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INTRODUCTION 
Many research activities have been devoted to 

the synthesis and characterization of 

semiconductor nanoparticles. This interest is due 

to their unique physical and chemical properties 
that cannot be observed in bulk semi-conductor 

materials [1-5]. Such singular characteristics are 

originated from their large surface-to-volume ratio 
and confinement phenomena such as atomic-like 

electronic structure with discrete energy levels.  

Among the various II-VI semiconductors, ZnS 
is an important material with a direct wide band 

gap of 3.66 eV [6,7]. It is chemically more stable 

and technologically better than the other zinc 

chalcogenides. Zinc sulfide nanomaterial exhibits 
novel properties which are at the origin of diverse 

promising applications such as ultraviolet light 

sensors [8], efficient UV light emitting diodes [9], 
optoelectronic devices [10] and electroluminescent 

applications [11]. 

On the other hand, zinc oxide (ZnO) is also a 
kind of important semiconductor, having a large 

Annealing effect on structural, microstructural and electrical properties 

of ZnS nanoparticles synthesized in aqueous medium 
 

Afef Yacoubi, Tahar Ben Chaabane* 

 
Unité de Recherche Synthèse et Structure de Nanomatériaux UR 11 ES 30. Faculté des Sciences de Bizerte, 

7021 Jarzouna, Bizerte. Université de Carthage, Tunisie. 

 

(Received: 20 September 2015, accepted: 04 April 2016) 

 

 

Abstract: Nanocrystalline zinc sulfide (ZnS) was synthesized by simple chemical precipitation in aqueous medium 

at 80°C using zinc nitrate and thioacetamide (TAA) as reactants. The prepared products were annealed in air at 

different temperatures in the range of 500–650°C. The as-prepared and annealed samples were characterized by 

different techniques. The structure and morphology of the products were characterized by X-ray diffraction (XRD), 

transmission electron microscopy (TEM), Fourier transform infra-red (FT-IR) and Energy-Dispersive X-ray (EDX) 

spectroscopies. From the XRD and FT-IR analysis, the crystal structure is found to convert from cubic ZnS phase to 

the hexagonal ZnO phase with the increasing annealing temperatures. The electrical properties of ZnO nanopowder 
were investigated using impedance spectroscopy. The electrical conductivity increases with increasing temperature 

with a typical Arrhenius-type behaviour. The Arrhenius plot presented two linear portions indicating tow dominant 

mechanisms affecting the electrical conductivity of ZnO. 
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band gap and possesses unique optical and 
electronic properties. It is regarded as the 

promising material applied in nanotechnology and 

photocatalysis.  

Various synthesis methods have been used to 
obtain ZnS nanocrystals with reproducible sizes 

and morphologies. ZnS nanoparticles have been 

produced using polyol process [12, 13], sulfate 
salts calcination method [14], solvothermal route 

[15-17], ball-milling [18] etc. 

It is worth to note that previous studies have 
focused on the electrical properties of doped [19-

20] or undoped [21-22] ZnO material. The effect 

of the particles shape and size on the electrical 

conductivity of ZnO was also investigated. H. 
Wang et al. [23] have prepared ZnO samples with 

different morphologies (rods, fusiform-like, flower

-like,…). The authors have found different 
electrical conductivities depending on the sample 

morphology, the highest conductivity was 

determined for the fusiform-shaped ZnO sample. 
M. Orvatinia and R. Imani have studied the 
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electrical conductivity of ZnO nanowires films 
[24]. The nanowires have different lengths and 

diameters depending on the synthesis temperature 

varying in the range: 750°C-950°C. The ZnO 

nanowires prepared at lower temperature have a 
higher length and thinner diameter. The authors 

have recorded the conductivity variation of the 

samples as a function of inverse temperature 
according to Arrhenius model. They have found 

two activation energies E1 and E2 corresponding 

to two dominant mechanisms and the values of E1 
and E2 increase when the synthesis temperature 

increases. 

