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In the present work, mixed structure Zn(S,O) nanoparticles have been synthesized using solution based chemical coprecip-
itation technique. Two different zinc sources (Zn(CH3COO)2·2H2O and ZnSO4·7H2O) and one sulfur source (CSNH2NH2)
have been used as primary chemical precursors for the synthesis of the nanoparticles in the presence and absence of a capping
agent (EDTA). The structural, morphological, compositional and optical properties of the nanoparticles have been analyzed
using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), Fourier
transmission infra-red (FT-IR) and UV-Visible (UV-Vis) spectroscopy. XRD revealed the formation of mixed phases of c-ZnS,
h-ZnS and h-ZnO in the synthesized nanoparticles. The surface morphology was analyzed from SEM micrographs which
showed noticeable changes due to the effect of EDTA. EDX analysis confirmed the presence of zinc, sulfur and oxygen in
Zn(S,O) nanoparticles. FT-IR spectra identified the presence of characteristic absorption peaks of ZnS and ZnO along with
other functional group elements. The optical band gap values were found to vary from 4.16 eV to 4.40 eV for Zn(S,O) nanopar-
ticles which are higher in comparison to the band gap values of bulk ZnS and ZnO. These higher band gap values may be
attributed to the mixed structure of Zn(S,O) nanoparticles.
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1. Introduction
Semiconductor nanoparticles with their novel

properties and promising applications in basic re-
search and technology have aroused great interest
of the researchers all across the world. The novel
properties of these nanoparticles are much different
from their corresponding bulk materials arising ba-
sically from their high surface-to-volume ratio and
quantum confinement effect [1–3]. The nanoscale
size of these materials corresponding to quantum
regime also enhances the role played by their sur-
face atoms in various physical and chemical pro-
cesses. The electronic states created at the surfaces
strongly affect the physical and chemical properties
of these nanomaterials [4]. Thus, the proficiency in
modifying their properties by controlling the size
and shape of the particles is technologically im-
portant [5, 6]. Furthermore, extensive research has
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been practiced on the synthesis and characteriza-
tion of semiconducting nanoparticles towards their
practical applications [7–10].

Zinc based II-IV semiconductors: zinc sulphide
(ZnS) and zinc oxide (ZnO) have received much
attention in the recent years due to their wide
bandgap and envisaged properties [11]. ZnS is a
non-toxic semiconductor with a wide and direct
band gap, which can be observed naturally in two
structures: cubic (c-ZnS: zinc blende) structure,
having the lattice constant, a = 5.409 Å and op-
tical band gap, Eg = 3.72 eV, and hexagonal (h-
ZnS: wurtzite) structure, having the lattice con-
stants a = b = 3.812 Å and c = 6.26 Å and
Eg = 3.77 eV [6, 12, 13]. This material is used
in detectors, emitters and modulators in optoelec-
tronics, light emitting laser diodes, optical win-
dows for visible and ultraviolet light etc., [14, 15].
It has also been broadly investigated for applica-
tions in different disciplines such as photocatalysis,
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solar energy conversion, projection television, flu-
orescence microscopy etc., [16–19]. Additionally,
zinc oxide (ZnO) is one of the most famous II-
VI semiconductor due to the large exciton bind-
ing energy of 60 meV and a wide band gap of
3.37 eV at room temperature [20]. Normally it
crystallizes in a hexagonal (h-ZnO: wurtzite) struc-
ture with a = b = 3.25 Å and c = 5.12 Å [20].
It is a promising material for various applications
such as ultraviolet light emitters, flat panel dis-
plays, spin functional devices, transparent con-
ductive oxides, gas sensors and surface acoustic
wave devices [4, 20–22]. There has been much
consideration on the synthesis of nanoparticles of
both these semiconductors by various techniques
which include chemical vapor deposition, thermal
evaporation, sol-gel, combustion, hydrothermal,
non-hydrolytic high temperature injection method,
microwave irradiation, solvothermal, mechanical
ball milling, coprecipitation etc., [8, 17, 23–29].
Among these techniques, coprecipitation is a con-
ventional wet chemical technique to synthesize ma-
terials with high yield in mass production [29–
31]. Frequently, in many studies, ZnS have been
synthesized with cubic, hexagonal and polymorph
structures, i.e. presence of both cubic and hexag-
onal phases, [4, 13, 32] whereas ZnO synthe-
sized normally in hexagonal structure [9–11, 20].
Alternatively, in other studies, simultaneous exis-
tence of different phases of ZnS and ZnO in the
synthesized material have been reported [11, 33].
Various researchers have synthesized mixed struc-
ture ZnS-ZnO nanocomposites using different wet-
chemical routes [3, 4]. It has been observed that
ZnS nanoparticles work as excellent shell coating
layers for ZnO nanoparticles and enhance the opti-
cal, photoluminescence and electrical properties of
ZnO-ZnS nanostructures. The mixed structure for-
mation of nanoparticles may tend to bring consider-
able changes in the different properties of semicon-
ductor materials [3, 4]. Thus, the aim of this work
is to synthesize Zn(S,O) nanoparticles via simple
coprecipitation technique and to study their struc-
tural, morphological and optical properties. How-
ever, the influence of ethylenediaminetetraacetic
acid (EDTA) as a capping agent for the synthesis
of Zn(S,O) is also studied in the present work.

