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Abstract
In the present study, combustion synthesis of zinc oxide and zinc sulfide nanoparticles as well as their composite was studied
using zinc nitrate and thioacetamide as starting materials, and ethylene glycol as fuel. The influence of different parameters such
as oxidizer to fuel (O:F) ratios and calcination process on the structure, microstructure, photoluminescence and optical properties
was studied. X-ray diffraction (XRD) patterns showed different combinations of wurtzite structure for zinc oxide and zinc sulfide
phases obtained using different O:F ratios of 1:1 and 2:3. Scanning electron microscopy (SEM) micrographs revealed that
particles with different morphologies were synthesized depending on the O:F ratio. Besides, nanometer particles, or even
quantum dots, could be obtained. Transmission electron microscopy (TEM) micrographs also showed the formation of zinc
oxide/ zinc sulfide quantum dots composite using ethylene glycol fuel with O:F ratio of 2:3. Fourier transformed infrared (FTIR)
analysis of samples showed carbon bonds of carbonaceous matters in addition to Zn-O and Zn-S bonds due to incomplete
combustion. Photoluminescent emission spectra indicated that the highest intensity of emission in blue-green region was ob-
tained from the particle synthesized using ethylene glycol and O:F ratio of 2:3, which may be related to the high density of lattice
defects. Band gaps estimated using UV-visible (UV-Vis) spectra were 3.4 and 5.4 eV which can be assigned to the dual nature of
particles: in some parts quantum size and in the other parts nanosize particles.

Keywords Solutioncombustionsynthesis .ZnO/ZnSnanocomposite .Photoluminescenceproperties .Bandgap .Oxidizer to fuel
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Introduction

Zinc oxide/ zinc sulfide (ZnO/ZnS) nanoparticles are used in
different applications including solar cells, optical coatings,
photocatalysts, nanosensors, gas sensors, inks for field-effect
transistors (FETs), nanopigments, and antibacterial materials
in medicine and biology [1–10]. Investigations have shown
that ZnS is the most relevant candidate for electroluminescent

devices [11]. Zinc oxide and zinc sulfide have been synthe-
sized via different methods including precipitation [12, 13],
hydrothermal [14, 15], and combustion [16, 17] methods. The
combustion synthesis process is a low cost and high speed
process for the production of different ceramic materials [18,
19]. Solution combustion synthesis is relatively a novel com-
bustion method for synthesis of different oxide materials
which mostly uses metal nitrates as starting material, as well
as urea, glycine, ethylene glycol, etc. as fuel [20–22].
Synthesis begins by solving the starting materials and the fuel
in an appropriate solvent, following by heating the solution to
evaporate some of the solvent in order to obtain a gel. The
process continues by instantaneous combustion of the gel to
form the desired product. Nitrate bonds are broken under com-
bustion condition and oxide bonds are formed instead.
Providing the process is performed completely, products will
have a homogeneous structure [23–24, 25]. Recently, micro-
waves have been applied to complete the combustion reaction
at shorter reaction times. Since a high level of energy is liber-
ated in a short time, the product will be more homogeneous
[26,27]. To the best of our knowledge, simultaneous synthesis
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of these phases via combustion route is not reported widely,
although many efforts have been conducted on the synthesis
of ZnS and ZnO nanoparticles.

In our previous study [28], ZnO/ZnS composite powders
were synthesized by one-step solution combustion method
using thiourea both as the combustion fuel and sulfur source.
Results showed that ZnO/ZnS composite particles were high-
ly agglomerated in the micrometer scale.

The aim of the present work was the synthesis of ZnO/ZnS
quantum dots by solution combustion method. Effect of oxi-
dizer to fuel (O:F) ratios on the chemical composition, struc-
ture, microstructure and photoluminescence properties were
investigated.

Experimental

Zinc nitrate hexahydrate (Zn (NO3)2.6H2O, MERCK),
thioacetamide (C2H5NS, MERCK) Ethylene Glycol (EG,
C2H6O2, MERCK) were used as an oxidizer, sulfur source
and a fuel, respectively. All chemical compounds were in
chemical grades.

