. 2.

In the electrolytic cell

7Zms) | 1M NaClg) + (0,25 M +3,0 M) thiourea| Cs)
the following half-reactions occur on the electrods:
(A,+) Zn — 2e-=Zn2*
(C,-) H20 + 2¢-=20H" + Hs

It is worth noticing that the total equations for elec-
trolysis then reads:

NH32-CS-NHz + 20H-= NH2-CO-NH32 + HoO+ S2-
Zn?* + S2-=7nS
Zn?* + 20H=7n0 + H20

This reaction may be used in the synthesis of semi-
conductor materials, such as zinc oxyde and zinc sulfide
nanoparticles, which have application in optoelectronic,
solar cells, and photocatalysis.

Fig. 1 - Installation for electrochemical synthesis of nanopowders

After cooling, the solution was decanted from the glass
and filled with distilled water. After a day, the solution
was decanted again and filled with distilled water. After
another decantation, distilled water was added again and
left for another day before decanting the water. After the
final washing and decantation, the contents of the glass
were poured into a Petri dish and left in a drying cabinet
for a day at a temperature of 50 °C. The dried powders
were sent for analysis to an X-ray laboratory.
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3. DISCUSSION

In Scherrer’ first work [8] on particle size determina-
tion, Paul Scherrer proposed the following formula in 1918:

D = KA/(fcosb),

where D is the average particle size in nm; K is a con-
stant whose value depends on the shape of the particle,
in our case it is 0.941; Bis determined as half the width
of the maximum peak measured in radians; A is the
wavelength of the X-ray radiation, which is 0.15418 nm;
O1is the diffraction angle for the maximum.
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Fig. 2 — (a) Diffraction patterns of powder samples 1-6 obtained
with TCA concentrations ranging from 0.25 to 1.5 M;
(b) Diffraction patterns of powder samples 7-12 obtained with
TCA concentrations ranging from 1.75 to 3.0 M
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NANOPARTICLES OF ZNO/ZNS: ELECTROCHEMICAL SYNTHESIS...

The diffraction patterns shown in Figs. 2 were pro-
cessed using Powder Cell and X'pert Highscore Plus soft-
ware for identification and determination of the quanti-
tative composition of phases. It was found that samples
1-7 contain zinc oxide crystals, with samples 1-5 exhib-
iting mainly the wurzite structure S-ZnO (from 97.5 to
100 %). In samples 6-7, the sphalerite a modification a-
ZnO (from 25 to 35 %) increases. Starting from sample
2, a halo appears at an angle of 26 28-29°, which may
indicate the presence of zinc sulfide. In samples 8-12, the
intensity of zinc oxide peaks is low, and the size of the
zinc sulfide halo increases, reaching maximum values
for samples 11-12. It can be concluded that the content
of zinc oxide in samples 5-12 begins to decrease, while
zinc sulfide increases. The presence of a halo indicates
small particle sizes, primarily zinc sulfide.

According to the results of diffraction pattern analy-
sis, the main product of zinc anodization with TCA con-
centrations up to 1.75 M is $-ZnO. At higher TCA concen-
trations, a mixture of zinc oxide and zinc sulfide is pre-
sent, with zinc sulfide prevailing at high TCA contents.

It was found that samples 1-7 contain zinc oxide crys-
tals, with samples 1-5 exhibiting mainly the wurzite
(P6smc) structure of zinc oxide (from 97.5 to 100 %)
(Fig. 4). In samples 6-7, atom rearrangement occurs,
leading to an increase in cell filling coefficient and as a
result, more electronegative particles are localized
around zinc atoms, forming an octahedral sextet (Fig. 4).
The content of the sphalerite modification (Fm-3m) in-
creases for zinc oxide samples (from 25 to 35 %). In ad-
dition, starting from sample 2, the formation of a halo in
the range of angles 26 28-29° becomes noticeable, which
may indicate a decrease in particle size and the appear-
ance of zinc sulfide. Since there is no clear separation of
peaks, it can be assumed that this pattern is present for
both the wurzite and sphalerite modifications. This is
because the coordination environment changes to tetra-
hedral when oxygen atoms are replaced by sulfur atoms
in sphalerite (Fig. 3).

