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The present study is devoted to the synthesis of cadmium sulfide (CdS) powders through electrolysis is,
revealing their structural and morphological characteristics. By electrochemical method, we obtained the mix
nanoparticles with two modifications — sphalerite and wurtzite, whereas the wurtzite is predominant. X-ray
phase analysis confirmed that all synthesized powders are pure cadmium sulfide in both sphalerite (space
group CdS_F43m) and wurtzite (space group P6smc) modifications. Utilizing peak parameters from
diffractograms and the Scherrer method, we calculated average thickness of the particles. The particles of
sphalerite is bigger than wurtzite ones: the average size of the sphalerite particles is 19.5 nm, wurtzite —
13.5 nm, and general thickness — 14.4 nm. The effect of the NaCl concentration is not significant in the
presence of PVA. Scanning Electron Microscopy (SEM) analysis revealed a flaky morphology with significant
size variation among particles, ranging from 20 to 200 nm, and an average diameter increase from 100 to
120 nm at higher NaCl concentrations. The largest particles emerged at NaCl concentrations of 1.8-2.0 mol/L.
Additionally, the incorporation of polyvinyl alcohol (PVA) into the electrolyte resulted in a notable increase in
average particle diameters. Since particles with a large size range are synthesized, it can be assumed that PVA
has the minor influence as the stabilizer. These findings contribute to the understanding of the synthesis and
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properties of CdS nanoparticles, with implications for their potential applications in various fields.
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1. INTRODUCTION

The study of synthesis of nanoparticles in modern
world is booming due to their practical applications and
unique physical and chemical properties [1]. Their optical
properties and reactivity depend on the size. Certainly,
binary compounds are basic material to provide the
synthesis of nanoparticles. For instance, ZnO and ZnS
may be obtained with different methods [2-5].

Cadmium Sulphide (CdS) is well-used direct bandgap
semiconductor (bulk band gap 2.42eV at 300K) in
assorted areas like photodetector [6], solar cell [7],
photocatalysts [8], nonlinear optical material [9] etc.

The chemical method is clean and inexpensive to obtain
CdS nanoparticles [10]. In many syntheses, the precursors
are used. They often are unstable causing environmental
hazards. Hence, using NaCl is the simple way to make the
synthesis eco-friendly. Obviously, the size of CdS
nanoparticles has a crucial role on its properties [11].

In order to stabilize the size of nanoparticles, scientists
apply different stabilizers [12-13]. Polyvinyl alcohol (PVA)
is a versatile polymer widely used as a stabilizer for
nanoparticles, particularly in aqueous solutions. Its
effectiveness stems from its ability to adsorb onto the
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nanoparticle surface, creating a steric barrier that
prevents aggregation and ensures stable colloidal
dispersion [14]. PVA, with its polar hydroxyl groups, can
form strong hydrogen bonds with the nanoparticle surface.
This adsorption creates a protective layer that hinders
close approach and aggregation of nanoparticles [15].

In the present work, the synthesis of cadmium sulfide
is carried out by electrolysis of an aqueous solution of
sodium chloride and thiourea with a soluble cadmium
anode. Among the advantages of electrochemical synthesis
are high yields of solid-phase product, short electrolysis
time, current-time control over the amount of product, etc.

2. EXPERIMENTAL DETAILS

Nanoparticles of cadmium sulfide deposits are obtained
through the electrolysis of an aqueous solution containing
sodium chloride and thiourea in a galvanostatic mode with
corresponding identical cylindrical rod electrodes made of
cadmium at a constant temperature. The power source
used was the B5-46 device. A constant current was passed
through the electrolyte solution for a certain period.

Pre-calculated amounts of electrolyte and thiourea
were weighed, poured into a 0.5 L volumetric flask, and
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brought to the mark with distilled water (at the
temperature of the experiment). To determine the
theoretical yield of the electrolysis products, the electrodes
were weighed before and after the electrolysis process. The
resulting solution was poured into a 400 mL beaker. The
electrodes were immersed in the beaker, which were
connected with copper wires to the B5-46 direct current
source. The electrolyzer (the beaker with the electrolyte
solution, a magnetic stirrer, and electrodes submerged in
the solution along with contact and standard
thermometers) was placed in a thermostat that
maintained a constant temperature. Within 20-
40 minutes, the desired constant temperature was
established in the electrolyzer. The thermostat was
installed on a magnetic stirrer, allowing for mixing of the
electrolyte and electrolysis products. After this, the
magnetic stirrer, rectifier, and stopwatch were activated,
setting the required current strength. Time readings from
the stopwatch, temperature, and voltage were recorded in
the working journal. The current strength was maintained
constant throughout the entire duration of electrolysis.

