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Abstract. ZnS nanoparticles have been synthesized using facile thermal decomposition route by varying the concentration of sulphur source. Increase in sulphur concentration increases the crystallinity of the synthesized samples, confirmed
by calculation of various structural parameters or lattice defects using XRD data and FESEM images. The crystal structure
and crystallinity have a great influence on charge separation and the migration of generated charge carriers. Higher the
crystallinity, smaller the number of defects. The defects work as traps and recombination centres between generated
electrons and holes, which result in deterioration of device performance. A material with better crystalline structure
provides longer diffusion length and lifetime of charge carriers. With increase in the sulphur concentration, various other
characteristics like optical and electro catalytic properties have also been improved. It is seen that an increase in sulphur
concentration increases the conductivity of the synthesized samples as energy band gap has been reduced. The band gap for
least crystalline T1 is higher than T2 and T3. This variation in the band gap is in complete agreement with the quantum
confinement effect comparing with their crystallite size. Photoluminescence study reveals that prepared samples show
emission in visible range i.e., violet, blue, green and orange without adding any dopant. Electrocatalytic performance has
been conducted using EIS and CV studies which suggest that increase in sulphur concentration increases the capacitive
behaviour. Charge transfer resistance value of highly crystalline sample T3 is found to be 16.26 X which is smaller than T1
and T2. The charge transfer resistance of sample T3 could be credited to the enhanced conductivity and crystallinity due to
the presence of highest concentration of sulphur in T3 when compared to T1 and T2.
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Introduction

ZnS is an essential group II–VI compound semiconductor.
It crystallizes in two phases; cubic phase (zinc blende) and
hexagonal phase (wurtzite). It is a wide band gap semiconductor having wide and direct band gaps of about 3.5 to
3.6 eV (cubic phase) and 3.7 to 3.8 eV (hexagonal phase)
[1]. After the advent of nanotechnology, ZnS at nanoscale
has received much importance since desirable physical
properties can be obtained by controlling the size, morphology and crystallinity of nanoparticles [2]. The structural
advancement of ZnS at nanoscale, has been the focus of
research from past decades or so [3]. Since the intrinsic ZnS
crystal structures play a significant role in its physico–
chemical properties, synthesis of ZnS nanoparticles with
controllable phase is very important for future nanoscale
electronic device’s construction [4]. Also, various excellent
physical properties, such as high excitonic binding energy

(40 MeV), non-toxicity, stable towards air and high
refractive index 2.35 are linked to ZnS [5]. These excellent
properties make ZnS an ideal candidate for optoelectronic,
energy conversion and storage devices, such as photodetector, light-emitting diodes, solar cells and laser diodes,
photocatalysis, HER, etc. [6–8]. ZnS nanoparticles due to
its wide band gap lead to recombination of electron hole
pairs and decrease in the efficiency of such devices [9]. To
minimize recombination, the material should usually be
crystalline without several grain boundaries, crystal defects,
interstitials, or other recombination centres. The performance of nanoelectronic devices highly depend on the
excitons’ formation and their separation into free electrons
and holes. The crystal structure and the crystallinity affect
the process of charge separation and the migration of generated charge carriers strongly. If higher the crystallinity,
the number of defects are smaller. These defects act as traps
and recombination centres between generated electrons and
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holes that result in deterioration of device’s performance.
The rate of charge carriers’ generation can be increased by
increasing the exciton lifetime and diffusion length. Better
crystallinity structure provides higher diffusion length and
larger lifetime of excitons [10]. So, materials with high
crystallinity instead of a high surface area, are required for
effective catalysis and electronic devices [11,12]. Several
efforts have been made to improve the performance of
above-mentioned applications. The synthesis of ZnS
nanoparticles remains a topic of interest for material
scientists and synthetic routes are being explored. Various
synthesis routes like co-precipitation, hydrothermal,
solvothermal, microwave irradiation, microemulsion have
been used for the synthesis of ZnS nanoparticles [13–16].
Here, a facile and economical route i.e., thermal decomposition has been employed for the synthesis of ZnS
nanoparticles. In the synthesis process, sulphur concentration with respect to zinc precursor has been varied. It is seen
that sulphur concentration affects the particle size, morphology and crystallinity, hence electrocatalytic activity of
the synthesized samples get affected.