Fig. 3 — Structural transformations in the synthesized samples

This leads to cell densification and particle size re-
duction. In samples 8-12, the intensity of zinc oxide
peaks is low, and the size of the zinc sulfide halo in-
creases, reaching maximum values for samples 11-12. It
can be concluded that the content of zinc oxide in sam-
ples 5-12 begins to decrease, while zinc sulfide increases.
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Table 2 — Results of determining the average thickness of zinc
oxide particles.

No | 261-262 Jii 20 cosf [TCA],M | D, nm
1 | 0.30 [0.00523|36.25| 0.9503 0.25 29.2
2 0.32 10.00559|36.25| 0.9504 0.50 27.3
3 | 0.39 ]0.00681|36.20| 0.9507 0.75 22.4
4 0.40 ]0.00698|36.15| 0.9507 1.00 21.9
5 | 0.43 ]0.00751|36.10| 0.9508 1.25 20.3
6 0.58 10.01012|36.10| 0.9508 1.50 15.1
7 | 0.49 ]0.00855|36.10| 0.9508 1.75 17.8
8 0.54 10.00943|36.10| 0.9508 2.00 16.2
9 | 0.61 |0.01065|36.10| 0.9508 2.25 14.3
10| 0.49 ]0.00852]36.30| 0.9502 2.50 17.9
11 | 0.80 |0.01396|36.40| 0.9500 2.75 10.9
12 ] 0.30 [0.00524[36.25]| 0.9501 3.00 6.9
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Fig. 5 — Dependence of the thickness of ZnO particles on the
concentration of TCA

Table 3 — The effect of TCA concentration on the thickness of
zinc sulfide particles

Ne | 26:1-202 B 20 cosf [TCA],M | D, nm
1 2.40 0.0419 | 28.65 | 0.9689 0.25 3.57
2 2.37 0.0414 | 28.15 | 0.9699 0.50 3.62
3 2.54 0.0443 | 28.35 | 0.9696 0.75 3.38
4 3.04 0.0531 | 28.60 | 0.9690 1.00 2.82
5 3.67 0.0641 | 28.20 | 0.9699 1.25 2.34
6 3.90 0.0681 | 28.11 | 0.9701 1.50 2.20
7 4.33 0.0756 | 28.11 | 0.9701 1.75 1.98
8 5.41 0.0944 | 28.15 | 0.9699 2.00 1.58
9 5.07 0.0885 | 28.80 | 0.9686 2.25 1.69
10 6.10 0.1060 | 28.21 | 0.9699 2.50 1.41
11 6.27 0.1090 | 28.02 | 0.9703 2.75 1.37
12 6.76 0.1180 | 28.20 | 0.9699 3.00 1.27

As can be seen from Table 3 and Fig. 6, the average
thickness of particles decreases with an increase in TCA
concentration from 3.6 to 1.3 nm.

The main product of zinc anodization at low concen-
trations of TCA (0.5 M) is S-ZnO, and the second most
abundant is a-ZnO, with a small amount of zinc sulfide
present. At TCA concentrations above 1.75 M, zinc sul-
fide begins to dominate. With an increase in TCA con-
centration, there is a gradual transformation of S and
a-ZnO structures into S and «-ZnS structures. The
thickness of both zinc oxide and zinc sulfide particles de-
creases with increasing TCA concentration, as calcu-
lated from the Scherrer method diffraction patterns.

All obtained deposits consist of nanosized particles,
with particle sizes decreasing from 29 to 7 nm for zinc
oxide and from 3.6 to 1.3 nm for zinc sulfide with in-
creasing TCA concentration.

01024-3



0.V. SMITIUKH, O.V. MARCHUK ET AL.

D, nm

4,0

3.5 L e

3,0 \\
2.5 \
.

’ N

1.5 e
—

1.0

0,0 0,5 1,0 1.5 2,0 2,5 3,0

Fig. 6 — Dependence of the thickness of ZnO particles on the
concentration of TCA

4. CONCLUSIONS

In conclusion, the study investigated the effect of TCA
concentration on the phase composition and particle
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Hanouactuuxu ZnO/ZnS: esnekTpoxiMivyHUII CHHTE3, AHAJII3 TA MIEePCIEKTUBU 3aCTOCYBAHHA

0O.B. Cwmitox, O.B. Mapuyk, O.M. Auxuyk, 10.0. Xmapyxk, J[.C. Hepuos

Bonuncokuli nayioranvrutl yrisepcumem imeni Jlect Yipainrxu, 43025 Jlyuvk, Yipaini