ZnO/ZnS ratios were calculated according to the stoichio-
metric equations as follows:

Zn NO3ð Þ2:6 H2Oþ C2H6O2→ZnOþ N2 þ 9H2O

þ 2CO2 ð1Þ
CH3CSNH2 þ H2O→CH3CONH2 þ H2S ð2Þ
Zn NO3ð Þ2:6 H2Oþ H2Sþ C2H6O2→ZnSþ N2

þ 10H2Oþ 2CO2 ð3Þ

There was a competition between solution combustion re-
actions for the formation of ZnO and ZnS in four steps: i)
formation of viscous gel of oxidizer (zinc nitrate), sulfur
source (thioacetamide) and fuel (ethylene glycol), ii) solution
combustion synthesis of ZnO (eq. 1) iii) decomposition of
thioacetamide [29] (eq. 2) and iv) solution combustion syn-
thesis of ZnS (eq. 3).

As a typical procedure, stoichiometric ratio (1:1) of oxidiz-
er and fuel, typically 3 g zinc nitrate and 0.62 g Ethylene
Glycol fuel were dissolved in 20 mL aqueous solution con-
taining nitric acid to adjust the pH value in the range of 3–4.
The solution was stirred at 80–100 °C for 2 h until a yellow
gel-like participate was formed. Further heating at 100 °C
resulted in the combustion of the obtained participate by the
following reaction (Eq.1).

ZnO/ZnS was synthesized by the above-mentioned proce-
dure except adding 0.75 g thioacetamide two-three minutes
before the formation of viscose gel. So, the combustion was
happened through eq.2 and eq. 3, simultaneously. In some
cases, as-synthesized powders were calcined (post heated) at

400–600 °C for 1 h using an electric furnace. The heating rate
from room temperature to calcination temperature was set at
20 °C min−1.

Microstructural investigations were performed using scan-
ning electron microscope (SEM, KYKY EM3900) and trans-
mission electron microscope (TEM, Philips CM 120). The
mean particle size of the samples was determined using image
processing software (Image J 1.44p). X-ray diffractionmethod
(Bruker, Advance D8) was used for structural characteriza-
tion. Mean crystallite size of the powders was determined
using the Scherrer equation (dScherrer = 0.9λ/β cos θ).
Luminescence properties of the synthesized samples were
studied by photoluminescence (PL) spectrophotometer
(Perkin-Elmer LS55) with the exciting wavelength of
360 nm. Fourier transform infrared spectroscopy (FTIR,
Bruker TENSOR II) equipped with platinum ATR accessory
with the robust diamond crystal was applied to determine
chemical compositions. UV-visible absorption spectra were
measured using Perkin Elmer UV–Vis spectrophotometer
(Lambda 25). Band gaps were estimated by plotting (αhν)2

curves versus hν based on the work of J. Tauc andMenth [30],
where α is the absorption coefficient, h is the Plank constant
and ν is the frequency (s−1).

Results and Discussion

Structural Analysis

Figure 1a, b show XRD patterns of ZnO and ZnO/ZnS parti-
cles synthesized using ethylene glycol fuel and different O:F
ratios, respectively. As shown, ethylene glycol fuel led to the
formation of ZnO (card no. 0704–076-01) in zinc oxide par-
ticles (Fig. 1a) and combination of ZnO and Sphalerite ZnS
(00–001-0792) in ZnO/ZnS composite powders (Fig. 1b) as
dominant phases. Stoichiometric ratio (O:F of 1:1) resulted in
crystallinity of powders with narrower peaks. However, in-
creasing the O:F ratio from 1:1 to 2:3 causes incomplete reac-
tion and, consequently, lower crystallinity of the particles.

