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Highlights

*  Co-precipitation method is used for the synthesis of ZnS NPs.

*  Ascorbic acid is used as capping agent.

e ZnS NPs are characterized by UV-Visible, FTIR, and XRD spectroscopy.

*  ZnS NPs are found in cubic phase with zinc blend structure.

e Average particle sizes of ZnS NPs are 5.01 nm and 3.1 nm at 20 °C and 40 ‘C preparation temperature.

Abstract

Zinc sulphide nanoparticles (ZnS NPs) were successfully synthesized by chemical co-precipitation method at 20°C and 40°C using
zinc chloride (ZnCl,) and sodium sulphide (Na,S) as precursors. Ascorbic acid was used as a capping agent. The synthesized ZnS
NPs were characterized by X-ray diffraction (XRD), UV-visible and Fourier transform infrared (FTIR) spectroscopy. UV-visible
spectra showed that the bandgap of synthesized NPs was 3.8-3.9 eV at two different temperatures. XRD analysis showed the
particles were present in the cubic phase with a zinc blend structure. FTIR spectra were used in the confirmation of the chemical
species of the synthesized NPs. The average particle size calculated by using Debye-Scherrer's equation at 20°C and 40°C was
found to be 5.01 and 3.1 nm which indicates that the particle size was temperature-dependent.
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Introduction

NPs are extremely small and ultrafine particles whose at least one dimension is less than 100 nm [1]. The properties of NPs
strongly depend on their size and the three-dimensional confinement of the electrons [2-5]. Their size depends upon the surface-
area-to-volume ratio. Particle size increases with an increase in surface-area-to-volume ratio thereby changing the physical as
well as chemical properties of NPs [6,7]. Semiconductor NPs have been paid great attention due to their unique optical and
electronic properties [8,9]. As one of the most important Group I1-VI semiconductors; ZnS has been found in many applications
like fluorescence probe [10], phosphorescence [11,12], biomedical [13,14], light-emitting diode (LED) [15], electroluminescent
[16], non-linear optical devices [17] reflecting coatings [18], biosensing [19].

ZnS is an important Group I1-VI semiconductor material for the development of various technologies and photovoltaic properties.
It is an inorganic compound that exists in dual form. The two allotropic forms of ZnS NPs are cubic zinc blend with an energy
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gap in the range of 3.68 eV and wurtzite (hexagonal) with an energy gap in the range of 3.8 eV [20]. Many techniques have
been developed for the synthesis of NPs such as chemical precipitation [21-24], sol-gel method [25], sonochemical method
[26], microwave irradiation [27], colloidal microemulsion [5], spray pyrolysis [16], laser ablation technique [17], solvothermal
synthesis [20], a soft chemical method [28] and so on.

It has been reported in most of the studies that temperature is the most prominent factor affecting the size of semiconductor
NPs [29]. The scientific evidence revealed that at lower temperatures the size of nanoparticles was increased while at a higher
temperature the size of NPs was decreased accordingly [30]. The literature survey provided the fact that high temperature is
assisted in nucleation and low temperature is assisted in growth. The nucleation rate constant becomes larger with the increase
in temperature while the growth rate constant becomes smaller with an increase in temperature [31]. That means the rate of
nucleation is faster at high temperatures while the rate of growth is slower at high temperatures indicating smaller particle size
at high temperatures.

There is strong evidence that bandgap energy increases with a decrease in particle size well illustrated by quantum confinement
theory. This theory states that the potential well of the quantum box confines the holes in the valence band and the electrons in
the conduction band. With shrinking particle size, this confinement of electrons and holes expands the bandgap energy between
the valence band and conduction band[32].

Here, we investigated the impact of temperature on theoptical and structural properties of ZnS NPs, synthesized by a simple
chemical precipitation method, to optimize the condition of the precipitating process. For this, we reported the chemical
precipitation of ZnS NPs and their characterization by UV-vis spectrometry, XRD, FTIR.

Materials and Methods

Materials

The synthesis method was quite straightforward and didn't call for any particular setup. ZnS was prepared from the reaction
between precursor solutions i.e., ZnCl, and Na,S. None of the reactants needed additional purification and they were all of
analytical grade. De-ionized water was used throughout the experiments.