Electrolysis began with hydrogen evolution at the
cathode and dissolution of the anode. Approximately
30 seconds after the reaction started, solid particles
began to form and settle at the bottom of the
electrolyzer. Hydrogen was released at the cathode in
all cases according to the scheme:

2H20 + 2 e = 20H + Hy,

while the anode mostly dissolved (M —2e =M?%), and
particles started to form around it, settling at the bottom
of the beaker or on the surface of the cathode.

The processes occurring in the system are as follows:

Anode (+): Cd — 2 e~ = Cd?*
Cathode (-): 2H20+2e =20H + Hs

In this equation, thiourea is converted into urea and
S* ions:

H2N — C(S) — NH2 + 20H- — HaoN — C(O) — NH: + S* + H»0.
The overall equation for electrolysis is:
Cd?* + S* — CdS.

In most cases, the anode dissolved, and particles
immediately began to form around it, settling at the bottom
of the beaker or on the surface of the cathode. A powdery
sediment of brick color was predominantly obtained in the
volume of electrolyte, while only a negligible amount of
powdery substance precipitated on the cathode.

After turning off the current, the electrodes were
disconnected, thermometers removed, and the beaker
taken out of the thermostat. The beaker was left to cool
down. A sediment remained at the bottom of the beaker.
The electrodes were dried in air. After cooling, the solution
was decanted from the beaker and refilled with distilled
water. After a few hours, the solution was decanted again
and filled with distilled water once more.
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After another decantation, distilled water was added
again, and after a few hours, the water was decanted again,
and the contents of the beaker were poured into a Petri dish
and left to dry for a day at a temperature of 50°C. The dried
electrodes were weighed. The amount and mass of dissolved
metal or formed sulfide are theoretically calculated based on
the amount of electricity passed (m = MIt/zF). The practical
yield of electrolysis products was determined by measuring
changes in mass of the anode. The product was weighed.
After identifying the product (establishing its chemical
formula), its practical yield was also evaluated. Similar
methods have been used to obtain nanoparticles under other
conditions in work [16-17] where their non-linear optical
properties were described.

In total, 10 samples of the product were synthesized,
differing in sodium chloride content. The concentration of
thiourea (0.2 mol/L) and PVA (5 g/L) remained unchanged.
The concentration of NaCl varied from 0.2 to 2.0 g/L.

The X-ray diffractograms have been obtained with
DRON 4-13 (range 10-70, step 0.05° time 3 s).

Table 1 — The details of experiment: conditions of
electrochemical synthesis in the presence of PVA with changing
NaCl concentration [TC]=0.2 mol/l; [PVA]=5g/l; S=5cm?
1=0.96 A; T =90°C

No [NaCl], M Current, V
1 0.2 9.6
2 0.4 5.8
3 0.6 4.7
4 0.8 3.7
5 1.0 3.5
6 1.2 3.0
7 1.4 2.9
8 1.6 2.5
9 1.8 2.1
10 2.0 2.0

The surface area of the cathode was 5 cm?. The cur-
rent strength in all experiments was 0.96 A. Thus, the
current density was maintained constant at 0.192 A/cm?
in all experiments. All experiments lasted for
20 minutes at a constant temperature of 90°C.

3. DISCUSSION

In Scherrer’ first work [18] on particle size determi-
nation, Paul Scherrer proposed the following formula
in 1918:

D =K2/(B cos ),

where D is the average particle size in nm; K is a
constant whose value depends on the shape of the
particle, in our case it is 0.941; S is 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; @is the diffraction angle for the maximum.
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Fig. 1 — Diffraction patterns of powder samples 1-5 obtained
with NaCl concentrations ranging from 0.2 to 1.0 M

The X-ray phase analysis has been conducted with the
program PowderCell. According to the results of the
analysis, all diffractograms contain two modification of

CdS: sphalerite (space group F43m) and wurtzite
modification (space group P6smc).
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Fig. 2 — Diffraction patterns of powder samples 6-10 obtained
with NaCl concentrations ranging from 1.2 to 2.0 M

Table 2 — The content of sphalerite (CdS_F43m) and wurtzite
(CdS_P6sm) depending on the NaCl concentration in the
presence of PVA

