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Synthesis of Zn1-+Cd«S nanocrystals by electrolytic method
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The possibility of obtaining nanocrystals of the solid solution of zinc and cadmium sulfides by electro-
lytic method was investigated. Sodium thiosulfate solution in distilled water was used as an electrolyte. It
was shown that the composition of the synthesized nanocrystals depends on the electrodes that served as
sources of cadmium and zinc ions. X-ray diffraction method was used to determine the size of nanoparticles
and type of the crystal structure. The size of the nanocrystals was calculated using Debye-Scherrer equa-
tion. It was found that the Zn1«Cd.S (x =0, 0.07, 1) nanoparticles crystallize in the cubic sphalerite struc-
ture at room temperature of the electrolyte. The crystal lattice parameter of Zno.93Cdo.o7S (a = 0.5432 nm)
has an intermediate value between those of the cubic ZnS (a = 0.5402 nm) and CdS (a = 0.5887 nm). A good
agreement between the obtained results and the literature values were established. The change of the unit
cell parameters of the ZnS-CdS solid solution is described by the Vegard’s law. Differential thermal analy-
sis of the Zno93Cdo.o7S solid solution in the temperature range of 150-550 °C was performed for the first
time. It was determined that the synthesized Zno.93Cdo.o7S nanoparticles contain a large amount of ad-
sorbed water at room temperature. With the subsequent heating of the evacuated ampoule with nanoparti-
cle, thermal effects at 185°C, 335°C, and 475°C were established for the first time. The phase transition
sphalerite-wurtzite after annealing of the solid solution at 550°C was observed. The thermal effects have
been analyzed and compared with the available literature data.
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1. INTRODUCTION

Semiconductor compounds AU'BV! such as ZnS, CdS,
CdSe, etc., are of considerable scientific and technologi-
cal interest due to wide band gap. The synthesis of the-
se compounds in the form of nanocrystals greatly ex-
tends the areas of their practical applications [1]. Vari-
ous methods were proposed for obtaining nanocrystals
such as magnetron sputtering, vacuum thermal spray-
ing, molecular-beam epitaxy, plasmochemical, electro-
chemical synthesis, decomposition of chemical rea-
gents, etc. [2-4], each with its advantages and disad-
vantages. The need for complex technological equip-
ment stimulates the search for new methods of the syn-
thesis of nanocrystals. The electrolytic method is one of
the most economically efficient methods for obtaining
nanoparticles, since the synthesis requires only metal
electrodes and respective electrolyte [5].

The efficiency of solar cells significantly depends on
the material of buffer layers, and the highest efficiency
is achieved by using cadmium sulfide [6]. Zinc sulfide
can also be used as a material for buffer layers of solar
cells, electroluminescent devices, flat panel displays
and lasers [7]. In particular, solid solutions of the ZnS-
CdS system are promising materials for selective win-
dows of thin-film solar cells due to wide transparency
range [8, 9].

The objective of the work was to investigate obtain-
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ing nanocrystals of the solid solution of zinc and cad-
mium sulfides by electrolytic method and to determine
the unit cell parameters of synthesized samples.

2. EXPERIMENTAL

The nanocrystals of zinc and cadmium sulfides as
well as of the solid solution of the ZnS-CdS system
were obtained by electrolytic method in a glass electro-
lyzer with zinc and cadmium electrodes. Sodium thio-
sulfate solution in distilled water with concentration
varied within 39.3-74.3 g/l range was used as an elec-
trolyte. The electrolysis process was held at room tem-
perature of the electrolyte. The duration of the experi-
ment was 3 hours, and the current density varied from
5.810-3 to 2.3'10-2 A/cm?, with an adjustable DC
power source. The reversal of the DC direction was
applied every 30 minutes to ensure uniform use of elec-
trode material. After electrolysis, the electrolyte was
filtered using paper filter, and the resulting powder
was washed five times with distilled water. The sam-
ples were air-dried at room temperature. In each exper-
iment, the mass of zinc and cadmium electrodes and
the mass of the resulting powder were determined.