Synthesis of ZnS NPs

ZnS NPs were synthesized by chemical precipitation method using ZnCl, and Na S as precursors and ascorbic acid (AA) was
used as a capping agent. The synthesis was carried out at 20°C and 40°C temperatures. First of all, 0.01 M ZnCl, and 0.01M
ascorbic acid solution were mixed in a beaker followed by continuous stirring of the mixture using a magnetic stirrer. Then 0.01
M Na,S solution was added dropwise using the dropper, stirring the solution simultaneously till the formation of a white-colored
solution. The solution was then allowed to settle for 24 hrs. and filtered, washed the precipitate (ppt) with double de-ionized
water, and air-dried to get in powder form. The detailed methodology for the synthesis of ZnS NPs is shown in Scheme 1. The
formation of ZnS NPs is represented by the following reaction [20, 33, 34].

ZnCl,+Na,§ — B8 & 748 [+ INaCl

(White ppt.)
Scheme 1. Synthesis of ZnS NPs

Characterization of Synthesized NPs
The particle size and crystalline structure were determined by XRD. The average particle size (D) was determined by using

Debye-Scherrer’s equation calculating full width at half maximum (FWHM) from the XRD pattern obtained [24].
D= 0.94x2
B cos O

Where A denotes the wavelength of X-ray used (0.154 nm), 6 denotes the Bragg’s angle, and f is the full width at half maximum
in radian.

The absorption spectra were observed using UV-Visible spectroscopy between the range of 280-700 nm. The absorbance Vs
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wavelengths plot gave the absorption maxima. The value of bandgap can be calculated by Tauc relation [35,36] which shows the
relation between absorption coefficient (o) and the incident photon energy (/v) and is represented as;

oahv =4 (hv—Eg)”
Where a denotes the absorption coefficient, v denotes the incident photon energy, E, is the bandgap energy, and A is constant.

The plot of (ahv)? versus hv gave the value of the bandgap by extrapolation of the linear region of the curve [23]. The vibrational
structure of synthesized NPs at both temperatures was detected by FTIR [37]. Generally, FTIR is used to determine the
characteristic functional group present on the surface of NPs that confirm the nanoscale properties of ZnS synthesized at different
temperatures [38]. The different peaks obtained in the different regions were compared with the standard FTIR spectra.

Results and Discussion

XRD Analyses

The XRD (Rigaku ultima IV model) pattern was obtained using Cuko. radiations (A = 1.514 A) for 20 values ranging from 10° to
90° in synthesized ZnS NPs at two different temperatures as shown in Figure 1. The XRD pattern showed three diffraction peaks
at 20 values 0f 28.58°,47.86°, and 56.61° at 20°C while 20 values 0f 28.54°,47.81°, and 56.55° at 40°C observed from (111), (220),
and (311) planes, respectively which indicate that the particles were present in cubic phase with zinc blend structure (JCPDS card
no. 05-0566) [39]. The peaks obtained well matched with the standard data as mentioned in [40] but are comparatively wider than
that of bulk ZnS due to fine crystalline size. Since no other diffraction peaks were observed, it revealed that the synthesized ZnS
NPs were pure. The (220) peak was used for the determination of average particle size. The average particle size of ZnS NPs was
calculated from full width at half maximum (FWHM) of (220) peak using Debye-Scherrer’s equation and was found to be 5.01
nm at 20°C and 3.1 nm at 40°C indicating a decrease in particle size with an increase in temperature. The decrease in particle size
with an increase in temperature may be due to a slow rate of growth at high temperatures [31].
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Fig 1. XRD pattern of synthesized ZnS samples at varying temperatures (a) 20°C and (b) 40°C

UV-Visible Analyses

Optical absorption spectra of ZnS NPs were measured using (SL 177 ELICO UV-Vis) spectrophotometer. The absorption spectra
of NPs were measured in the range of 250-650 nm. The absorption edge of synthesized ZnS NPs at 20°C was found to be 330
nm and 40°C was found to be 315 nm as shown in Figure 2. The previous studies reported that the absorption edge of bulk ZnS
was found to be 337 nm [41]. The absorption edge formed at 330 nm and 315 nm is lower than that of bulk (~ 337 nm) which
indicates a blue shift of absorption. The graph between (o h v )2 Vs hv was plotted to calculate the band gap of synthesized ZnS
NPs. The value of the bandgap was determined by extrapolating the straight portion of the curve of (ahv )2 Vs hv on the v
axis as shown in Figure 3. The bandgap was found to be 3.8 eV and 3.9 eV for 20°C and 40°C which were higher than that of
bulk ZnS (~3.68 eV).