Content of | Content of
No | INaClL M| 045 Fagm | CdS_P6am
1 0.2 27 73
2 0.4 25 75
3 0.6 21 79
4 0.8 21 79
5 1.0 11 88
6 1.2 10 90
7 1.4 11 89
8 1.6 11 89
9 1.8 14 86
10 2.0 18 82
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Fig. 3 — Dependence of the content of sphalerite (CdS_F43m)
and wurtzite (CdS_P6sm) on the concentration of NaCl in the
presence of PVA

As can be seen in fig.3, the proportion of sphalerite in
cadmium sulfide varies from 10 to 27%, and of wurtzite
from 73 to 90%.

The crystal structure is similar if we consider the
second atomic coordination. % of tetrahedral voids are
occupied with Cd atoms. All octahedral voids are not
fulfilled. Such tetrahedral environment is perfect for
application the materials in solar panels.

Fig. 4 — Structural transformations in the synthesized samples

From diffractograms derived on DRON 3-14, for the
maximum of the peaks we can identify the thickness of the
nanoparticles of sphalerite and wurtzite modification. The
results of calculation of the peaks are presented in Table 3.

The thickness of the nanoparticles of sphalerite is in the
range from 14.5 to 23.1 nm, i.e. the spread in thickness can
be considered insignificant. The average particle thickness is
19.54+2.4 nm, the standart deviation is 2.9 nm.
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Table 3 — Results of determination of the thickness of cadmium
sulfide particles by the Scherrer method in the presence of PVA
synthesized with different concentrations of NaCl at a peak of
26.5° K=0.941; 1 =0.154178 nm

20:- [NaCl], | D,
No 26, B 20 cos 6 M am
1 0.59 0.0103 | 26.7 0.97298 | 0.2 14.5
2 0.5 0.00873 | 26.8 0.97278 | 0.4 17.1
3 0.49 0.00855 | 26.7 0.97278 | 0.6 17.4
4 0.44 0.00768 | 26.7 0.97278 | 0.8 19.4
5 0.43 0.0075 | 26.7 0.97278 | 1.0 19.9
6 0.38 0.00663 | 26.700 | 0.97278 | 1.2 22.5
7 0.41 0.00716 | 26.700 | 0.97278 | 1.4 20.8
8 0.49 0.00855 | 26.860 | 0.97278 | 1.6 17.4
9 0.37 0.00646 | 26.650 | 0.97278 | 1.8 23.1
10 | 0.37 0.00646 | 26.700 | 0.97278 | 2.0 23.1
25
20 -
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Fig. 5 — Dependence of the thickness of -electrolytically
synthesized cadmium sulfide (sphalerite) particles (nm) on the
concentration of NaCl (M) in the presence of PVA at peak

As can be seen from Fig.5, the thickness of particles of
sphalerite modification is changing monotonuously for
except 1.6 M.

The results of calculation of the peaks of wurtizite
modification are presented in Table4 and Fig. 6. In the
range of sodium chloride concentration from 0.6 to 0.8 M,
a monotonic increase in particle size is observed. The
maximum particle size of cadmium sulfide is obtained at
a sodium chloride concentration of 0.8 M (17.5 nm).

Table 4 — Results of determination of the thickness of cadmium
sulfide particles by the Scherrer method in the presence of PVA
synthesized with different concentrations of NaCl at a peak of
28.3° K=0.941; 1=0.154178 nm

J. NANO- ELECTRON. PHYS. 17, 05001 (2025)

The thickness of the nanoparticles of wurtzite is in the
range from 9.1 to 17.5 nm, i.e. the spread in thick-ness can
be considered insignificant. The average particle thickness
is 13.5+2.0 nm, the standart deviation is 2.5 nm.

The effect of sodium chloride on the average particle
thickness of cadmium sulfide powder is complex. The
minimum particle thickness (9.1 nm, Fig. 6) can be
obtained only at a content of 0.2 M NaCl, while in all other
cases in the presence of NaCl the particles are larger.