X-ray diffraction (XRD) studies were performed on a
DRON-4 diffractometer using CuK. radiation, Bragg-
Brentano geometry (6-26 scanning), at room tempera-
ture. Anode voltage and current were 41 kV and
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21 mA, respectively. The scan step was 0.05°, with the
exposure time of 5 seconds.

Differential-thermal analysis (DTA) curves of inves-
tigated alloys were recorded using an H307-1 XY setup
with chromel-alumel thermocouple. The rate of heating
(cooling) of samples was 6-7°C/min. The temperature
error of the setup did not exceed + 3°C. DTA was per-
formed both in air and in evacuated quartz ampoules
(residual pressure ~1 Pa).

3. RESULTS AND DISCUSSION

Zinc and cadmium sulfides crystallize in two differ-
ent structures, either cubic sphalerite type (Tqa2) or
hexagonal wurtzite type (C?%sv). Depending on the con-
ditions, the color of ZnS varies from white to yellow-
white, and CdS is golden yellow to yellow-red. In our
case, white and red powders were obtained for ZnS and
CdS, respectively. The white color of the nanocrystals
of the ZnS-CdS solid solution indicates that its compo-
sition is closer to zinc sulfide than to cadmium sulfide.

X-ray diffraction patterns of the samples obtained
over 3 hours with direct-current reversal every 30 min
are presented in Fig. 1. The experimental patterns of
the samples were processed by fitting each reflection
with a Gaussian function which resulted in the follow-
ing information: the angle position 26, full width at
half-maximum height g (FWHM), the integral intensity
of the reflection. Significant width of the reflections of
the diffraction patterns shown in Fig. 1 indicates the
small size of obtained nanocrystals.
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Fig. 1 - X-ray diffraction patterns of the samples obtained at
room temperature of the electrolyte: a is ZnS nanocrystals
(electrolyte temperature t=23°C, electrolyte concentration
¢ =39.3 g/l, current density j =2.3:10-2 A/cm?2), b is CdS nano-
crystals (¢=26°C, ¢c=73.4¢g/, j=1.0-10-2 A/lcm?), ¢ is nano-
crystals of a solid solution of the ZnS-CdS system (¢ = 20°C,
c=39.3g/l, j=5.810-3 Alcm?), d is the solid solution nano-
crystals annealed in air at 550 °C

The size of the nanocrystals of the studied samples
was determined using Debye-Scherrer equation [10]:

D =0.89/(S-cosb), 3.1)

where A is the X-ray radiation wavelength; £ is the
FWHM of the reflection; 8is the reflection angle.
FWHM values were calculated by the equation:
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B=(P1—p2)"?, (3.2)

where f1, f» are the experimental and instrumental
FWHM value of the reflection.

The instrumental FWHM component was deter-
mined by the analysis of the diffraction patterns of the
reference powders of silicon and Al20s obtained under
identical conditions.

The calculations of the nanoparticle sizes using
Eq. (8.1) were averaged over the set of observed reflec-
tions. The structural parameters of nanocrystals were
determined by the Wolf-Bragg equation:

2d sin@= kA, (3.3)

where d is the interplanar distance, 6 is the diffraction
angle, 11s the X-ray wavelength.

The diffraction pattern of ZnS shown in Fig. 1(a)
contains three broad reflections. The reflection planes
with Miller indices calculated by Eq. (3.3) are: (111),
20=29.1° (220), 20=48.7° (311), 20= 56.7°. Obtained
values correspond to the cubic structure of the sphaler-
ite type. The dimensions of ZnS nanoparticles deter-
mined by Eq. (3.1) are 1.8 nm.

The structural parameters of CdS nanocrystals
were determined from the data in Fig. 1(b) and
Egs. (3.1), (3.3). It was established that the planes with
Miller indices (111), (220), (311) and (331) correspond
to the 26 angles 26.9°, 44.3°, 52.0°, 70.1°, respectively.
Therefore, the synthesized CdS nanoparticles also crys-
tallize in the cubic structure. The nanoparticle size
determined by Eg. (3.3) is 3.2 nm. Obtained results
agree well with the data of the authors of [14] on the
study of CdS nanoparticles obtained by the electrolytic
method at the electrolyte temperature 98 °C.