The effect of combustion on the structure in the presence of
rich ethylene glycol fuel (O:F equal to 2:3) and different
thioacetamide to nitrate (T:N) ratios is shown in Fig. 2. As
illustrated, pure ZnS phase with higher intensity peaks was
obtained by increasing the amount of thioacetamide. It is be-
cause of more availability of sulfur source due to more de-
composition of thioacetamide. Broadening of the peaks in T:N
of 2 and 2.5 can be related to the formation of nano-
crystallites.

Primary results revealed that the samples synthesized with
ethylene glycol had some darkness due to incomplete fuel
combustion and showed no luminescence emission under
UV cabinet. So, they were calcined at 600 °C just for 3 min
to suppress crystallite growth.
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Figure 3a, b show XRD patterns of ZnO and ZnO/ZnS com-
posite powders synthesized using ethylene glycol fuel and O:F
ratio of 2:3 before and after calcination at 600 °C, respectively.
As expected, ZnO nanoparticles calcined at 600 °C for 3 min
show sharper and higher peaks due to the higherr crystallinity of
the particles. For ZnO/ZnS composite particles, combustion re-
action has only led to the formation of ZnS phase. However, after
calcination, both ZnO and ZnS phases are observed. It is due to
the partial oxidation of ZnS powders during calcination process.

The average crystallite sizes of the samples evaluated by
Scherrer Equation are listed in Table 1. As shown, ZnO/ZnS
samples have lower crystallite size values. It may be related to
suppressing the crystal growth rate of ZnO and ZnS due to the
distribution of ignition energy on two fronts, one in ZnO and the
other in ZnS. By decreasing the crystallite size in ZnO/ZnS,
conditions are provided for the formation of quantum dots.
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Fig. 1 XRD patterns of (a) ZnO
and (b) ZnO/ZnS powders
synthesized using ethylene glycol
fuel and different O:F ratios
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Molecular Studies

In all the samples, Zn −O and Zn − S bonds can be easily
identified with high intensity peaks in the range of 410–
490 cm−1 and 600–900 cm−1, respectively [31]. Molecular
studies of powders synthesized using ethylene glycol fuel with
different O:F ratios were performed with FTIR spectroscopy,

mainly for detecting the Zn −O and Zn − S bonds. Some
bands observed in most spectra are as follow. Bands at 3000
to 3440 cm−1 are related to O −H bonds which have the least
intensity in calcined samples due to water evaporation. Also,
peak relating to the surface-adsorbed water is located at
1600 cm−1 [32,33].The bands at 2900–2930 cm−1 are corre-
lated to the CH3 asymmetric stretching and CH2 stretching
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Fig. 3 XRD patterns of (a) ZnO
and (b) ZnO/ZnS composite
particles synthesized using
ethylene glycol fuel and O:F ratio
of 2:3 before and after calcination
at 600 °C

Table 1 Average crystallite size
of ZnO, ZnS and ZnO/ZnS
samples determined by Scherrer
equation

Sample O:F ratio T:N ratio Crystallite size of ZnO (nm) Crystallite size of ZnS (nm)

ZnO 2:1 – 19 –

ZnO 1:1 – 11 –

ZnO 2:3 – 9 –

ZnO 1:2 – 7 –

ZnO/ZnS 2:1 1:1 – –

ZnO/ZnS 1:1 1:1 10 11

ZnS 1:1 3:2 – 7

ZnS 1:1 2:1 – 7

ZnS 1:1 5:2 – 9
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Fig. 4 FTIR spectra of (a) ZnO
and (b) ZnO/ZnS composite
particles synthesized with
different O:F ratios of ethylene
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3
3

8
4

/2
0

1
5

8
8

/4
5

1
3

6
2

/6
9 1

0
7

6
/2

2

1
0

4
1

/8
6

8
8

4
/5

1 4
9

1
/5

6
4

1
4

/ 5
3

400900140019002400290034003900

In
te

n
si

ty
 (

ar
b

. 
u

n
it

)

Wave number (cm-1)

before calcination

Calcined at 600 0C

Fig. 5 FTIR spectra of ZnO sample synthesized using ethylene glycol
fuel with O:F ratio of 2:3 before and after calcination