[NaCl], M

Fig. 6 — Dependence of the thickness of electrolytically
synthesized cadmium sulfide (wurtzite) particles (nm) on the
concentration of NaCl (M) in the presence of PVA at peak 28.3

The average density of cadmium sulfide particles was
calculated wusing vicoric acid instead of various
modifications of cadmium sulfide for formula:

D = X(sph) - D(sph) + X(wurt) - D(wurt)/100

Table 5 — Results of determination of the average diameter of
cadmium sulfide particles

No Xsph,% Xwurt,% D
1 14.5 9.1 10.6
2 17.1 15.0 15.6
3 17.4 10.6 12.0
4 19.4 17.5 17.9
5 19.9 14.8 15.2
6 22.5 15.9 16.5
7 20.8 14.3 15.0
8 17.4 11.9 12.5
9 23.1 13.4 14.8
10 23.1 12.4 14.3

260:- [NaCl], | D,
No 26, Y] 260 cos 6 M am
1 0.94 0.016406 | 28.35 | 0.969552 | 0.2 9.1
2 0.57 0.009948 | 28.5 0.969231 | 0.4 15.0
3 0.81 0.014137 | 28.35 | 0.969552 | 0.6 10.6
4 0.49 0.008552 | 28.35 | 0.969552 | 0.8 17.6
5 0.58 0.010123 | 28.4 0.969445 | 1.0 14.8
6 0.54 0.009425 | 28.5 0.969231 | 1.2 15.9
7 0.60 0.010472 | 28.4 0.969445 | 1.4 14.3
8 0.72 0.012566 | 28.31 | 0.969638 | 1.6 11.9
9 0.64 0.01117 28.25 | 0.969765 | 1.8 13.4
10 0.69 0.012043 | 28.4 0.969445 | 2.0 12.4

The average of the thickness of CdS is 14.4 + 1.7 nm,
the standart deviation is 2.2 nm.

From the SEM images it is clear that the particles
have a scaly shape with different size distribution. From
this it can be concluded that the Scherrer method
calculates the average thickness of the particles. In terms
of thickness, all synthesized particles are nanosized.

Fig. 7 shows graphical dependences of the diameters
of scaly particles on the PVA content. It can be seen from
them that the diameters of the smallest particles are in
the range from 40 to 60 nm. The diameters of the largest
particles are in the range from 180 to 200 nm. To
determine the distribution of particles by thickness, the
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number of particles, their diameters, average number
and average particle sizes were calculated in the ranges
0-20; 20-40; 40-60; etc. to the last range of 180-200 nm.
The average diameters of scaly particles for each sample
were also determined.

. 1 i

Fig. 7 — SEM images of cadmium sulfide samples

Table 6 — Results of determining the quantities of CdS particles
with different NaCl concentrations in the presence of PVA

J. NANO- ELECTRON. PHYS. 17, 05001 (2025)

No 40- 60- 80- 100- | 120- | 140- | 160- | 180-
~ [ 60 80 100 120 140 160 180 200

1 9 39 49 87 8 8 0 0

2 7 34 53 92 8 6 0 0

3 9 44 50 90 6 1 0 0

4 3 37 48 93 15 3 1 0

5 2 23 39 92 26 16 2 0

6 4 43 59 69 14 11 0 0

7 0 13 28 105 27 22 4 1

8 3 14 38 100 27 17 1 0
9 1 11 28 112 | 30 15 3 0
10 0 0 15 67 41 47 17 13
g 120 -
g = 40-60
g 4004 « 60-80
o 80 - « 80-100
2 » 100-120
© 60 . 120-140
5 . 140-160
2 40 . 160-180
R . 180-200
2
0 - : :
1 2 38 4 5 6 7 8 9 10

Number of sample

Fig. 8 — The results of determining the quantities of CdS particles
with different NaCl concentrations in the presence of PVA

By the number of particles (Fig. 8), the diameter
range of 100-120 nm prevails among all size ranges.
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Fig. 9 — The average diameter of flaky particles with different
NaCl concentrations in the presence of PVA

In the presence of PVA (Fig. 9), the nanoparticles are
nanoscaled in three directions. The increase of the
concentration of NaCl leads to increasing of the average
diameter of the particles for except 1.2 M.

4. CONCLUSION

In conclusion, X-ray phase analysis has established
that all powders synthesized by electrolysis are pure
cadmium sulfide in the sphalerite modification (space
group CdS_F43m) and wurtzite modification (space
group P6smc). According to the investigation, the
smallest particles come from powders with a NaCl
concentration of 0.2 M. The largest thickness of the
particles is obtained from a NaCl concentration of 0.8 M
(~17.9 nm). As the NaCl concentration increases, so does
the thickness of the particles. SEM analysis has shown
that the particles of cadmium sulfide powders have a
flaky morphology. There is a significant variation in
particle sizes, ranging from 20 to 200 nm, and a tendency
for the average particle diameters to increase with higher
concentrations of NaCl (from 100 to 120 nm). The
increase of concentration of NaCl leads to more wurtzite
modification and it may improve the non-linear
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properties of the materials.