In this paper, nanometer-scale ZnS particles 

were synthesized via simple chemical precipitation 
method in aqueous medium [25-26]. The starting 

compounds were zinc nitrate as Zn source and 

thioacetamide as sulfide source material [27]. The 
probable reaction process for the formation of ZnS 

particles can be proposed as follows [28]:  

  
CH3CSNH2   +   H2O    →    CH3CONH2   +   H2S 

                       H2S         →      2H+   +   2S2- 

             Zn2+   +   S2-      →          ZnS 

 
Annealing the as-prepared ZnS nanoparticles 

leads to ZnO product. The annealing effects on 

structural and microstructural properties of zinc 
sulfide nanoparticles were studied. Note that the 

electrical properties of ZnO nanocrystals can be 

affected by various factors: the synthesis process, 

the size and the shape of the particles, the existence 
of native point defects and impurities, hence we 

are interested to study the electrical properties 

which are investigated and discussed for the ZnO 
nanoparticles obtained with quasi-spherical shape.  

 

EXPERIMENTAL SECTION 

1. Synthesis of ZnS nanoparticles 

Zinc nitrate hexahydrate (Zn(NO3)2.6H2O, 98 %) 

and thioacetamide ( CH3CSNH2, 99 %) were used 

as received without additional purification. All 
solutions were prepared using ultra-pure water. 

ZnS nanoparticles were synthesized in aqueous 

medium. In typical procedure, 3.710 g of zinc 
nitrate hexahydrate was dissolved in ultra-pure 

water (0.5M). A separated solution containing 1.120 

g of thioacetamide dissolved in water (0.5M) was 
also prepared and added drop wise to zinc nitrate 

solution under magnetic stirring. The mixture was 

then placed in a flask and heated to 80°C for 3h 

under continuous mechanical agitation. After 

cooling to room temperature, the precipitate was 
centrifuged, washed several times with ethanol and 

acetone, and then dried in air at 60°C.  

The synthesized products were placed into 

crucible and annealed in air for three hours at 
different temperatures in the range of 500-650 °C. 

 

2. Characterization 
The X-ray powder diffraction (XRD) patterns 

were recorded on a Bruker D8 Advance apparatus  

with Cu(K radiation (λ = 1.5406 Å). The average 

crystallite sizes were calculated from the width of 

the XRD peaks using the Scherrer formula [29].  
Transmission electron microscopy (TEM) 

images were taken by placing a drop of the 

particles in water onto a carbon film-supported 
copper grid, the size and the shape of the particles 

were determined using a Tecnai Transmission 

Electron Microscopy operating at 200 kV equipped 

with an energy dispersive Spectrometer (EDX).  
Fourier transform infrared (FT-IR) spectra were 

recorded on a Thermo Scientific Nicolet IR 200 

spectrophotometer in the range of 400-4000 cm-1.  
For electrical measurements, the powders were 

pressed into pellets and sintered in air at 550°C for 

2h. Electrodes have been prepared by painting 
silver on both sides of the sintered pellet to ensure 

good electrical contact.  

Impedance measurements were recorded from 

room temperature to 240°C with stabilization time 
of 10 min between consecutive measurements. The 

frequencies were ranging between 10 Hz and 

13MHz and the measurements were performed 
using a Hewlett Packard HP 4192A impedance 

analyzer. 

 

RESULTS AND DISCUSSION 

1. Structural and microstructural 

characterizations 

XRD patterns of the recuperated powder as well 
as those of annealed samples are recorded in the 

scan range 2θ = 10-60° (Figure 1). All the 

diffraction peak positions of the as-prepared 
powder (Fig.1a) are in good accordance with the 

data reported in JCPDS No. 05-0566 [30] 

corresponding to ZnS cubic phase. The peak 

broadening in the XRD patterns clearly indicated 
the nature of the small nanocrystals. Crystallite 

size of the nanoparticles was estimated following 

the well-known Sherrer equation:  
L = 0.9λ/(βcosθ) where L represents crystallite 

size (Å), λ is the wavelength of Cu(Kα) radiation 
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(Å) and β is the corrected full width at half 
maximum (FWHM) of the diffraction peak. The 

calculated crystallite size of the as-prepared sample 

(Figure1a) was determined to be 17.5 nm. 

The XRD pattern of the ZnS sample annealed at 
500°C (Figure1b) revealed that the ZnO phase has 

set in with the presence of cubic phase of ZnS 

resulting in the formation of a zinc blende-wurtzite 
ZnO mixed phases. Increasing the annealing 

temperature to 550°C leads to completely 

disappearance of ZnS cubic phase because the 
corresponding XRD pattern (Figure1c) shows only 

the characteristic diffraction peaks of the 

hexagonal zinc oxide. According to bibliography, 

the conversion of the annealed ZnS nanoparticles 
to ZnO hexagonal phase can occur in air in the 
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Figure 1: X-ray diffraction (XRD) of pure as-prepared ZnS 
(a), ZnS annealed at 500°C (b), 550°C (c) and 650 °C  

(d) (* and 0  for ZnS and ZnO diffraction peaks respectively). 