2. Experimental

2.1. Coprecipitation synthesis of Zn(S,O)
nanoparticles

Zn(S,O) nanoparticles were prepared using
two different zinc source precursors (zinc ac-
etate: Zn(CH3COO)2·2H2O and zinc sulfate:
ZnSO4·7H2O), thiourea (CSN2H2) as a sulfur
source, ammonium hydroxide (NH4OH) as a com-
plexing agent and ethylenediaminetetraacetic acid
(EDTA) as a capping agent. Analytical grade (AR)
reagents, purchased from Merck, India, were used
in synthesis of the nanoparticles. In a typical proce-
dure, equimolar (0.5 M) aqueous solutions of zinc
source precursors and thiourea were prepared sep-
arately in 100 mL of distilled water under con-
tinuous stirring. To synthesize nanoparticles with-
out capping agent, ammonia solution (25 %) was
mixed in the aqueous solution of zinc source to
maintain the pH of the solution to be 11.5±0.5.
Then, thiourea solution was added dropwise to
the above mixture under continuous stirring while
EDTA (0.1 M) was used in place of ammonia solu-
tion to synthesize nanoparticles under the influence
of capping agent. The whole mixture was stirred
for 3 h at 60±5 °C using a hot plate magnetic
stirrer. The precipitates obtained were filtered out
and washed several times with acetone and dis-
tilled water to remove unwanted impurities. Final
products were dried in a hot air oven at 70 °C
for 5 h. The nanoparticles prepared using zinc ac-
etate without and with EDTA are mentioned as
sample Zn(S,O)-1 and Zn(S,O)-1E, respectively.
Moreover, the nanoparticles prepared using zinc
sulfate without and with EDTA are termed as
Zn(S,O)-2 and Zn(S,O)-2E respectively.

2.2. Characterization

X-ray diffraction (XRD) patterns of the as-
prepared nanoparticles have been recorded using
PANalytical X’Pert PRO diffractometer with
CuKα radiation (1.5406 Å), operating at 45 kV
and 40 mA in the 2θ scanning range from 25° to
75°. XRD data has further been analyzed for fitting
and baseline correction using Origin-8 software.
The morphology investigation and compositional
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analysis of the nanoparticles have been carried out
using scanning electron microscope (SEM: JEOL-
JSM-IT300) equipped with energy dispersive
X-ray analyzer (EDX: QUANTAX, BRUKER).
FT-IR spectra have been recorded with
PerkinElmer spectrometer in transmittance
(T) mode using KBr pellet technique. The optical
absorbance (A) and reflection spectra (R) of the
nanoparticles have been recorded using UV-Vis
spectrophotometer (SCHIMAZDU 2600).

