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Abstract

In the present study, ZnO/ZnS composite powders were synthesized by one-step solution combustion method. Thiourea
was used both as the combustion fuel and sulphur source. Oxidizer-to-fuel (O:F) ratios between 0.5 and 1 were chosen as
the main synthesis parameter. Structure, microstructure, chemical composition, and photoluminescence properties of the
powders were also investigated. X-ray diffraction patterns showed simultaneous functions of thiourea as combustion fuel and
sulphur source. The relative concentration of ZnS to ZnO increased by O:F ratio. Fourier-transform infra-red spectroscopy
spectra demonstrated some bands associated with the unwanted organic compounds in the final product in addition to Zn—-O
and Zn-S bonds. Furthermore, scanning electron microscope micrographs showed the presence of some gel-like regions
located around highly agglomerated particles. Photoluminescence spectra also indicated strong emission peaks for O:F ratio

of 0.5 due to significant crystal defects and lower crystallinity.

1 Introduction

Zinc oxide (ZnO) as a semiconductor with a wide bandgap
(~3.3 eV) is used in many applications such as varistors,
functional devices, thermoelectric materials, UV protection,
photocatalysis, luminescence materials in LED, and super-
hydrophobic coatings due to its excellent physical and chem-
ical properties [1-6]. Therefore, it can be widely used for
information technology, bio-technology, and environmental
technology as the next generation technologies.

Zinc sulfide is another important semiconductor com-
pound which belongs to groups IIB—VIB and has a broad
energy gap of about 3.68 eV [7, 8]. It has particular appli-
cations in optoelectronic devices [9], solar cells [10], and
bioluminescent labels [11, 12]. Moreover, this pigment is
used along with titanium dioxide as a UV-resistant pig-
ment [13]. Zinc oxide—zinc sulfide composite may lead to
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a lower photoexcitation threshold energy than that of ZnO
and ZnS, alone. It is due to the decreased recombination
rate of electron—hole pairs by physically separated charge
carriers [14, 15]. In addition, this composite may be used as
a visible-light sensible material because of its oxy-sulfide
nature [16]. There are numerous investigations on the syn-
thesis of ZnO, ZnS, and ZnO/ZnS powder composites with
different methods such as precipitation, co-precipitation,
self-propagating high-temperature synthesis (SHS), volume
combustion synthesis, sol-gel, and hydrothermal synthesis
[17-23]. However, to the best of our knowledge, synthesis
of ZnO/ZnS composite powder with solution combustion
method is more than scarce. Solution combustion synthesis
(SCS) method was selected because of its several advantages
including easy-eco, rapid reaction using inexpensive starting
materials [24].

The aim of the present study was the one-step synthesis of
ZnO/ZnS nanocomposite via solution combustion method.
Thiourea is used instead of routine fuels like citric acid and
glycine, because not only it plays the role of combustion
fuel, but also it provides the required sulphur for the forma-
tion of ZnS. In addition, the effects of oxidizer to fuel (O:F)
ratios on the structure, chemical composition, microstruc-
ture, and photoluminescence properties of powders were
studied.
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2 Experimental

Zinc nitrate hexahydrate [Zn (NO;),"6H,0, MERCK] was
used as the starting material, while thiourea (CH,N,S,
MERCK) was added both as the fuel and the sulphur source.
Combustion reactions were performed based on propellant
chemistry explained by Kingsley and Patil [25]. In this
method, stoichiometric concentration of metal nitrate is
calculated with respect to the total oxidizing and reducing
values of oxidizer and fuel. If the ratio of total valences of
oxidizer to fuel is equal to 1, it means that the stoichiomet-
ric condition and the maximum combustion intensity occur.
Two sets of reactions during the dissolution of reactants, gel
formation, ignition, and final combustion were considered
as follows:

e Set 1: Reactions for the formation of ZnO [26].

(i) Partial decomposition of thiourea dur-
ing the solution transformation to the gel, and
gradual increase of pH values from low acidic
values to neutral and moderate basic conditions:

CS(NH, ), (thiourea) - NH,* + NSC™. (1)

(i1)) Substitution of a parallel reaction instead of
Eq. I:

OH™ + CS(NH,), — SH™ + CO(NH, ), (urea).
@

(iii) Combustion reaction of urea (as a product of
reaction 2) and zinc nitrate based on the propel-
lant chemistry:

Zn(NO;), + ¥CO(NH,),
— 7Zn0 + ¥CO, + 2¥H,0 + ¥N,,

where ¥ is the oxidizer to fuel ratio. In Eq. 3,
calculated ¥ value is equal to % as follows:

3

Y Total valences of oxidizer

Y Total valences of fuel
>2-[(0+2x%x3)x2] 5

T Y4-2+[0+2xD)x2] 3

It is shown that the O/F ratio is above 1 and the fuel-
rich condition was occurred. Therefore, the progress of
ignition depends on the excess amount of thiourea.

e Set 2: Reactions for the formation of ZnS [27].