3
2

1
5

/3
8

1
6

5
0

/1
1

1
5

6
6

/2
1

1
4

1
7

/5
6

1
3

1
5

/3
4

1
1

0
7

/1
8

1
0

6
8

/6
5

6
7

4
/7

7

6
4

1
/7

5
6

0
6

/0
4

4
1

9
/0

2

400900140019002400290034003900

In
te

n
si

ty
 (

ar
b

. 
u
n
it

)

Wave number (cm-1)

before calcination

Calcined at 600 0C

Fig. 6 FTIR spectra of ZnO/ZnS composite sample synthesized using
ethylene glycol fuel with O:F ratio of 2:3 and T:N ratio of 2:1 before
and after calcination

J Fluoresc (2019) 29:1227–1239 1231



[34]. Absorption at 1200 cm−1 is due to the stretching vibra-
tion of C −O and C −N bonds [35].

Bands at 2110 and 2351 cm−1 are related to the absorbance
of infrared spectrum by the air molecules [36]. Band at
1400 cm−1 is related to N −O bonds from residual nitrate
sources after combustion which is sharper for calcined sam-
ples. Bands attributing to stretching C=O bond is at

1700 cm−1. In all the samples, Zn −O and Zn − S bonds are
easily identified by high intensity peaks in the range of 410–
490 cm−1 and 600–900 cm−1, respectively [31].

Figure 4a shows FTIR spectra of ZnO samples synthesized
using ethylene glycol fuel with different O:F ratios. It can be
seen that high intensity peaks in the range of 410–490 cm−1

are related to Zn −O bond and the peaks in the range of 500–
550 cm−1 are attributed to the stretching vibration of Zn −O
bond. Other bands are associated to organic compounds men-
tioned earlier [31].

Figure 4b shows FTIR spectra of ZnO/ZnS composite
powders synthesized using ethylene glycol fuel with different
O:F ratios. As shown, high intensity peaks in the range of
410–550 cm−1 are related to Zn −O bond and the bands in
the range of 550–900 cm−1 are related to Zn −O and Zn − S
bonds. Bands corresponding to Zn − S bond are in the range of
1050–1150 cm−1.The intensity of peaks in the presence of
ethylene glycol fuel is higher which may be due to the higher
purity and complete combustion reaction. Other bands are
associated to organic compounds mentioned earlier [31].

Figure 5 shows FTIR spectra of ZnO sample synthesized
using ethylene glycol fuel with O:F ratio of 2:3 before and
after calcination. It is obvious that the intensity of carbon and
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Fig. 8 SEMmicrographs of nanoparticles synthesized using ethylene glycol fuel (a) ZnO with O:F ratios of 1:1, (b) ZnOwith O:F ratios of 2:3, c) ZnO/
ZnS with T:N ratio of 1:1 and O:F ratios of 1:1 and d) ZnO/ZnS with T:N ratio of 1:1 and O:F ratio of 2:3
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water bands after calcination have decreased, confirming the
removal of water and carbon constituents (organic materials).
However, the intensity of Zn −O peaks was increased due to
the increase of purity and crystallinity after calcination.

Figure 6 shows FTIR spectra of ZnO/ZnS composite sam-
ple synthesized using ethylene glycol fuel with O:F ratio of
2:3 and T:N ratio of 2:1 before and after calcination. The
intensity of Zn −O bands at 420 cm−1 has increased and the
peaks corresponding to Zn − S bond in the range of 600–
1100 cm−1 are sharper and narrower after calcination due to
the increase of purity and the burning of carbon. Zn −O bands
becomemore evident after calcination which indicates that the
excess organic matters have burnt and powders with higher
crystallinity are formed. The bands corresponding to water
chemical bonds have lower intensity after calcination which
indicates the removal of water during calcination.