3. Results and discussion

3.1. Structural analysis

XRD patterns of the synthesized nanoparti-
cles have been presented and indexed in Fig. 1.
The formation of multiple diffraction peaks de-
picts the polycrystalline nature of the nanopar-
ticles. The substantial broadening of reflection
peaks may indicate the existence of nanosized
particles [31]. Although, the diffuse background
in XRD spectrum may indicate the presence
of amorphous nature of the nanoparticles [29,
30]. From the XRD peaks analysis, it has
been observed that Zn(S,O) nanoparticles ex-
hibit mixed structure, i.e. c-ZnS, h-ZnS and
h-ZnO phases. In the nanoparticles synthesized
using zinc acetate, i.e. Zn(S,O)-1 and Zn(S,O)-
1E (Fig. 1), the prominent XRD peaks posi-
tioned at 2θ (h k l) = 28.4° (1 1 1) and 33.1°
(2 0 0) belong to lattice planes of c-ZnS, while
2θ (h k l) = 26.8° (1 0 0), 39.1° (1 0 2) and 52.3°
(1 0 3) belong to h-ZnS [34, 35]. Further, reflection
peaks at 2θ (h k l) = 31.5° (1 0 0), 34.4° (0 0 2)
and 36.3° (1 0 1) belong to h-ZnO [36]. How-
ever, the peak at 2θ = 46.6° is shared by
(2 2 0), (1 1 0) and (1 0 2) planes of c-ZnS,
h-ZnS and h-ZnO, respectively. The peak at
2θ = 59.0° is shared by (2 2 2) and (0 0 4)
planes of c-ZnS and h-ZnS respectively, while
2θ = 69.2° by (4 0 0) and (2 0 1) of c-
ZnS and h-ZnO, respectively. In the nanoparti-
cles synthesized using precursor zinc sulfate, i.e.
Zn(S,O)-2 and Zn(S,O)-2E (Fig. 1), the promi-
nent peaks at 2θ (h k l) = 28.6° (1 1 1)
and 33.1° (2 0 0) correspond to c-ZnS, while

2θ (h k l) = 39.8° (1 0 2) and 56.8° (2 0 1)
belong to h-ZnS. The reflection peaks at 2θ
(h k l) = 31.5° (1 0 0), 36.1° (1 0 1) and
62.9° (1 0 3) are assigned to h-ZnO. Moreover,
the peak at 2θ = 47.4° is common to (2 2 0),
(1 1 0) and (1 0 2) planes of c-ZnS, h-ZnS and
h-ZnO respectively. The peak at 2θ = 58.8° is
shared by (2 2 2) and (0 0 4) planes of c-ZnS
and h-ZnS while 2θ = 69.2° by (4 0 0) and
(2 0 1) planes of c-ZnS and h-ZnO, respectively.
It has been observed that diffraction peaks at
2θ (h k l) = 26.8°, 34.4° and 52.3° are formed only
for Zn(S,O)-1 and Zn(S,O)-1E while the peaks at
2θ (h k l) = 56.8° and 62.9° exist only for Zn(S,O)-
2 and Zn(S,O)-2E. This variation in XRD peak pat-
terns may be due to the use of different Zn2+ ion
sources in the synthesis process.

Fig. 1. XRD spectra for Zn(S,O) nanoparticles syn-
thesized using zinc acetate (without EDTA:
Zn(S,O)-1 and with EDTA: Zn(S,O)-1E) and
zinc sulfate (without EDTA: Zn(S,O)-2 and with
EDTA: Zn(S,O)-2E).

From the XRD analysis, it is clear that many
diffraction peaks are shared by different h k l val-
ues associated with different phases of ZnS and
ZnO. Therefore, it may signify a mixed structure
formation in the synthesized Zn(S,O) nanoparti-
cles. This type of mixed structure formation in ZnS
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and ZnO nanoparticles has been also reported in
the literature [3, 4]. It has been also observed that
the intensity of XRD peaks in the nanoparti-
cles synthesized using EDTA i.e. Zn(S,O)-1E and
Zn(S,O)-2E is found to be lower than the inten-
sity of peaks without EDTA, i.e. Zn(S,O)-1 and
Zn(S,O)-2 (Fig. 1). This may be caused by the in-
teraction of ionic species with the molecules of
capping agent during the nucleation and growth
process. The capping agent is capable to con-
trol the agglomeration of particles which tends
to restrict their size in nanoscale range [21]. In
case of Zn(S,O)-1 and Zn(S,O)-1E samples, the
prominent reflection peaks have been identified
(Fig. 1) for individual phase of c-ZnS with h k l
values corresponding to (1 1 1) and (2 0 0),
h-ZnS and h-ZnO with (1 0 0) and (0 0 2),
for mixed phase of c-ZnS/h-ZnS/h-ZnO with
(2 2 0)/(1 1 0)/1 0 2) and for mixed phase of
c-ZnS/h-ZnS with (2 2 2)/(0 0 4). Similarly, for
Zn(S,O)-2 and Zn(S,O)-2E samples, the identified
prominent peaks (Fig. 1) for individual phase of
c-ZnS with h k l values corresponding to (1 1 1)
and (2 0 0), h-ZnS and h-ZnO with (1 0 2) and
(1 0 1), for mixed phase of c-ZnS/h-ZnS/h-ZnO
with (2 2 0)/(1 1 0)/1 0 2) and c-ZnS/h-ZnS with
(2 2 2)/(0 0 4) are observed.