The analysis of the diffraction pattern in Fig. 1c
shows that the solid solution of the ZnS-CdS system
crystallizes in the cubic phase, and its reflections occu-
py intermediate angular positions between those of
zinc sulfide and cadmium sulfide. The reflections with
Miller indices (111), (220), (311) correspond to 260 an-
gles 28.8°, 48.7°, 56.0°, respectively, which are closer to
the positions of ZnS reflections than CdS. The Debye-
Scherrer equation estimates the nanoparticle size as
1.7 nm.

The X-ray diffraction pattern of the alloy of the
ZnS-CdS solid solution after annealing in an electric
oven in air at 550°C is presented in Fig. 1(d). The pat-
tern contains considerably more reflections in compari-
son with those in Figs. 1(a)—(c). It was determined that
the reflections at 26 angles 26.9°; 28.5°; 30.4°; 39.4°;
47.4°; 51.4°; 55.3°; 56.1°; 57.2° correspond to the planes
of the wurtzite structure with Miller indices (010),
(002), (101), (102), (110), (103), (200), (112), (201), re-
spectively.

Unit cell parameters are fundamental values for the
identification of crystalline substances, the determina-
tion of the chemical bond distance, the study of phase
transitions, solid solutions, and crystal defects. Several
factors influence the accuracy of the determination of
the crystallographic parameters of the sample, such as
absorption by the sample material, X-ray refraction,
divergence of the primary beam, dispersion, Lorentz
factor and the polarization, temperature etc. Thus, the
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use of single crystals is best to determine the crystallo-
graphic parameters. In the case of nanocrystalline
samples, the problem is complicated by large width and
low intensity of the reflections. In addition, there is no
separation of the K, doublet even in the region of
large diffraction angles. Therefore, we used the extrap-
olation method to evaluate the unit cell parameters,
since almost all systematic errors of X-ray measure-
ments approach zero at the diffraction angle 6= 90°.
Nanocrystals of the samples with diffraction patterns
shown in Fig. 1(a)—(c) crystallize in the sphalerite
structure, therefore, using the Wolf-Bragg equation
and the quadratic form for the cubic symmetry [12], the
unit cell parameter can be calculated as:

1/d? = (h? + k2 + [2)/a?, (3.4)

where a is the crystal lattice parameter; h, k, [ are the
Miller plane indices.

As an extrapolation function, we used the function
proposed by Nelson and Riley [12]:

f(6) = 0.5(cos28/sinf + cos26/ 6). (3.5)

The dependence of the unit cell parameter of CdS
nanocrystals determined from different reflections on
the value of the extrapolation function is shown in
Fig. 2. The experimental points deviate from the linear
dependence, therefore the extrapolation line was plot-
ted by the least squares method. The calculated value
of the unit cell parameter a = 0.5887 nm is consistent
with the literature data for cadmium sulfide
a=0.5835 nm [10]. Similarly, the values for other
samples were determined as a=0.5402 nm for ZnS,
a =0.5432 nm for the ZnS-CdS solid solution. Thus, the
crystal lattice period for the ZnS-CdS solid solution has
an intermediate value between the crystallographic
parameters of ZnS and CdS nanocrystals.
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Fig. 2 — Graphical extrapolation for determining the crystal
lattice parameter of cadmium sulfide nanocrystals

According to [8], a continuous solid solution series is
formed in the ZnS-CdS system. In this case, according
to Vegard's law [16], the parameter of the crystal lat-
tice of alloys must vary in the linear function from zinc
sulfide to cadmium sulfide, when the concentration of
CdS changes. The dependence of the unit cell parame-
ter of the solid solutions of the ZnS-CdS system on the
molar content of CdS is calculated from Vegard's law:
a=0.54 nm (at the 0 mol.% CdS) and a=0.59 nm (at
the 1 mol.% CdS). The experimental values of the unit
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cell parameters of the cubic structure of the investigat-
ed samples were used in the calculation. Further calcu-
lations found that in our case the Zno.903Cdo.07S composi-
tion of the solid solution was obtained.