Figure 7 shows FTIR spectrum of ZnS powder synthesized
using ethylene glycol fuel with O:F ratio of 2:3 and T:N ratio
of 3:2. The band at 437 cm−1 arises from the low concentration
of ZnO in the sample while the sharp and intense peaks in the
range of 603–1066 cm−1 are related to Zn − S bond which is

the dominant phase in this sample. Low combustion intensity
and incomplete water vaporization due to the presence of sul-
fur in the sample are responsible for the appearance of peak at
3200 cm−1 for water bond [31].

Microstructure Studies

Figure 8a, b show SEM micrographs of ZnO nanoparticles syn-
thesized using ethylene glycol fuel with O:F ratios of 1:1 and 2:3,
respectively. As illustrated, combustion caused to considerable
agglomeration of the fine powders. Moreover, the exhaust gases
from combustion reaction, such as N2, NO2 and CO2, could
increase the porosity of the microstructure [37–41]. The porous
microstructure is consisted of fine uniform-distributed spherical
nanoparticles. Also, Fig. 8c, d show SEM micrographs of ZnO/
ZnS nanopowders prepared using ethylene glycol fuel with dif-
ferent O:F ratios of 1:1 and 2:3, respectively, in the presence of
thioacetamide with T:N ratio of 1:1. Combustion heat value of
ethylene glycol at 298 K is −1191 ± 10 kJ/mol [42]. Such con-
siderable heat liberated from ethylene glycol may lead to the
growth of very fine particles.
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Based on Fig. 8a, b, particle size distribution of ZnO nano-
particles synthesized using ethylene glycol fuel with different
O:F ratios of 1:1 and 2:3 is plotted in Fig. 9a. Similarly, par-
ticle size distribution of ZnO/ZnS nanopowders prepared
using ethylene glycol fuel with different O:F ratios of 1:1
and 2:3 in the presence of thioacetamide with T:N ratio of
1:1 is shown in Fig. 9b.

As illustrated, stoichiometric ZnO sample (O:F ratio of 1:1)
represented narrower particle size distribution than the sample
with O:F ratio of 2:3. Similar results were obtained for ZnO/
ZnS nanoparticles. According to the results, O:F ratio of 2:3
was selected for the synthesis of ZnO/ZnS nanocompsoites for
the subsequent experiments.

Figure 10a, b show SEM micrographs of ZnS samples
synthesized using 2:1 and 5:2 T:N ratios, respectively. It
seems that the liberated heat of reaction (heat combustion)

has decreased at higher T:N ratio, causing less exhaust gases
and, consequently, lower porosity and more agglomeration.

XRD patterns (Fig. 3 and Table 1) and SEM micrographs
(Fig. 8) of ZnO/ZnS composite nanopowders synthesized using
ethylene glycol fuel with O:F ratio of 2:3 confirm that zinc
sulfide/zinc composite with least particles in the quantum size
range, lower nanocrystallite size and very porous morphology
was obtained. It can be seen that the fuel-rich state is more
suitable for rapid propagation of ignition and liberation of large
amount gases immediately which is ideal to prevent particle
size growth [43]. However, the powder in fuel rich state is
highly agglomerated. TEM micrograph obtained for this sam-
ple is considered for more detailed microstructural analysis
(Fig. 11). As illustrated, most of the particles are less than
20 nm or even in quantum dot size range, while they are almost
agglomerated due to the nature of the combustion process.

Fig. 10 SEMmicrographs of ZnS
samples synthesized using
different T:N ratios of: (a) 2:1, (b)
5:2
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Based on the results, four steps are suggested for the com-
peting reactions of ZnO and ZnS (eq.1 and 2) formation: (i)
formation of spongy-like ZnO, (ii) nucleation of ZnS quantum
dots on the surface of the spongy-like ZnO, (iii) changing of
morphology from the spongy-like to semi-sintered flakes dur-
ing the growth of ZnO/ZnS nuclie, and (iv) the high state of
coarsening by Ostwald ripening due to accelerating effect of
ultra-fine ZnS particles between ZnO agglomerates.