VY 1t crarTi mpeacTaBJIeHO JeTaTbHE JOCTIPKeHHS eJIeKTPOXIMITHOTO CUHTE3y, aHAJI3 Ta MOTeHININHe
3aCTOCYBaHHS HAHOYACTHUHOK, 10 CKJIAAIOTHCS 3 OKcuIy IHHKY (ZnO) 1 cynbdimy muHKY (ZnS); onmcawo eJie-
KTPOXIMIYHUHI METOJT OTpUMAHHA HaHouyacTHHOK Zn0/ZnS 3 po3uunHy 3a I0TIOMOT0I0 JJBOEJIEKTPOIHOTO CHHTE3Y
Ta aHOAYBAHHS IIUHKY. {IK eJIeKTPOJIIT BUKOPHUCTOBYBAJIHN XJIOPH HATPIIO 1 TIOCEYOBHMHY; JOCJIIIZKEHO J1iara-
30HM KOHIIEHTPAIII# CIPKOBMICHOI PEYOBMHHY, 3a SKMX MOKHA OTPUMATH JIUIIe CyJbdis 1uury. Boepire moc-
JTIZKEHO BIUIMB KOHIIEHTPAII] TIOCEYOBUHY HA TOBIIUHY YACTHHOK 1 CKJIAJ] IPOAYKTIB €JIEKTPOJII3Y Y BOJHOMY
PO3UMHI XJIOPUAY HATPIIO 3 POSUMHHUM ITUHKOBUM aHOAOM. J[JIs aHAI3y CTPYKTYPHUX BIJIACTUBOCTEHN 1 TOB-
IIWHA HAHOYACTHHOK BUKOPUCTOBYBAJIM METOJ PeHTTeHIBChbKOI nudpakirii. [TpoaxykramMmu aHoguaaliii UHKY €
HAHOPO3MIpPHI OKCHI IIMHKY Ta CyJIb(ia MUHKY. 31 30L/IbIIEHHAM BMICTY TIOCEYOBMHN TOBIIHNHA YTBOPEHUX
YACTUHOK 3MEHIIYeThCA. BCTAHOBIIEHO, 110 TPU HAWHIKYNX KOHIIEHTPAIIAX TIOCEUOBUHU YTBOPIOETHCS B OC-
HOBHOMY OKCH/JI ITUHKY, & IIPX HAWBUIINX — IIEPEBAKHO CYJIbMI MUHKY. [[iIBAIIeHHS KOHIIEHTPAIIi] Tiocedo-
BUHHU CYIIPOBOJIPKYETHCSI IIEPETBOPEHHAM BIOPIMTOBOI Moaudikanii ZnO B chasnepur i3 3aMimeHHSM aTOMIB
KHUCHIO HA aToMu cipku. Yactuurwn ZnS (1,3-3,6 HM) 3HauHo ToHI 3a yactuukn Zn0 (7-29 um). Cunresosani
HAHOPO3MIPHI IIOPOIIKY OKCUIY IIMHKY, CyJIb(IIy IMHKY Ta IX CyMINI MOKYTH OyTH BUKOPUCTAHI JJIsi BUPOO-
HUIITBA HAIBIIPOBITHUKOBYX ITPUJIAJIIB. ¥ CTATTI 00rOBOPIOETHCS ITOTEHITIAHE 3aCTOCYBAHHS ITUX HAHOYACTH-
HOK y PISHHUX TaJIy3sAX, TAKUX SK POTOKATAJI3, CEHCOPH Ta MPUCTPOI 30epiraHHsa eHeprii. 3arajiom Iie JOoCJIi-
JUKEHHS JTa€ IMHAY 1HQOPMAIIIo IIp0 CHHTE3, XapaKTePUCTUKY Ta IIOTEHININHE 3aCTOCYBAHHSA HAHOYACTUHOK
ZnO/7ZnS, migkpeciooyn iXHl 6araToo0IIAI0Y]l TEPCIeKTUBY B Tajly3l HAHOTEXHOJIOTIH.

Knrouoei ciosa: Enexrpoximiunauii cunres, Hamomoporok, Oxcup muuky, Cynasdin nuaky, Ctpykrypa.
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