
1. Introduction

Semiconductor QDs are very important nano-materials 
with unique physical and chemical properties owing to the 
quantum confinement effect. The most striking property 
of semiconductor QDs is the massive change in optical 
properties as a function of size [1]. These properties 
make research on semiconductor QDs more attractive in 
the field of nanotechnology.

ZnS is an important semiconductor material with 
direct wide band gaps for the bulk cubic and hexagonal 
phases as 3.68 eV and 3.80 eV, respectively [2]. ZnS 
nanocrystals (NCs) doped with rare-earth ions are used 
extensively in photoluminescence (PL) and electro-
luminescence (EL) devices [3,4] and light emitting diodes 
(LEDs) [5]. Thin films of ZnS are used as a window layer 
in heterojunction photovoltaic solar cells [6] as well as IR 
Windows [7].

Several studies were reported on the synthesis and 
optical properties of ZnS nanoparticles (NPs). A variety 
of methods have been used including precipitation in 
aqueous or non aqueous solution, microemulsion, solid 
state, hydrothermal, solvothermal, organo-metallic, 
sonochemichal and microwave irradiation techniques.

A solvothermal method was used to synthesize ZnS 
NPs of 3 nm with ethanol as solvent at 120°C using 
thiourea as the sulfur source [8]. Fifteen to 30 nm ZnS 
NPs were synthesized by a hydrothermal method at 
170°C [9], 5 nm ZnS NCs were synthesized in polyol 
medium at 150 °C again using thiourea as the sulfur 
source [10].

ZnS NPs with an average size of 30-45 nm were 
synthesized by solid state heating [11] while 3 nm ZnS 
NPs were synthesized via microwave heating of an 
aqueous solution of zinc acetate and thioacetamide [12]. 
Synthesis of water insoluble, uniform 11 nm, ZnS NCs was 
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In this study, we report on a new method for the synthesis of ZnS quantum dots (QDs). The synthesis was carried out at low 
temperature by a chemical reaction between zinc ions and freshly reduced sulfide ions in ethanol as reaction medium. Zinc chloride 
and elemental sulfur were used as zinc and sulfur sources, respectively and hydrazine hydrate was used as a strong reducing agent 
to convert elemental sulfur (S8) into highly reactive sulfide ions (S2-) which react spontaneously with zinc ions. This facile, less toxic, 
inexpensive route has a high yield for the synthesis of high quality metal sulfide QDs. Transmission electron microscopy (TEM) image 
analysis and selected area electron diffraction (SAED) reveal that ZnS QDs are less than 3 nm in diameter and are of cubic crystalline 
phase. The UV-Vis absorption spectrum shows an absorption peak at 253 nm corresponding to a band gap of 4.9 eV, which is high 
when compared to the bulk value of 3.68 eV revealing strong quantum confinement.  PL emission transitions are observed at 314 nm 
and 439 nm and related to point defects in ZnS QDs.
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reported by employing a high temperature thermolysis 
of zinc chloride and elemental sulfur in oleylamine at 
320°C with trioctylphosphine oxide (TOPO) as capping 
agent [13]. Aqueous precipitation of ZnS NPs with the 
an average size in the range 1-5 nm was reported using 
ZnSO4 and Na2S as precursor materials [14]. Using the 
same precursors 2-3 nm ZnS NPs were synthesized by 
a microemulsion method with water containing Sodium 
bis(2- ethylhexyl) sulfosuccinate (AOT) reverse micelles 
as nanoreactors  [15].

Ultrasonic irradiation of a mixed solution of Zn(NO3)2, 
Na2S2O3 and  isopropyl alcohol under Ar atmosphere for 
3 hours was used for the synthesis of 6.5 nm ZnS NCs 
[16]. ZnS NCs ranging in size from  2.8-6.6 nm were 
synthesized by thermolysis of a single-source molecular 
precursor [zinc diethyldithiocarbamate, (Zn(DDTC)2] in 
air at 280°C for 12 h [2]. Sun et al. reported a synthesis of 
5 nm ZnS (NP) by microwave thermolysis of (Zn(DDTC)2) 
in ethylene glycol at 110°C for 5 min [17].

Many of these methods used toxic materials, 
e.g. thiourea or thioacetamide as the sulfur source. 
In some methods elemental sulfur was used as 
the sulfur source, but high temperatures and toxic 
(non aqueous) solvents with high vacuum conditions 
were used while other methods were 
expensive which require inert conditions 
e.g. Ar atmosphere or long reaction time. 
In some methods metal salt and sulfur salts 
that are readily soluble in the solvent are used. 
These solutions already contain sulfide ions 
so there is less control over the reaction.

There is a need to develop new less toxic, low 
cost synthesis methods, therefore we present a facile 
method involving low temperature, short reaction 
time and employing less toxic chemicals with no high 
vacuum requirement for the synthesis of ZnS QDs. Our 
methods are consistent with all principles for greener 
nanomaterials synthesis:  reduced environmental 
impact, waste reduction, process safety, materials and 
energy efficiency [18]. We used sulfur powder S8 as 
the sulfur source and by in situ reduction of S8 directly 
to S2-, using hydrazine hydrate as reducing agent, we 
have better control over the reaction. The reaction time 
is very short because of the fast reduction of sulfur. 
By varying the time and temperature of reaction and using 
a capping agent, size control of QDs was achieved.