Photoluminescence Properties

Figure 12a, b show photoluminescence (PL) emission spectra
of ZnO and ZnO/ZnS composite particles synthesized using
ethylene glycol fuel with different O:F ratios, respectively. As
illustrated in Fig. 12a, two peaks at 425 nm and 485 nm are
related to high crystalline zinc oxide and lattice defects (such
as oxygen vacancy, interstitial oxygen, interstitial zinc, etc),
respectively [44–47]. As shown, the most intensity was ob-
tained for the stoichiometric sample due to the complete and
strong combustion reactionwhich led to the formation ofmore
defects and so higher PL intensities than other samples.

As shown in Fig. 12b, ZnO/ ZnS composite particles syn-
thesized using ethylene glycol fuel have two peaks at 425 nm
and 485 nm with different intensities. The peak at 425 nm
corresponds to zinc oxide/ zinc sulfide structure which has
the maximum intensity for stoichiometric sample, indicating
the better crystallinity and optical properties of the sample.
The peak at 485 nm arises from crystal lattice defects which
also has the most intensity for O:F ratio of 1. The least emis-
sion intensity was obtained for O:F ratio of 1:2 which has
lower optical yield than the sample with O:F ratio of 2:3 due
to the higher porosity, finer particles, higher specific surface
area and higher combustion reaction intensity. Defects such as

oxygen vacancy, zinc vacancy, sulfide vacancy, interstitial ox-
ygen, interstitial zinc, and interstitial sulfide may also enhance
the intensity of the emission peaks [44–47]. The peak at
475 nm (blue- green wavelength region) is resulted from the
blue shift caused by particle refining. Basically, there aren’t
any peaks of electronic transitions in pure ZnO in the visible
region, but in the combustion process, the high density of
surface defects, such as vacancy of oxygen (VO), changes
the visible (especially in blue–green region) to the strongest
emission region. Moreover, the transition between ZnS and
ZnO and emission due to self- diffusion of Zn in ZnO structure
may also occur [48].

Figure 13 shows photoluminescence emission spectra of
ZnO powders synthesized using ethylene glycol with O:F ra-
tio of 2:3 before and after calcination at 600 °C. It can be seen
that both samples have two intense peaks at 425 nm and
485 nm and a weak peak at 530 nm. Calcination at 600 °C
for 5 min increased the emission intensities. It is probably due
to the burning of residual carbon constituents, crystal growth,
and the decrease of grain boundaries. The combustion of
unreacted starting materials can be completed during the cal-
cination, structural defects were increased and consequently,
the photoluminescence intensity was increased.

Figure 14 shows photoluminescence emission spectra of
ZnO/ZnS composite particles synthesized using ethylene gly-
col, O:F ratio of 2:3 and T:N ratio of 2 before and after calci-
nation at 600 °C for 5 min. As shown, before calcination, the
sample had good green emission in the range of 485–530 nm
which was due to the more appropriate reaction using O:F
ratio of 2:3than the other ones. On the other hand, addition
of thioacetamide could weaken the reaction and introduces
more structural defects in the sample including vacancies
and interstitials. The weak peak at 425 nm may be also attrib-
uted to the increase of thioacetamide and the existence of
defects. However, the emission intensities of ZnO/ZnS com-
posite particles were decreased after calcination. It is due to
the oxidation of zinc sulfide and the formation of zinc oxide
particles with higher crystallinity and less structural defects.

Figure 15 shows photoluminescence emission spectrum of
ZnS sample synthesized using ethylene glycol with O:F ratio
of 2:3 and T:N ratio of 3:2. The high emission intensity in this
sample may be related to the high porosity, finer particles, the
increase of specific surface area, and the strong combustion
reaction. Similar to previous powders, defects such as oxygen
vacancy, zinc vacancy, sulfide vacancy, interstitial oxygen,
interstitial zinc, and interstitial sulfide may also enhance the
intensity of the emission peaks [44–47]. The peak at 485 nm
(blue-green wavelength region) is resulted from the blue shift
caused by particle refining. Other evidence of important role
of defects on the emission peaks was the high shape similarity
of ZnO, ZnO/ZnS and ZnS peaks. For different O:F and T:N
ratios, ZnS also showed peaks at different parts of blue-green
region due to VO, self-substitution of ZnZn, surface imperfects,

100 nm

Ultra-fine particles

Fig. 11 TEM micrograph of ZnO/ZnS composite nanopowders
synthesized using ethylene glycol fuel with O:F ratio of 2:3

J Fluoresc (2019) 29:1227–1239 1235



etc. There weren’t seen the role of net structure which can be
differed from ZnO to ZnS. The highest level of defects, the
best emission condition existed.