@ Springer

(a) Reaction of zinc nitrate and water to form zinc hydrox-
ide due to decomposition of urea (Eq. 1) and conse-
quently, the increase of pH value:

Zn(NO;), + H,0 — Zn(OH), + 2HNO;. )

(b) Simultaneous reaction of thiourea with water to form
hydrogen sulfide, ammonia, and carbon dioxide:

CS(NH,), + H,0 — H,S + NH; + CO,. 5)
(c) Combination of reactions (4) and (5) to form ZnS as

follows:

Zn(NO;), + H,S — ZnS + 2H,0. (6)

There is competition between the two sets of reactions,
and both thermodynamic and kinetic aspects of the reac-
tions can affect the final composition of ZnO/ZnS compos-
ite. It seems that the strength of reactions in set 1 is basically
adjusted by O:F ratios. Therefore, O:F ratios up to stoichi-
ometric amount can suppress quick progressive reactions
toward ZnO structure. As a result, the competition leads to
the nanocomposite structure.

As a typical procedure, an aqueous solution (0.5 M) was
prepared by dissolution of 2.97 g zinc nitrate hexahydrate
in 20 ml distilled water in a volumetric flask. Then, thiourea
as the main fuel was added to the solution with different
O:F ratios. The pH values were adjusted between 2 and 3
by adding nitric acid. The resultant mixture was agitated
under magnetic stirring at 200 °C for 30 min until a thick
white hydro-gel was obtained which was heated on a heater
stirrer at 250 °C for 3 min until the combustion reaction was
occurred. Structure and microstructure analyses of the sam-
ples were performed using XRD (Bruker, Advance D8) and
scanning electron microscopy (SEM, KYKY 3900) tech-
niques, respectively. Fourier transformed infra-red spectrom-
eter (FTIR Bruker, Tensor II) was used for the molecular
analysis of the samples. Photoluminescence (PL) spectra
were obtained using a Perkin Elmer LS 55 Luminescence
spectrometer with the exciting wavelength of 360 nm.

3 Results and discussion

XRD patterns of the samples synthesized with different O:F
ratios are shown in Fig. 1. As illustrated, both ZnO (card no.
01-079-0207) and ZnS (card no. 00-001-1280) phases were
formed in the sample synthesized at equal ratio of oxidizer
to fuel (O:F=1). No minor phases were observed. Nar-
row high-intensity peaks showed the formation of highly
crystalline phases. It can be related to the considerable heat
liberated from the combustion reaction that facilitated the
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Fig. 1 XRD patterns of samples
synthesized with O:F ratios of
1,2/3, and 1/2
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Fig.2 Formation standard Gibbs free energy variation (AG®) versus
temperature for ZnO and ZnS

grain growth. Increase in the fuel content (O:F ratio of 0.66)
caused the lack of sufficient oxygen for complete reaction
between Zn and O. Therefore, combination of Zn and S
led to the formation of ZnS as the predominant phase with
minor amounts of ZnO. Further decrease of O:F ratio to 0.5
caused the broadening and weakening of the ZnS peaks as a
result of nanoparticle formation.

To have a better understanding on the stability of ZnO
and ZnS phases, the formation standard Gibbs free energy
variation (AG®) graphs versus temperature is drawn in Fig. 2
using data presented in [28] according to the following
reactions:

Zn+1/20, —» ZnO 7

A

30

A A

” l O:F=1/2

40 50 60 70 80
Two Theta (degree)
Zn+S — ZnS. ®)

As illustrated, ZnO has less Gibbs free energies than
ZnS below 2000 K. Therefore, the ZnO phase is ther-
modynamically more stable than ZnS in the range of
300 —2000 K. Therefore, there is more tendency for the
formation of zinc oxide in the presence of sufficient oxi-
dizer. Therefore, the increase of oxygen content (O:F ratio
of 1) provides enough oxygen for the formation of ZnO.
As aresult, ZnO and ZnS phases are obtained.