2.
2.1

Experimental
Materials

Zinc acetate dihydrate (Zn(CH3COO)22H2O, 99%) of
LOBA Chemie, Thiourea (CH4N2S, 99.0%) of CDH, deionized water (H2O, 99%) and ethanol (C2H5OH, 99%) of
Merck, carboxymethylcellulose sodium salt (C8H15NaO8,
99%) of Thomas Baker, polytetrafluoroethylene (PTFE,
99%) of Merck, potassium hydroxide (KOH, 99%) of
LOBA Chemie, were taken. All chemicals were used in the
synthesis and fabrication of electrodes without any further
purification.

2.2
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2.3 Fabrication of working electrodes for electrocatalytic
performance
The as-synthesized 90% of the weight of sample T1, 10% of
weight of carboxymethylcellulose and 30 ll polytetrafluoroethylene were added in a mortar pestle. Methanol was
added dropwise into it and ground to form slurry. The
prepared slurry was pressed by applying pressure to get
smooth and uniform film. Subsequently, same steps were
followed for T2 and T3 samples as well. The obtained films
were then dried at 70°C for 8 h in vacuum oven to get
working electrodes for electrocatalytic studies.

2.4 Characterization of synthesized samples T1, T2
and T3
The crystallinity and structure of synthesized samples T1,
T2 and T3 were tested by high resolution X-ray
diffraction (HR-XRD). The data were obtained from a
D-8 advance model of Bruker Inc. with CuKa radiation
having wavelength of 1.5406 Å operated at 40 kV and
100 mA. The morphological studies of the synthesized
samples T1, T2 and T3 were done on field emission
scanning electron microscope (Zeiss FESEM). Energy
dispersive X-ray analysis (EDX) was conducted to confirm the elemental composition. UV–Vis absorption study
of the synthesized samples T1, T2 and T3 were done in
the range of 200–800 nm on double beam UV–Vis
spectrophotometer (analytic Jena Specord 250). The
Fourier transform infrared spectra of synthesized samples
T1, T2 and T3 were performed by the KBr pellet method
in the range of 4000–400 cm-1 on a FTIR spectrometer
(Spectrum one, Perkin Elmer instrument, USA). The
electrocatalytic performances were performed on SP-240
Biologic Electrochemical workstation using electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) techniques.

Synthesis of ZnS nanoparticles

Zinc sulphide nanoparticles were synthesized by using
thermal decomposition route. In this route, three samples
were prepared by varying the sulphur source content. For
first sample, 2.19 g of zinc acetate dihydrate and 0.76 g of
thiourea were used and named as T1 sample. Sample T2
was prepared by using 2.19 g of zinc acetate dihydrate and
1.52 g of thiourea. For sample T3, 2.19 g of zinc acetate
dihydrate and 2.28 g of thiourea were taken. These precursors were separately taken into agate and ground properly to make uniform and smooth powder. Then, all ground
powders were kept in separate crucibles and placed in the
furnace at 300°C for 6 h. The samples were left in the
furnace till it attained the room temperature. Final products
were obtained by grinding in agate and then, used for various characteristic studies. The schematic for the synthesis
of samples T1, T2 and T3 is shown in figure 1.

3.

Result and discussion

3.1

Structural analysis

XRD (figure 2) of samples T1, T2 and T3 shows cubic
sphalerite phase of ZnS nanoparticles with different crystallite sizes indexed well with the JCPDS card no.
(05-0566). XRD peaks show that crystallinity of samples
increases with increase in sulphur concentration confirmed
with the narrowing of diffraction peaks in figure 1. The
crystallite sizes were estimated from 2h of the (1 1 1)
diffraction peak using the Scherrer’s formula [17] (equation
1),
D¼

Kk
:
bcos h

ð1Þ

Bull. Mater. Sci. (2021)44:261

Figure 1.

Page 3 of 9

261

Schematic diagram for the synthesis of samples T1, T2 and T3.

Stacking fault; r ¼

2p2
1

ð4Þ

b:

45ð3 tan hÞ2

The structural parameters i.e., dislocation density (d),
microstrain (e) and stacking fault (SF) of synthesized
samples T1, T2 and T3 are also summarized in table 1. d, e
and SF are lattice defects. Their values are decreasing with
increase in the content of sulphur, which possibly due to the
enhancement of crystallinity and the high orientation along
lattice plane (1 1 1) in figure 2.

3.2

Figure 2.