The authors of [13] investigated the structural and
optical properties of the solid solutions of the ZnS-CdS
system in the range of ZnS content from 21 to
89 mol. %. The solid solutions crystallized in the sphal-
erite structure. The monotonous dependence of the dif-
fraction angles, interplanar distances, bandgap energy
on the content of zinc sulfide was found. The values of
the diffraction angle and the interplanar distance for
the sample with ZnS content of 89 mol. % are close to
the results obtained in our study.

The authors of [14] performed X-ray diffraction and
optical studies of the Zni.Cd«S solid solutions for x
values of 0, 0.01, 0.04, 0.1, 0.2, 0.3, and 0.5. The nano-
crystals with the cubic structure (sphalerite) were ob-
tained. The linear dependence of the unit cell parame-
ter which varied from 0.5406 nm to 0.5506 nm on the
solid solution composition was established. The nano-
particle size for the sample with x = 0.1 as determined
from XRD studies is 0.544 nm, which is slightly larger
than for our sample Zno.93Cdo.07S.

DTA curve of the Zno.93Cdo.o7S solid solution in the
temperature range of 150-550 °C is shown in Fig. 3. It
was determined that the synthesized alloy at room
temperature contains a large amount of adsorbed water
(physical adsorption) that was removed by heating the
material to 100 °C. After removing adsorbed water, the
alloy was placed in an evacuated ampoule and reheat-
ed. The process of separating the bound water began at
185 °C. To prevent the explosion of the ampoule, it was
depressurized, and the alloy was heated to 130 °C to
remove the moisture. With the subsequent heating of
the evacuated ampoule, minor thermal effects were
observed at 335 °C and 475 °C.
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Fig. 3 — DTA thermogram of the Zno.9sCdo.o7S alloy of the ZnS-
CdS system

The nanoparticles of zinc, cadmium and mercury
sulfides were investigated using differential scanning
calorimetry, differential thermogravimetry and XRD
methods in [15]. The nanoparticles were synthesized by
chemical precipitation at 185 °C and crystallized in the
sphalerite structure. Thermal effects for the ZnS sam-
ple were observed at about 250, 320 and 450 °C. The
thermal effects for our solid solution Zno.93Cdo.07S were
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observed at slightly different temperatures. The reason
for this is likely the presence of impurities of wurtzite
in the sphalerite phase, the completion of the phase
transition sphalerite-wurtzite, and the oxidation of a
small part of the material (XRD phase analysis shows
the appearance of low-intensity reflections of zinc ox-
ide). The absence of sharp thermal effects is due to the
closeness of the enthalpy of formation of zinc sulfide for
sphalerite and wurtzite, which is equal to 189.4 and
177.3 kd/mol, respectively [16].

Physical properties of the Zn1xCd.S solid solutions
(x=0, 0.2, 0.4, 0.6, 0.8, 1.0) obtained by the chemical
method using Zn(NO3)2, Cd(NOs)z and NazS solutions
were investigated in [17]. The resulting nanoparticles
of solid solutions were annealed in nitrogen atmos-
phere at a temperature that varied from 400 °C to
800 °C. X-ray structure and optical studies of photolu-
minescence and excitation spectra were performed. It
was determined that obtained samples crystallize in
the cubic structure, and the angle positions of the re-
flections vary from the values characteristic of CdS to
those for ZnS. After thermal annealing at 400 °C the
structure of the solid solutions does not change, where-
as the phase transition sphalerite—wurtzite is observed
with an increase of annealing temperature to 500 °C.
Further increase of annealing temperature leads to the
increase of the intensity of the reflections characteristic
of the wurtzite structure. These data agree well with
our results that the solid solution with the wurtzite cell
structure was obtained after annealing at the tempera-
ture of 550 °C (Fig. 1d).
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Cunres nanokpucraiaiB ZnixCdxS erekTposriTnyaum MmeTomom

H.B. Jauinescbral, M.B. Mopoa2, A.B. Jlucuna!, B.JI. Heunmopyx!, M.B. IIpoxopenxo3, B.A. TaTtapmm?,
®icexa Tecaiied