Table I: Diffraction angle positions, FWHM and (h k l) 
planes of the main diffraction peaks of ZnO phase obtained at 
different annealing temperature. Their corresponding 
calculated crystallite sizes are also given. 

T (°C) 2  (hkl) 
FWH

M 

Size 

(nm) 

Average 

size 

(nm) 

 

550 
 

31.48 (100) 0.307 39.9 

35 34.07 (002) 0.361 31.7 

35.95 (101) 0.341 34.7 

650 

31.59 (100) 0.219 67.1 

58 34.23 (002) 0.243 57.3 

36.17 (101) 0.280 48.2 

temperature range of 550°C-600 °C [31, 32]. The 
XRD diagram of the ZnS sample calcined at 650°

C is shown in Figure1d. It exhibited well 

crystallized powder with diffraction peaks related 

to the lattice planes of (100), (002), (101), (102) 
and (110) which are consistent with the ZnO 

wurtzite phase as reported in ICDD card N° 70-

8070 [33]. It is worth to note that on further 
increasing the annealing temperature up to 650°C, 

the diffraction peaks are found to narrow down 

and their intensity increases as compared to those 
of the sample annealed to 550°C. The 

corresponding calculated crystallite sizes are 

increased to reach an average value of 58 nm 

(Table I). 
In order to elucidate the morphology of the 

Figure 2: TEM images of ZnS nanocrystals for as-prepared sample (a) and annealed sample at 650°C (b). 

(a) (b) 
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obtained particles, transmission electron 
microscopy (TEM) investigation was performed. 

Typical TEM images of as-prepared sample and 

annealed one at 650°C samples are given in figure 

2a and 2b respectively. TEM image of the starting 
powder (Figure2a) shows spherical particle 

strongly aggregated with diameters ranging in 80-

100 nm and are constituted by nanometer-sized 
crystals of about 20 nm. The TEM image of the 

calcined sample at 650°C (Figure 2b) shows less 

agglomerated quasi-spherical particles with size 
ranging in 60-80 nm. The observed particles 

diameters are in accordance with the calculated 

crystallite sizes obtained from the XRD patterns 

(Table I).   
Energy Dispersive X-ray Spectrometry (EDX) 

was used for the elemental analysis of the annealed 

ZnS nanoparticles at 650°C. The EDX spectrum of 
the sample is shown in figure 3. The observed 

signals of carbon and copper  must  be omitted 

because they originate from the carbon film and 
the copper gird used for the sample preparation. 

The intense peaks belong to Zn and O elements 

and there are no other impurity elements in the 

sample. Then EDX analysis indicates good purity 
of the product in one hand and proves the complete 

oxidation of ZnS into ZnO in the other hand. 

 

2. FT-IR spectroscopy analysis 

The infra-red spectra of the as-prepared sample 

and the annealed ZnS ones are given in Figure 4. 

For the starting material spectrum (Figure 4a), the 
broad band at 3414 cm-1 and the less intense one at 

1640 cm-1 are correlated to the water and hydroxyl 

vibrations respectively. The bands located at 1316 
and 817 cm-1 are due to NO3

- group [34]. The peak 

Figure 3: EDX spectrum of the ZnS annealed at 650°C. 

observed around 1460 cm-1 can be originated from 
C-H stretching of thioacetamide precursor. The 

bands located at 1046 and 640 cm-1 are ascribed to 

the formation of Zinc sulfide [35, 36]. For the ZnS 

annealed at 500°C (Figure 4b), the vibration bands 
assigned to nitrate groups, C-H bond and those 

originated from water disappear whereas a new 

strong vibration band located at 429 cm-1 with a 
shoulder at 483 cm-1 appears. These latter wave 

numbers are characteristic of ZnO vibration [37, 

38].  
The infra-red spectra of the annealed ZnS at 

650°C particularly reveal that the specific vibration 

band of Zn-O becomes dominant indicating the 

complete oxidation of the zinc sulfide particles. 
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Figure 4: FTIR spectra of ZnS nanoparticles: as-prepared (a), 
annealed at 500 ◦C (b), annealed at 550 ◦C (c)  

and annealed at 650°C (d). 
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3. Electrical properties 
Complex plots of imaginary part of impedance -

Z’’ versus the real part Z’ of ZnS annealed at 650°

C are displayed for different temperatures in 

Figure 5 in which semicircles are obtained. The 
sample resistances R as function of the temperature 

have been obtained from the values of the intercept 

of the extrapolated semicircles with the real axis. 