The obtained cadmium sulfide materials, owing to their
controlled particle size and morphology, are promising for
applications in  optoelectronic  devices, such as
photodetectors, solar cells, and light-emitting diodes (LEDs).
The ability to tailor the crystallographic phase and particle
dimensions through NaCl concentration makes the
synthesized CdS powders suitable for use in nanoelectronics
and sensor technologies, where precise control over surface
properties and nanostructure is critical.
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Brnus kouneurpanii NaCl va poamip mHanouactunok CdS B nmpucytraocri IIBC

0.B. Cwmiriox!, O.M. Axuyxk!, O.B. Mapuyk!, O.A. Bumaescbrumii2

1 Bonuncokuti Haylonavhul yrisepcumem imenl Jleci Ypainku, 43025 Jlyupk, Yrpaina
2 Tnemumym 2eoximii, Minepanozii ma pyooymeopenns im. M.II. Cemenenwa HAH YVkpainu, 03142 Kuis, Yrpaina

JlocmimxeHHS IPUCBAYEHO CUHTE3Y MOPOIIKIB cyabdiny xagmio (CdS) muisaxoMm esleKTpoJiiay, IMo J03BOJIIE
BUSBHUTHU 1XHI CTPYKTYPH1 Ta MOPQOJIOTIYHI XapaKTepUCTHUKN. KEJIeKTPOXIMIYHUM METOJO0M MM OTPHMAJIH CyMIIIL
HAHOYACTUHOK 3 JBoMa MoaudiraiiaMu — cdaJiepuToM Ta BIOPIUATOM, Jie BIOPIIUT € I[IepeBaKalnduM.
Penrrenodas3oBuii amasia IITBEpPIMB, II0 BCl CHUHTE30BAHI IOPOINKH € YHCTAM CYJIbMIIOM KaaMmio Sk y
momudikamiax cdanepury (mpocropoBa rpyma CdS_F43m), tax i Boopuury (mpocropoBa rpyma P63mec).
Buropucrosyoun mapamerpu mikiB mudpaxrorpam Ta Metoyn Illeppepa, Mu pospaxyBasidi CepeaHIO TOBIIUHY
gyacTHHOK. JacTuHKHU casiepuTy OLJIBINI 32 BIOPIIUT: CepeaHIN Po3Mip YacTUHOK cdasiepuTy CTaHOBUTEL 19,5 HM,
BIOPIUTY — 13,5 HM, a 3arajbHa ToBIMHA — 14,4 HM. Brimus xonmnenTtparii NaCl He e cyTTeBEM y IIpHCyTHOCTI
nosmiBuauoBoro crupry (IIBC). Amamis 3a momomoron ckamyodoi emekrpoHHOi Mikpockomi (CEM) Bussus
JIycKaTy MOPQOJIOTIIO 31 3HAYHUMU BapialiissMu po3MipiB yacTHHOK, Bix 20 mo 200 HM, Ta cepegHiM 301IbIIIeHHIM
miamerpa Bim 100 mo 120 M mpm Bumumx koHmeHTpamisx NaCl. HaiGinemr vacTUHEM 3'ABIAINCA HIPHU
ronrmerTpamiax NaCl 1,8-2,0 moas/in. Kpim Toro, Brmouernns mosisinisosoro cuupry (IIBC) mo emerTposity
NPU3BEJIO 0 IOMITHOrO 30LJIBIIEHHSA CEePeIHBOro miamMerpa 4acTHHOK. OCKIIBKM CHHTE3YIOThCS YACTHUHKH 3
BeJIMKUM [ialla3oHOM po3MipiB, mMoxkHa mnpuiyctutw, mo I[IBC mae Hesmaunuii BImB Ak crabimizarop. Li
pe3yJIbTaTH CIPUSAITH PO3YyMIHHIO CHHTe3y Ta BiacTuBocTed HaHodactuHOK CdS, mo mae 3HaveHHsA AJs IX

HOTEHIIAHOTO 3aCTOCYBAHHS B PI3HUX IraJIy3sX.

Kunrouosi cioBa: Enexrpoximiunwmii cunres, Hanouacruuarn, Cynsdin kagmio, Ctpyrrypa.
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