The average particle size (Dhkl) was estimated
(Table 1) from these identified XRD peaks using
Debye-Scherrer equation [6]:

Dhkl =
Kλ

βhkl cosθhkl
(1)

where K is shape factor, λ is wavelength of CuKα

radiation of X-ray, β is full width at half maximum
(FWHM) of the prominent peak and θ is Bragg
diffraction angle. The interplanar spacing dhkl val-
ues have been calculated using Bragg equation (Ta-
ble 1) and were found to be comparable with re-
ported values [33].

The values of microstrain εhkl and dislocation
density δhkl (Table 1) caused by crystal imperfec-
tions have been calculated [31, 37, 38]. The varia-
tion in Dhkl and dhkl values may be associated with
different factors such as surface defects, strain and
dislocations [38]. The decrease in Dhkl and dhkl

values for Zn(S,O)-1E and Zn(S,O)-2E and corre-
sponding increase in εhkl and δhkl values can be as-
sociated with the decrease in size of nanoparticles
under the influence of EDTA. The high values of
microstrain and dislocation density for the samples
with EDTA in comparison to the samples without
EDTA may be attributed to the presence of defects,
lattice mismatch, increase in grain boundaries and
stoichiometric deviations that have been promoted
by capping agent [39].

3.2. Morphological and compositional
analysis

The surface topography of Zn(S,O) nanoparti-
cles has been investigated using SEM micrographs
(Fig. 2). It can be interpreted that synthesized
Zn(S,O) nanoparticles are in diffused form. They
have almost similar morphology for both sam-
ples prepared by using different Zn2+ ion sources
(Fig. 2: Zn(S,O)-1 and Zn(S,O)-2) which changes
with addition of EDTA (Fig. 2: Zn(S,O)-1E and
Zn(S,O)-2E). Nanoparticles without capping agent
form solid clusters in which particles are strongly
agglomerated and appear as bigger size particles.
However, the nanoparticles with capping agent give
a scattered view in which agglomeration appears to
be suppressed due to the influence of EDTA. The
capping agent weakens the interaction between the
particles and hence, changes the surface morphol-
ogy of Zn(S,O) nanoparticles.

EDX analysis has been carried out to iden-
tify the elemental composition of the synthesized
nanoparticles. EDX spectra (Fig. 3) clearly reveal
the presence of expected elements zinc, sulfur and
oxygen in the samples. It also shows the presence
of carbon peak which belongs to carbon coating
used in EDX analysis. It has been observed that
both, Zn(S,O)-1 and Zn(S,O)-2, are found to be
rich in oxygen content (at.%). Moreover, the ex-
istence of zinc, sulfur and oxygen peaks also sup-
ports the formation of mixed structure of Zn(S,O)
nanoparticles. Similar type of elemental analysis
for oxygen rich Cr doped ZnO nanorods having an
atomic percentage of 70 % for oxygen, ∼23 % for
zinc and ∼5 % for Cr has also been reported by
researchers [40]. The high oxygen content (at.%)
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Table 1. Values of average particle size Dhkl, interplanar spacing dhkl, microstrain εhkl and dislocation density
δhkl for Zn(S,O) nanoparticles.