The corresponding conductivities  were 

calculated in accordance with the relation:   = L/

RS where S and L are area and thickness of sample 
pellet, respectively. Each impedance spectrum is 

characterized by the appearance of a single 

semicircular arc whose radius of curvature 
decreases as temperature increases. The resistance 

values decrease and then the conductivities 

increase with the temperature indicating semi-

conducting behaviour of the sample. It is well 
known that undoped ZnO presents n-type 

conductivity due to the formation of native donor-

type defects related to oxygen vacancy (VO) and 
zinc interstitial (Zni) [39]. Increasing the number 

of such defects multiplies the number of electrons 

as charge carrier and then enhances the 
conductivity of ZnO material.  

The observed one-arc spectrum in figure 5 

means that the sample conduction in the grain and 

the grain boundary occurs in the same process 
leading to the same semicircle. Nevertheless, Jose 

et al [40] and Nan et al. [41] have studied the 

impedance spectra for nanostructured Zinc oxide, 
the ZnO specimens were prepared only by pressing 

without sintering and the authors obtained 

impedance spectra exhibiting two arcs. The low 
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Figure 5: Nyquist plots for ZnO nanoparticles (A: temperature range: 92-132 °C; B: temperature range : 141-241 °C) 

frequency arc is due to the grain boundary effect 
and the high frequency one is attributed to the 

grain effect. Z. Zhou et al. have compared the 

impedance spectra of pure ZnO specimens with 

and without sintering; the authors have obtained 
impedance spectra with single arc for the former 

and tow arcs for the latter [42]. 

Typical Arrhenius-type behaviour with linear 
dependence of thermal conductivity logarithm log 

( T) on inverse of temperature 103/T (K-1) is 

shown in Figure 6. The linear relationship was in 

accordance with the following expression: .T = 

 0 exp (-E/kT), where  0 is the pre-exponential 

factor, E the activation energy, T the absolute 

temperature and k the Boltzmann constant. 

Therefore, the temperature dependence of the 
conductivity clearly indicates that the electrical 

conduction in ZnO sample is a thermally activated 

process. Tow linear portions were obtained in 
figure 6, they are indicative of different activation 

energy E1 = 0.90 eV and E2 = 0.16 eV 

corresponding to tow temperature regions. E1 and 

E2 are determined in the high and low temperature 
range respectively, they present tow values 

remarkably distinct. The determined transition 

temperature was found to be 114°C (387 K) which 
is in agreement with M. Orvatinia and R. Imani 

study concerning the electrical conductivity of 

different ZnO films [24]. 
The activation energy represents the location of 

trap levels below the conduction band. The distinct 

values of E1 and E2 indicate the presence of two 

donor levels. These levels are the shallow and deep 
donor levels in the band gap of the ZnO semi-
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conductor. The lower value of 0.16 eV corresponds 
to the shallow donor level, while the higher value 

of 0.90 eV corresponds to the deep donor level. 

 

CONCLUSION 
ZnS nanoparticles were synthesized by simple 

precipitation in aqueous phase from zinc nitrate 

and thioacetamide. The prepared powder exhibits 
cubic blende phase with high degrees of purity and 

crystallinity.  The  zinc  sulfide  product  was 

annealed at 500, 550 and 650°C and the crystal 
structure started to convert from cubic ZnS phase 

to the wurtzite ZnO phase from the temperature of 

500° C.  The  annealed  ZnS  sample  at  650° C 

exhibited well crystallized ZnO phase with high 
purity.  The electrical  conductivity of  the latter 

product  increases  with  the  increase  of  the 

temperature  in  accordance  with  the  semi-
conducting  behaviour  of  the  material.   ZnO 

exhibited  two  distinct  activation  energies 

corresponding  to  tow  conduction  mechanisms 
which occur in different temperature regions.  
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