2. Experimental procedure

2.1. Synthesis
All chemicals zinc chloride (ZnCl2), sulfur powder 
(S8), hydrazine hydrate (N2H4•H2O), thioglycerol (TG) 

[HSCH2CH(OH)CH2OH)] and ethanol (C2H5OH) were 
used as received, without further purification.

In a typical synthesis of ZnS QDs, stock solutions 
were prepared as follows; 50 mM of ZnCl2, 0.5 M of 
TG in ethanol and 50 mM of N2H4•H2O in water at room 
temperature, 50 mM of S8 in ethanol at 60ºC. 

ZnCl2 (2 mM), TG (0.2 mM) and sulfur solution 
(0.2 mM) solution were added to the reaction medium 
of ethanol preheated at 60ºC under continuous 
mechanical agitation. Finally the hydrazine hydrate 
solution (0.2 mM) was added.

2.2. Characterization
2.2.1. HR-TEM analysis
A Jeol JEM 2100F microscope equipped with field 
emission gun at an accelerating voltage of 200 kV was 
used for TEM analysis of samples. The samples were 
dispersed in ethanol and a drop was placed on 5 nm 
carbon film coated copper grid.

2.2.2. UV-Vis absorption spectroscopy
Optical absorption spectra of the samples were measured 
with a Perkin Elmer Lambda 750 UV-Vis spectrometer. 
The samples were dispersed in ethanol and pure ethanol 
was used as reference material. Absorption spectra 
were recorded from 200 nm to 600 nm.

2.2.3. Photoluminescence
PL spectra were recorded using a Perkin Elmer 
(LS 55) Fluorescence Spectrometer. The samples were 
dispersed in ethanol, excited at 260 nm and the spectra 
were recorded from 290 nm to 650 nm.

2.2.4. Inductively coupled plasma
An ICP-OES spectrometer (Thermo scientific, iCAP 
6000 sereies) was used to determine the concentration 
of Zn. The reaction yield was calculated by measuring 
the concentration of Zn in the solution before starting 
and after the completion of the reaction.

3. Results and discussion

ZnS QDs are formed using zinc chloride as the zinc ion 
(Zn2+) source and elemental sulfur as the sulfur ion (S2-) 
source. In this method, hydrazine hydrate was used as 
a reducing agent, which generates hydrogen ions and 
nitrogen gas in water and no harmful byproducts. When 
hydrazine hydrate is added, it converts elemental sulfur 
from S8 to S2-, according to Reaction 1; this is a major 
difference in the mechanism of formation as compared 
to conventional syntheses which mostly involve addition 
of the metal salt to a solution already containing sulfide 
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ions, which leads to inhomogeneous product larger in size 
with a broader size distribution. These methods involve 
longer reaction times; also unreacted precursors make 
the reactions more complex. However in our method, in 
situ ionization of sulfur atoms results in a better control 
over the reaction rate and makes the reaction simple. 
The overall reaction taking place to form ZnS QDs is 
given in Reaction 2. 

N2H4•H2O + 1/8S8(s) + 2OH-→ S2- + N2(g) + 
                                               + 2H2(g) + 3H2O             

(1)

                   
ZnCl2 + 1/8S8(s) + N2H4•H2O

,602 5

3 8 2

C H OH C

C H O S
→



ZnS + 

  + 2HCl + N2(g) H2(g) + H2O              
(2)

                         
The reaction is very fast as the reduction of 

elemental sulfur takes place in a few seconds; therefore 
we selected a very short reaction time. The yield of the 
reaction was calculated by measuring the concentration 
of zinc, before and after the reaction, using an ICP-OES 
spectrometer. The results showed 99% consumption of 
zinc precursor in the reaction, which emphasizes the 
very high conversion yield of the precursors to the final 
product. 

Study of the effect of reaction time revealed that 
longer reaction times resulted in the agglomeration of 
smaller particles into larger ones. Therefore we adjusted 
the reaction time to be sufficient to form the particles as 
soon as hydrazine hydrate is added. It was observed 
that the presence of the capping agent is necessary 
for the formation of QDs as no particles were formed 
in the absence of capping agent. This was qualitatively 
assessed from the position of the UV-Vis absorption 
peak and also confirmed by TEM analysis. 