XRD spectra for synthesized samples T1, T2 and T3.

Here, D represents average crystallite size in Å, k the
wavelength of X-ray taken as 1.5406 Å for CuKa radiation,
K (shape factor) is taken as 0.9, h the Bragg angle and b
shows broadening of XRD peaks. The crystallite size
increases with increase in the concentration of sulphur can
be seen in table 1. The structural parameters were evaluated
from the following equations (equations 2–4) to verify the
crystallinity of the prepared samples T1, T2 and T3 [18].
Dislocation density; d ¼
Microstrain; e ¼

Table 1.
Sample
code
T1
T2
T3

1
;
D2

ð2Þ

b cos h
;
4

ð3Þ

Morphological and elemental composition studies

FESEM images (figure 3) of the sample T1 show amorphous spherical shape, sample T2 represents uniformly
distributed spherical shape and sample T3 represents crystalline nano plates-like morphology. The FESEM images of
sample T1 have more uniform size distribution than that of
sample T3. Also, from the FESEM image, it is confirmed
that with increase in the concentration of sulphur, crystallinity is increasing. Here, T3 is more crystalline than
samples T1 and T2 which is in agreement with XRD peaks
as well.
The increase in the concentration of sulphur was confirmed by EDX data in table 2, and specifies the existence of
Zn and S elements in different atomic ratios. No other
elements are present in EDX data representing the purity of
synthesized samples. The EDX data also confirm the presence of atomic ratios of sulphur used during the synthesis
process. Presence of sulphur concentration in sample T3 is
more than T1 and T2 as confirmed by EDX data.

Structural parameters for synthesized samples T1,T2 and T3.
2h (degree)

Crystallite size,
D (nm)

Dislocation
density  104

Microstrain

Stacking
fault

28.56
28.55
28.49

2.91
9.64
13.23

0.1180
0.0107
0.0057

0.0118
0.0035
0.0026

0.0244
0.0074
0.0053
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Figure 3. FESEM images of synthesized samples T1, T2 and T3.

Table 2.
Element

EDX data for samples T1, T2 and T3.
Sample T1

Sample T2
At. wt%)

Sample T3

35.57
64.43
100

37.21
62.79
100

44.84
55.16
100

S
Zn
Total

3.3

cm-1 belong to NH and C=S [20,21]. Band frequencies
around 600 cm-1 is because of the formation of covalent
bond in zinc and sulphur atoms [22]. Band frequencies
around 3400 cm-1 are due to strong O–H stretch that shows
vibrations of water molecules because of the presence of
moisture [23]. The peaks in the absorption band 2200–3000
cm-1 are due to the asymmetric deformation of C–H in CH4
[23]. In samples T2 and T3, a peak around 2100 cm-1 is
seen which is due to sp hybridized carbon atoms [24]. FTIR
spectral analysis confirms the formation of T1, T2 and T3
samples with cubic zinc blende structure.

FTIR study
3.4

FTIR was performed to study the presence of different
stretching vibrational modes in the synthesized samples T1,
T2 and T3. Figure 4 shows the FTIR spectra for samples T1,
T2 and T3. In FTIR spectra, there is an IR symmetric stretch
band at around 1101 cm-1 in sample T1 is due to the oxidation products of sulphur [19]. Peaks around 1200–1700

UV–visible spectroscopy study

The sample preparation for the UV–visible absorption is
made by dispersing synthesized samples into the de-ionized
water. The absorption of samples T1, T2 and T3 is the point
where it starts rising from visible to UV as shown in
figure 5a. Here, absorption peaks are found at 263, 277 and
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crystallite size. And also, it can be seen that increase in
sulphur concentration decreases the band gap that means
conductivity increases with increase in sulphur concentration. Sample T3 shows energy band gap smaller than the
bulk ZnS which is highly crystalline among all the samples.

3.5

Figure 4.

FTIR spectra for synthesized samples T1, T2 and T3.

344 nm, respectively, for samples T1, T2 and T3, respectively. Using Tauc plot, optical band gaps have been calculated. The energy band gap (Eg) was calculated using
Tauc plot (figure 5b) based on the optical absorption theory
(equation 5) for direct band gap semiconductor [25,26].
1=2
ahm ¼ M hm  Eg
;
ð5Þ
where a shows absorption coefficient, hm represents incident
photon energy and M shows a constant associated to the
material. The value of absorption coefficient can be found
using Beer Lambert’s relation 2.303A/d, where A represents
absorbance value in the UV–Vis spectra and d the path
length of cuvette (Quartz) used during the study [27]. The
band gap for T1 is higher than T2 and T3. This variation in
the band gap is in complete agreement with the quantum
confinement effect shown in table 3 compared to their

Figure 5.