Sample Dhkl
[nm]

dhkl
[Å]

εhkl = βhkl/4tanθ δhkl = 1/D2
hkl

[line/m2]
Zn(S,O)-1 35.92 2.263 2.83 × 10−3 1.06 × 1015

Zn(S,O)-1E 33.31 2.258 3.78 × 10−3 2.11 × 1015

Zn(S,O)-2 37.92 2.190 2.74 × 10−3 1.08 × 1015

Zn(S,O)-2E 33.41 2.167 3.22 × 10−3 1.55 × 1015

in the synthesized nanoparticles may be attributed
to the presence of moisture content as a result
of traces of acetone and water which are used
in the washing of nanoparticles. This may also be
verified by the presence of strong and broad peaks
of H2O vibration in FT-IR spectra (Fig. 4).

Fig. 2. SEM images of Zn(S,O) nanoparticles prepared
using zinc acetate, (a) and (b), and zinc sulfate,
(c) and (d), without and with EDTA.

3.3. FT-IR analysis
FT-IR is used to detect the presence of any

functional group or adsorbed chemical species
in the prepared material. FT-IR spectra (Fig. 4)
show different infrared (IR) absorption bands and
peaks corresponding to vibration modes present
in the synthesized nanoparticles. In all the sam-
ples, a broad band situated at ∼3376 cm−1 may

Fig. 3. EDX spectra for Zn(S,O)-1 and Zn(S,O)-2
nanoparticles.

be attributed to normal stretching of –OH group.
This may indicate the presence of moisture con-
tent in the synthesized particles. The broad band
positioned at ∼2110 cm−1 can be assigned to
N=C stretching or isothiocynate (–NCS) formed
during synthesis process because of hydrolysis
of thiourea.

In the nanoparticles synthesized using zinc ac-
etate (Zn(S,O)-1 and Zn(S,O)-1E), C=O stretch-
ing frequency at 1621.39 cm−1 and C–O fre-
quency at 1397 cm−1 are observed for Zn(S,O)-1
and Zn(S,O)-1E, respectively, indicating –COOH
group [31]. The absorption peak at 1253 cm−1

in Zn(S,O)-1 belongs to N–H stretching corre-
sponding to NH4OH. The peak at 1544.20 cm−1

in Zn(S,O)-1E which is absent in Zn(S,O)-1, can
be assigned to the asymmetric stretching of N–O
mode showing the traces of EDTA and the peak
at 2674.82 cm−1 has been assigned to vibrations
of –CH group. The characteristic peaks of ZnS
can be perceived at ∼617 cm−1 and ∼1110 cm−1

in both Zn(S,O)-1 and Zn(S,O)-1E nanoparti-
cles which match with the reported literature [6,
31]. Moreover, the spectral peaks at 500 cm−1
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Fig. 4. FT-IR spectra for Zn(S,O) nanoparticles syn-
thesized using zinc acetate (without EDTA:
Zn(S,O)-1 and with EDTA: Zn(S,O)-1E) and
zinc sulfate (without EDTA: Zn(S,O)-2 and with
EDTA: Zn(S,O)-2E).

Fig. 5. Diffuse reflectance spectra of Zn(S,O) nanopar-
ticles. The inset shows the absorption spectra of
Zn(S,O) nanoparticles.

in Zn(S,O)-1 and 521.71 cm−1 in Zn(S,O)-1E
are attributed to Zn–O stretching vibrations [3].
An additional peak near 1415 cm−1 in Zn(S,O)-
1 can be attributed to Zn–O deformations [3]. In
the nanoparticles synthesized using zinc sulfate
(Fig. 4: Zn(S,O)-2 and Zn(S,O)-2E), the absorp-
tion peaks at 1636.63 cm−1 and 1398.28 cm−1

belong to O–H stretching vibration of water
molecules and S=O stretch of sulfate, respec-
tively. The absorption peak at 1253 cm−1 in
Zn(S,O)-2 corresponds to N–H stretching mode of
thiourea and ammonia. A strong absorption peak
at 1545.20 cm−1 in Zn(S,O)-2E may be attributed
to N–O stretching indicating the traces of EDTA.
The influence of EDTA on nanoparticle synthesis is
also evident from the recorded FT-IR spectra. The
peaks positioned near ∼650 cm−1 and 1015 cm−1

are assigned to Zn–S stretching frequency mode for
both samples [6]. Moreover, the absorption peaks
at 515.86 cm−1 in Zn(S,O)-2 and 518.80 cm−1 in
Zn(S,O)-2E are assigned to Zn–O stretching vibra-
tions. The occurrence of relevant absorption peaks
and bands, is connected with the precursors used in
the synthesis process, and coexistence of ZnS and
ZnO peaks may also be an indication for the forma-
tion of mixed structure in Zn(S,O) nanoparticles.