Using the effective mass approximation, the particle size was determined from the absorption data [41].
Where E o is the calculated bandgap of NPs and E, is the bandgap of bulk ZnS, h is Planck's constant, are the effective
masses of hole and electron, respectively,  is the radius of NPs, e is the charge of the electron in C, is the vacuum permittivity
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constant and is the dielectric constant (ZnS = 8.3). The particle size obtained from this relationship was found to be 8.3 nm and 6.7
nm at 20°C and 40°C, respectively. Further, it was observed that with a decrease in particle size, the bandgap energy was increased.
Thus, the result well agreed with the blue shift phenomena of bandgap due to quantum confinement of semiconductor NPs [32].
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Fig 2.UV-Vis absorption spectra of the ZnS NPs prepared at different Temperatures (a) 20 °C and (b) 40 °C
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Fig 3. (¢hv)? Vs hv plot to determine the bandgap of ZnS NPs at different temperatures (a) 20 °C and (b) 40 °C.

FT-IR Analyses

The FT-IR spectra (IR AFFINITY-1 Shimadzu) of ZnS NPs at room temperature are shown in Figure 4. The FTIR spectra were
recorded in the range of 400-4000 cm™'. The peaks were obtained due to different vibrational modes. The broad peak observed
at 3186 cm! was due to the absorption of water at the surface of NPs that indicate OH-stretching which well agreed with the
reported value [37,41]. The peak observed at 1618 cm™ was due to C=0 stretching modes [37,41]. The peaks observed at 1115
cm™ and 1001 cm™ were due to C-OH stretching mode [38]. The peak at 621 cm™ was due to Zn-S vibration which is in good
agreement with the reported values [42].
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Fig 4. FTIR spectra of ZnS NPs at 20 °C
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Comparison of Different Methods for Synthesis of ZnS NPs
Table 1 shows that the chemical precipitation method using ZnCl, and Na,S as precursors and ascorbic acid (AA) may be
superior to other methods for the synthesis and characterization of ZnS NPs.

Table 1. Comparison of some methods of synthesis and characterization of ZnS NPs [43].

Method Advantages Disadvantages
Need of well-controlled conditions
Sol-Gel High purity of the product Difficulty in preparation of precursor without cracking
Longer reaction time
Sonochemical High reaction yield Need of ultrasonic radiation
Less accuracy of the control method on morpholo
Microwave irradiation High purity of the product ) Y TPROTORY
and size
Economic
High reaction yield
Chemical precipitation & Y Longer time for the product formation

Simple method of working
Suitable for large-scale production

Applications of ZnS NPs

ZnS NPs are largely used in catalysis as they are chemically stable against hydrolysis and oxidation. ZnS is non-toxic and easily
accessible, which makes it fit to be used as a catalyst in elimination of toxic and organic pollutants from water. Also, they are used
as electrocatalysts for the direct conversion of ethyl alcohol in fuel cells [35]. Due to their wider band gap, better photostability,
tunable and narrow emission, continuous absorption spectra, high flexibility, low cost, and good sensitivity, ZnS NPs are widely
used as UV-sensors, chemical sensors, and biosensors [35-38]. ZnS NPs are also used as novel nano-modulators for plant growth
[39].

Conclusions

ZnS NPs were synthesized successfully at two different temperatures by the chemical co-precipitation method using ascorbic
acid as a capping agent. XRD analysis confirmed the cubical phase of synthesized ZnS NPs. The particle size of synthesized
NPs decreased from 5.01 nm to 3.1 nm as the temperature increased from 20 °C to 40 °C. The optical properties were determined
by Uv-vis spectroscopy. The bandgap of synthesized NPs was 3.8 eV and 3.9 eV at 20 °C and 40 °C, respectively. The chemical
bonding and vibrational modes of synthesized NPs were determined by FTIR. This study revealed that the size of synthesized
ZnS NPs was found to be temperature-dependent and the bandgap, in turn, was particle size-dependent. The particle size was
found to decrease with an increase in temperature meanwhile, the bandgap was increased with a decrease in particle size. All this
evidence proved that ZnS NPs exhibit a strong quantum confinement effect with a blue shift in the band gap energy.
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