1 PignencoKuil 0epacasHull 2ymanimapHull yHisepcumem, gyn. Ilnacmosa, 31, 33000 Piene, Yikpaina
2 HauionasbHul yHieepcumem 00H020 20chodapcmaea L npupodokopucmysarhs, 8ys. Cobopra, 11, 33000 Pisre,
Yrpaina
3 Hauionanwvruti ynisepcumem “Jlvsiecora nosimexuirka”, ys. Cm. Banoepu, 12, 79000 Jlveis, Yipaina
4 Cxionoesponeiicorkull HayloHabHUL yHigepcumem imerl Jleci Yikpainku, npocn. Boni, 13, 43000 Jlyuvk, Yrpaina
5 Vuieepcumem Arxaodemis Abo, Iliickanxkamy, 8, 20500 Typxy, Dinasandis

JlocaimxeHO MOMKJIMBICTD OTPUMAHHSA HAHOKPHCTAJIB TBEPIOT0 PO3UUHY CYJIbQITIB IUHKY 1 KaaMiio
€JIEKTPOJIITUYHUM METOIOM. SIK eJIeKTPOJIIT BUKOPHCTAHO PO3UMH TioCyIb(aTy HATPI B IMCTUJILOBAHIN BO-
ni. [TokazaHo, 110 CKJIAT CHHTE30BAHUX HAHOKPUCTAJIB 3AJIEKUTD BiJl €JIeKTPOIIB, SIK1 CIIYTYBAJIH JIsKepesia-
MU 10HIB KaJMio 1 IIUHKY. Po3Mip HAHOYACTHHOK Ta THUIT KPUCTAJIYHOI CTPYKTYPH BU3HAYEHO HA OCHOBI Ja-
HUX JUQPAKIIAHOTO PeHTTeHIBChKOro aHamidy. Poamip HaHOKpHuCTATIB po3paxoBaHo 3a dopmyJion [ebas-
IlTeppepa. Beranossewo, 1m0 3a KIMHATHOI TeMIIEpATypPH eJIEKTPOJIITY HaHoUacTHHEN Zn1.:Cd:S (x = 0; 0.07;
1) KpHCTATI3YIOThCA B KyOIUHIN CTPYKTYpi THITy cdasieput. PospaxoBaHuil ImapaMeTp KPUCTANYHOI TPATKHA
Zmo,93Cdo,07S (a = 0.5432 HM) 3aiiMae IpPOMiKHE 3HAYEHHS MiK BEJIMUMHAMU XaPaKTePHUMH JJIsI KyOIUHHMX
HaHokpucTaiiB ZnS (a = 0.5402 am) i CdS (a = 0.5887 HM) Ta y3romKyeTheA 3 OIMyOIIKOBAHUME JIITEPATypP-
HAMU JaHUMHA. 3MiHH ITapaMeTpiB I'PATKU CILIABIB TBepaoro podunHy ZnS-CdS omucyoThesa 3akoHoM Bera-
paa. Broepie agitficieHo mudepeHITIaIbHAN TePMIYHNAN aHAaJII3 CILIABY TBEPIOro PO3UMHY ZnoesCdoorS B Te-
mmepaTtypHomy iHTepBasi 150-550°C. BeramoBieHo, 10 CMHTE30BaHI 32 KIMHATHOI TeMIIEpaTypyu HAaHOYAC-
THHKH CKJIAILy ZnoesCdoo7S MicTATH 3HAUHY KUIBKICTB afcopboBanoi Bogu. Ilpu momasnbiiomy Harpisi Baky-
YMOBAHOTO 3pasKa BIIepIlle BCTAHOBJIEHO TemioBl edexru mpu 185 °C, 335 °C ta 475 °C. Ilpu Bigmasi tBep-
Ioro posumHy 3a temmeparypu 550°C criocrepiraerses dasopuil mepexin casiepur-popuut. OTpuMaHi Tem-
JI0B1 epeKTH IIPOaHATII30BAHO Ta HOPIBHSIHO 3 OILyOJIIKOBAHUMHE JITEePaTyPHUMH TaHUMH.

Kmiouosi ciosa: Cynsdin munaky, Cynbdin xagmio, Teepanit posunn ZnS-CdS, Poamip HaHOKpHCTAIB,
Judpariiiauii peHTreHiBChbKUN aHaii3, [udepeHiia pHuil TepMIYHIN aHAJTI3.
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