Photoluminescence study

To do the analysis and for better understanding of the
defects associated with the compound, photoluminescence
study has been performed for the synthesized samples T1,
T2 and T3. It gives information about different energy states
of excitation and emission of photons in samples. Figure 6
shows the room temperature PL spectra measured by
exciting the nanocrystalline samples at 300 nm. All samples
T1, T2 and T3 show UV emission are due to the recombination process surface vacancy at the core lattice, but not
due to surface sulphur vacancies found at the surface. Peaks
around 370 nm creates sulphur vacancy in samples T1, T2
and T3. They show violet emission due to the sulphur
vacancy states transition to the valence band edge state of
ZnS. Generally, for any semiconductor nanomaterials, two
types of emission peaks were observed attributed to first,
interstitial exciton emission and second, trapped surface
states emission. The exciton emission peak is sharp and the
trapped emission is broad. Sharp peaks in violet and green
colour are observed in the PL spectra for synthesized
samples [28,29]. Sample T1 and T3 show blue light emission which are assigned to the recombination of electrons at
the sulphur vacancy with holes at the valance band and to
the transitions of electrons from the sulphur vacancy states
to zinc vacancy states, respectively.
Blue emission mainly because of surface states is
assumed to be created from surface defect states because of

(a) UV–Vis absorption spectra. (b) Tauc plots for synthesized samples T1, T2 and T3.
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Table 3. Crystallite size and band gaps for synthesized samples
T1, T2 and T3.
Sample
code
T1
T2
T3

Crystallite size
(nm)

Energy band gap
(eV)

2.9
9.6
13.2

4.25
3.96
3.72

Since, it is known that the more the e–h pairs recombination, more will be the PL intensity. Larger band gap
materials have larger charge transfer resistance and hence,
more is the e–h pair recombination [38]. So, in the PL
spectra, sample T1 with higher band gap and larger charge
transfer resistance has higher PL intensity.

3.6

Figure 6.

PL spectra for synthesized samples T1, T2 and T3.

sulphur vacancies. These states are on the other hand, hard
to control due to intricate coupling nature through the
environment [30–32].
Naik et al [33] reported that pure ZnS only show
emission of violet and blue colour in visible region, but
doping helped in the increase of emission range. But here,
in the present work, pure ZnS show green as well as
orange emissions. Peaks corresponding to 528, 535, 579
and 585 nm are green emissions due to the presence of
sulphur species on ZnS surface [34]. From the EDX data,
it is seen that all synthesized samples show sulphur
vacancy and Zn interstitial defects [35]. Large amount of
such defects as well as dangling bonds generate additional energy levels at the interface of nano materials
between the energy band gaps. The recombination of e–h
pairs take place at these levels. So, the recombination and
radiative transition from the level of sulphur vacancy to
the valence band of Zn interstitial or vacancies would
lead to green emission [36,37]. Wavelength ranging
around 600 nm are orange emission. The green colour
emission is assigned to electron transfer from sulphur
vacancies to interstitial sulphur states, and the orange
emission is due to recombination between interstitial zinc
states and zinc vacancies [32].
Photoluminescence results for synthesized samples T1,
T2 and T3 are in agreement with the electrocatalysis result.