3.4. Optical analysis

Optical behavior is one of the important char-
acteristics of semiconductors. The diffuse reflec-
tion spectra (Fig. 5) of the synthesized samples
have been recorded at room temperature. It has
been observed that, for all samples, reflectance
(R) gradually decreases with the increase of wave-
length in UV region while, in the visible region
it becomes almost constant. Zn(S,O)-1 nanoparti-
cles exhibit relatively low reflectance among all
nanoparticles with an absorption edge at 337 nm.
For Zn(S,O)-1E nanoparticles, a shift in absorp-
tion edge to 330 nm i.e., toward lower wavelength
side has been observed. However, for Zn(S,O)-
2 nanoparticles, the absorption edge observed at
334 nm is also shifted to 303 nm for Zn(S,O)-
2E. Likewise, the absorbance (A) is observed to be
higher for Zn(S,O)-1 and Zn(S,O)-2 in comparison
to Zn(S,O)-1E and Zn(S,O)-2E (inset of Fig. 5).
This trend in R and A may be due to the effect of
EDTA on the formation of nanoparticles during the
synthesis process.

Normally, bulk forms of c-ZnS, h-ZnS and h-
ZnO semiconductors have direct optical band gap.
However, some alteration in absorption edge have
been found due to the crystal size, imperfections,
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defects and mixed structure formation [1]. The
lower gradient of the slope in R spectra (Fig. 5) for
all samples can be connected with this alteration.
The optical band gap of Zn(S,O) nanoparticles has
been estimated by Kubelka-Munk equation [6] as:

(F(R)hv)p = B(hv−Eg) (2)

where F(R) = (1 − R)2/2R is Kubelka-Munk func-
tion, R is percentage of reflected light, hυ is the in-
cident photon energy, B is a constant depending on
the transition probability and p is the power index
associated with the optical absorption process. The
value of this index depends upon the type of transi-
tion i.e., 1/2 for allowed indirect transition and 2 for
allowed direct transition [6, 31]. The energy band
gap values (Fig. 6) have been determined by extrap-
olating the linear portion of Kubelka-Munk curves
to x-axis. The direct band gap values are found to
be 4.16 eV and 4.22 eV for Zn(S,O)-1 and Zn(S,O)-
1E, respectively while, 4.40 eV for both Zn(S,O)-2
and Zn(S,O)-2E nanoparticles. It has been analyzed
that these band gap values are larger than the values
of bulk ZnS and ZnO separately [1, 3]. However,
the dependence of band gap values on the particle
size in nanoregime, i.e. quantum size effect is not
clearly justified in the present study. Hence, we can
conclude that the possible reason for these large
band gap values may be associated with the mixed
structure of Zn(S,O) nanoparticles.

4. Conclusions
Zn(S,O) nanoparticles have been synthesized

by coprecipitation technique using thiourea as a
sulfur source, zinc acetate and zinc sulfate as zinc
sources in the presence and absence of EDTA cap-
ping agent. XRD studies revealed the formation of
a mixed structure in Zn(S,O) nanoparticles hav-
ing c-ZnS, h-ZnS and h-ZnO phases. The aver-
age particle size for all synthesized particles was
found to be in nanorange which lies between 33 nm
to 38 nm. SEM micrographs displayed a diffused
surface morphology of the nanoparticles which
changed due to the role played by EDTA in the
synthesis process. EDX spectra showed the pres-
ence of Zn, S and O elements in the synthesized

Fig. 6. Kubelka-Munk plots for the direct band gap
transition in Zn(S,O) nanoparticles.

nanoparticles. FT-IR spectra revealed the charac-
teristic peaks of ZnS and ZnO in addition to other
relevant absorption peaks of precursors used in the
synthesis. The optical study confirmed the forma-
tion of mixed structure Zn(S,O) nanoparticles as
higher band gap values, not justified by quantum
size effect, were observed.
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