A minimum reaction temperature of 60ºC was 
selected as sufficient elemental sulfur, S8, was 
not soluble in ethanol below this temperature to allow 
the reaction to take place. Effect of different reaction 
temperatures and times were investigated on the quality 
and size of ZnS QDs. UV-Vis absorption spectra of ZnS 
QDs formed at 60ºC with different reaction times are 
given in Fig. 1a. The absorption peak is at the same 
position ~257 nm, for reaction times of 2 min, 3 min, 
5 min, 7 min and 12 min which reveals that the size of 
ZnS QDs are almost the same and that longer times, i.e., 
up to 60 min at a given temperature do not significantly 
influence the particle size. However higher temperature 
synthesis resulted in QDs with larger size. Fig. 1b 
shows the UV-Vis absorption spectrum of ZnS QDs 
synthesized at 120ºC for 60 min. An absorption peak at 
277 nm is observed which is red shifted as compared to 
the absorption peak of QDs formed at 60ºC, indicating 

an increase in size, as also confirmed by TEM images 
(Figs. 2c and 2d). The reaction time was set to 3 minute 
according to the experimental observations for further 
characterization.

Representative TEM images of the as synthesized 
ZnS QDs and selected area electron diffraction (SAED) 
patterns are given in Figs. 2a and 2b, respectively. 
Fig. 2a is HRTEM image of ZnS QDs, inset in Fig. 2a 
is a fast Fourier transform (FFT) on the area indicated 
by the white circle which surrounds a single QD. 
The FFT shows the QDs have a zinc blend crystal 
structure. Due to low contrast of ZnS, it is difficult to exactly 
determine the size of the particles. The estimated size of 
the QDs is 2.6 ± 0.3 nm obtained from measuring at least 
300 QDs from various TEM images. Fig. 2b shows 
the SAED pattern of ZnS QDs with diffraction rings 
instead of sharp spots due to the small size of QDs. 
These rings are indexed to (111), (220), and (311) crystal 
planes of the cubic zinc blend structure of ZnS (JCPDS 
No. 77-2100).

The UV-Vis absorption spectrum of ZnS QDs 
is shown in Fig. 3a, with an absorption peak appears 
at 253 nm corresponding to an energy gap, Eg, 
of 4.9 eV, well shifted from the band gap of bulk ZnS 
which is 3.68 eV for cubic phase ZnS. This blue shift in 

Figure 1. (a) UV-Vis absorption spectrum of ZnS QDs at 60°C 
for reaction times of 2 min, 3 min, 5 min, 7 min 
and 12 min. inset in (a) shows  UV-Vis absorption 
spectrum of ZnS QDs at 60°C for reaction times 
of 30 min, 60 min; (b) at 120°C for 60 min.
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absorption edge is due to a quantum confinement effect 
resulting from the small size of ZnS QDs comparable to 
the excitonic Bohr diameter which is about 2.4 nm for 
cubic phase ZnS [19]. The size of the particles can be 
calculated from the absorption peak using Brus’ effective 
model [8,19,23] presented in Eq. 3 [20].

   
                 (3)

where ∆Eg is the difference in the values of Eg for QDs 
and bulk ZnS; ħ is the reduced Planck constant; me

* 
and mh

* are the effective masses of the electron in the 
conduction band (CB) and the hole in the valence band 
(VB); for ZnS (me

* = 0.34, mh
* = 0.5), m0 is the rest mass 

of the electron [21]. The calculated size of QDs was 
2.4 nm, which is in good agreement with the size of the 
particles estimated from TEM images.

Semiconductor NPs such as ZnS often exhibit narrow 
close-to-band-edge luminescence with lower energy 
emissions attributed to trapping states and defects [22]. 
Electrons with energy greater than Eg are excited from 

valence band to conduction band and as a result electron 
hole pairs are created. The recombination of these 
electron hole pairs gives rise to different luminescence 
peaks. The energies corresponding to these peaks are 
less than the Eg and are related to recombination at 
different lattice or interstitial sites [14].

Figure  2. (a) HRTEM image and (b) SAED pattern of ZnS QDs synthesized at 60°C for 3 min. Inset in (a) shows FFT of the area indicated 
with circle; (c) TEM image of ZnS agglomerated QDs synthesized at 120°C for 60 min; (d) HRTEM image of one of the agglomerated 
particles in (c).

Figure 3. (a) UV-Visible absorption spectrum and (b) PL spectrum 
of ZnS QDs synthesized at 60°C for 3 min.
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ZnS QDs excited at 260 nm exhibits two peaks at 
314 nm and 439 nm as shown in Fig. 3b. The energy 
of the radiation corresponding to the emission peak at 
314 nm is 3.95 eV, which is assigned to the band-gap 
transition between conduction band and Zn vacancy 
acceptor level (V(Zn)). The energy corresponding to 
emission peak at 439 nm is 2.82 eV and can be related 
to recombination of electrons at sulfur vacancies donor 
level (V(S)) with holes trapped at zinc vacancies acceptor 
level V(Zn) [8]. 

4. Conclusions

In this work, a facile green chemical route for the 
synthesis of ZnS QDs with an average particle size 
of 2.6 ± 0.3 nm is reported. The method is a fast, low 

temperature route employing simple reduction of 
sulfur. The synthesized QDs showed strong quantum 
confinement effect in their optical properties. This facile, 
less toxic, inexpensive route has a high yield and strong 
potential for the synthesis of high quality metal sulfide 
QDs.
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