Figure 3 shows FTIR spectra of samples synthesized
with different O:F ratios. Since ZnO and ZnS have similar
crystal structures and bonds’ strengths, their FTIR bands
are near to each other. The bands at 411-480 cm™! are
associated with Zn—O stretching bond [29]. The bands in
the ranges of 1109-1128 cm™! and 600-800 are related to
Zn-S bonds. The bands at 3330 and 1627 cm™" are associ-
ated with the constitutional water [29, 31]. Moreover, the
bands located at 2047, 2048, and 2087 cm™! are attributed
to CO adsorption [30]. Considerable organic bands in the
spectrum of the sample synthesized with the O:F ratio of
0.5 are due to incomplete removal of organic materials
during the combustion process.

SEM micrographs of samples synthesized with different
O:F ratios are shown in Fig. 4a—c. The products consist of
highly agglomerated and semi-sintered particles. Because
of the high value of exhausted gasses during the combus-
tion process, all samples showed sponge-like morpholo-
gies. As illustrated in Fig. 4a, powders with mean particle
size of 240 nm were obtained at O:F ratio of 1.

By increasing the fuel content (changing the O:F ratio
from 1 to 0.66 and 0.5), the perfect combustion of the fuel
with the air could not occur (see Fig. 1). Therefore, a gel-like
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Fig.3 FTIR spectra of samples .
synthesized with O:F ratios of O:F ratio =1/2
1,2/3,and 1/2
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Fig.4 SEM micrographs of samples synthesized with O:F ratios of a 1, b 2/3, and ¢ 1/2. Gel-like product regions are specified by arrows

product was developed in some regions, as illustrated by = agglomeration tendency were formed because of the their
arrows in Fig. 4b, c. Moreover, the mean particle size of =~ smaller size compared to ZnO crystals.

the agglomerates increased considerably to 280 and 380 nm Figure 5a, b shows the PL spectra of the combustion
at O:F ratios of 0.66 and 0.5, respectively. It seems that  products. There are two peaks at about 425-485 nm in
by decreasing the O:F ratio, the ZnS clusters with higher  the samples synthesized with O:F ratios of 0.66 and 1, as
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illustrated in Fig. 5a. These peaks can be attributed to the
recombination of photo-generated electron holes [31-34].
The strongest and the weakest peaks belong to the ZnS and
ZnO, respectively, and are related to their band-gap energies
[30-33]. The intensities of ZnS peaks are about 10% and
55% higher than ZnO ones for the samples synthesized with
O:F ratios of 0.66 and 1, respectively.

The weaker peak of ZnS/ZnO nanocomposite, as com-
pared with ZnS, indicates that coupling of ZnS with ZnO can
effectively mitigate the recombination of photo-generated
electron-hole pairs in ZnS [30-33]. There was a weak shoul-
der at about 530 nm which can be related to the deep-level
defects (such as oxygen vacancies or interstitial Zn) in ZnO
structure, and their recombination with holes generated by
photons [35]. Therefore, the green emission at 530 nm was
enhanced by developing the ZnO structure by increasing the
O:F ratio from 0.5 up to 1. The spectrum of sample synthe-
sized with O:F ratio of 0.5 showed somewhat different emis-
sion conditions (Fig. 5b). A broad peak with considerably

Fig.5 PL spectra of samples a 14
synthesized with O:F ratios of a
1and 2/3,and b 1/2 12
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higher intensity value (about four times) than other spectra
can be observed. It seems that the incomplete combustion
or the phase transformation from large ZnO to fine ZnS par-
ticles led to the formation of more crystalline defects and
consequently, considerable increase in the PL value.

4 Conclusions

In the present study, ZnO/ZnS nanocomposites were syn-
thesized by one-step solution combustion method using
zinc nitrate and thiourea as starting materials. XRD results
showed that thiourea could represent both functions of a
combustion fuel and a sulphur source. Moreover, decreasing
the O:F ratio led to incomplete reaction between Zn and O.
Consequently, more ZnS was obtained in the final product
due to the reaction of Zn and S. The final composites were
not completely pure and contaminated by some unwanted
organic compounds. Furthermore, microstructures of the

ZnS — ——0O:Fratio=1

——O:Fratio=0.66

500 550 600 650
Wavelength (nm)
500 550 600 650

Wavelength (nm)
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composites contained gel-like regions together with highly
agglomerated nanoparticles. In addition, photoluminescence
spectra demonstrated that samples synthesized with O:F
ratio of 0.5 had more intensity due to more crystal defects
and lower crystallinity.
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