The energy level diagram of ZnO, ZnO/ZnS and ZnS sam-
ples is shown in Fig. 16. There are three main electron transi-
tions between interstitial Zinc, vacancy of zinc, antisites OZn

and the conduction – valence bands in blue-green region. As
shown, the violet emission at 420 nm can be assigned to the
electron transition from interstitial zinc to the valance band.
The bluish-green emission at 486 nm can be related to the
transition of an electron between Zni and VZn levels. The
green emission at 526 nm is due to the transition of electron
from the conduction band to the antisites OZn. Sulfur in the
structure can act as an activated doped level [49]. Reddy et al.
[50] showed that increasing the doping levels in the structure
strengthen the green emission. It can be deduced that greenish
emission of ZnS samples is due to the formation of ZnS in-
stead of ZnO.
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Fig. 12 Photoluminescence
emission spectra of (a) ZnO and
(b) ZnO/ZnS composite particles
synthesized with different O:F
ratios
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Fig. 13 Photoluminescence emission spectra of ZnO particles
synthesized using ethylene glycol with O:F ratio of 2:3 before and after
calcination at 600 °C
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Band Gap Study

As mentioned before, ZnO/ZnS composite nanopowders syn-
thesized using ethylene glycol fuel with O:F ratio of 2:3 were
in the quantum dot size range (Fig. 11) and showed the highest
photoluminescence intensity. The estimated band gap of these
particles after plotting (αhν)2 versus hν and extrapolating the
curve in UV region (3–6 eV) (Figs. 16a, b and Fig.17) was 3.4
and 5.4 eV. The former value is close to the band gap of bulk
ZnO as reported by many researchers [51–54] and could be
lined to the direct transition in r. However, the latter (5.4 eV)
may also be calculated and might be due to direct transition in
H direction or quantum size effect [55, 56].

Conclusions

Effect of fuel (ethylene glycol) and sulfur source
(thioacetamide) concentrations on the solution combustion
synthesis of ZnO, ZnO/ZnS and ZnO structure were success-
fully studied. The results showed that ZnO, ZnS and ZnO/ZnS
could be obtained by a one-step combustion process without

further calcination need. Nanopowder morphology of ag-
glomerates, Quantum dot size of particles and nanocrystalline
nature of primary particles were the results of high-value lib-
eration of large amounts of exhaust gases in a few seconds.
The samples showed three main emission peaks in blue –
green region at 420, 486 and 520 nm which can be originated
from to interstitial zinc, zinc vacancy and antisites OZn, re-
spectively. Greenish emission was seen in ZnO/ZnS and
ZnS due to doping of sulfur in ZnO structure. Although stoi-
chiometric oxidizer to fuel ratio (1:1) had the highest
photoluminescence intensity in blue region, but in the case
of ZnO/ZnS particles, 2:3 oxidizer to fuel ratio yielded appro-
priate nanopowders in the range of quantum dot size and the
highest photoluminescence intensity in green region.

Fig. 17 (αhν)2 curve versus hν for ZnS/ZnO composite nanopowders
synthesized using ethylene glycol fuel with O:F ratio of 2:3 and T:N ratio
of 1:1
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Fig. 14 Photoluminescence emission spectra of ZnO/ ZnS composite
particles synthesized using ethylene glycol, O:F ratio of 2:3 and T:N
ratio of 2 before and after calcination at 600 °C for 5 min
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Fig. 16 Energy level diagram in ZnO, ZnO/ZnS and ZnS samples
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