Electrocatalytic study

The electrocatalytic performance of synthesized samples
T1, T2 and T3 were tested using EIS and CV techniques in
0.5 M KOH electrolyte solution with three electrode setup.
In the experimental setup, calomel electrode was used as
reference electrode, platinum electrode taken as counter
electrode and working electrodes of the synthesized samples T1, T2 and T3 were taken. EIS were recorded from 10
MHz to 100 kHz frequency range. Figure 7a, c and e shows
the EIS spectra of the synthesized samples T1, T2 and T3
with their consequent equivalent circuit. EIS parameters
calculated using equivalent circuits are presented in table 4.
In figure 7a, c and e, at high frequency, all samples show
semicircles which is due to the electrode resistance and also
shows the charge transfer resistance at the electrode interface and electrolyte. Evidently, the arc radii of samples
decrease with the increase in the sulphur concentration,
representing that the sulphur facilitates in the interfacial
charge transfer. The straight line almost parallel to the
imaginary axis is indicative of good capacitive behaviour.
The sample T3 shows steep value, this means highest
capacitive behaviour than samples T1 and T2. The smaller
values of R1 (solution resistance) and R2 (charge transfer
resistance) suggests good electrical conductivity and electrocatalytic activity of the electrode material [39]. R1 and
R2 values of highly crystalline sample T3 are 8.54 and
16.26 X, respectively, which is smaller than T1 and T2. The
lower solution resistance and charge transfer resistance of
sample T3 could be credited to the enhanced conductivity
due to the presence of highest concentration of sulphur than
T1 and T2.
The electrocatalytic performance of working electrodes
prepared using synthesized samples T1, T2 and T3 were
also estimated by CV in 0.5 M KOH aqueous solutions. All
CV data were acquired in the voltage window from –1 to
1 V. Figure 7b, d and f shows the CV curves of samples T1,
T2 and T3 at various scan rates from 20 to 100 mV s-1. The
curves depict the rise in current with the increase in scan
rate. The rise in peak current shows the enhanced catalytic
effect of synthesized ZnS nanoparticles due to its enhanced
active surface area and faster electron transfer rate between
the electrode and bulk KOH electrolyte solution [29–32].
The CV curves show the oxidation and reduction reactions
occurring on the surface of the prepared working electrodes.
Following reaction mechanisms (equations 6–9) can reveal
the reason for oxidation and reduction peaks in the working
electrode [40–42]:
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(a, c, e) EIS spectra and (b, d, f) CV plots synthesized samples T1, T2 and T3.

ZnSðOHÞK þ 2e þ ZnðOHÞ2 $ ZnS þ H2 O þ KOH:

Oxidation:

ð9Þ

ZnS þ Hþ þ OH þ Kþ $ Zn2þ þ S2


þH2 O þ KOH þ 2e ;ð6Þ
þ

261



þ

ZnS þ H þ OH þ K $ ZnSðOHÞK þ H2 O
þ ZnðOHÞ2 þ 2e :

ð7Þ

Reduction:
ZnS þ 2e þ Kþ þ OH þ Hþ
$ Zn þ H2 S þ SO2 þ KOH;

ð8Þ

When the working electrode of synthesized samples T1,
T2 and T3 was dipped into 0.5 M KOH electrolyte solution,
two peaks were seen. One is the cathodic peak due to the
electro-oxidation of ZnS nanoparticles as ZnS(OH)K species and second is the anodic peak due to change of
ZnS(OH)K as ZnS after electro-reduction, as shown in
chemical equations (7 and 9). Through an ion exchange
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EIS parameters for synthesized samples T1, T2 and T3.

Sample
code

R1
(ohm)

C1
(F)

R2
(Ohm)

s3
(Ohm.s-1/2)

T1
T2
T3

16.34
30.00
08.54

0.43  10-3
4.50  10-6
8.00  10-6

26.47
25.00
16.26

122.2
—
—

process, Zn2? ion and Zn are formed reacting with K? ions
present in the KOH electrolyte solution. Also, ZnS(OH)K
and Zn(OH)2 due to OH- ions present in the solution are
formed at the electrode and KOH electrolyte solution
interface (equations 6–9) [43].
More area of CV curves and current level indicate better
electrocatalytic performance [44–46]. It is seen that the
current and area under the CV curve of T3 electrode are
largest among all indicating the excellent electrochemical
performance as the presence of more sulphur ions provide
support and good conductivity.

4.

Conclusions

ZnS nanoparticles have been synthesized by facile thermal
decomposition technique. Various properties like crystallite
size, crystallinity, morphology, energy band gap of synthesized ZnS nanoparticles have been varied. The crystallinity of synthesized ZnS nanoparticles are found to
increase with the increase in the concentration of sulphur
source. Crystallite size of synthesized ZnS samples have
also been found to increase with increase in the sulphur
concentration. Conductivity of synthesized ZnS samples
increases as the energy band gap of the synthesized samples
are found to be decreasing with the increase in sulphur
source concentration. Reduced charge transfer resistance
and increased value of peak current in CV curve are found
for the sample having higher sulphur concentration.
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