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Hydrothermal synthesis of strontium-doped ZnS nanoparticles:
structural, electronic and photocatalytic investigations
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Abstract.  Strontium-doped ZnS nanoparticles (NPs) (1.5, 5 and 9 wt%) were synthesized through a surfactant free
hydrothermal method. The structural characterization by X-ray diffraction confirms the synthesis of ZnS, with its two
crystalline phases (cubic and hexagonal), without apparition of any peaks related to Sr phases. The crystallite size is affected
by Sr doping concentration and was estimated in the range of 2.24-2.51 nm. Furthermore, transmission electron microscopy
images show that the NPs have great tendency to aggregate into spherical shapes. Spectroscopy analysis revealed vibration
modes specific to ZnS materials on the Raman spectra at about 260 and 345cm™! and on Fourier-transform infrared
spectra at 668.9cm™!. Electronic investigation performed by UV-Visible diffuse reflectance spectroscopy showed that the
synthesized ZnS NPs are optically transparent in the visible domain and their band gap energy decreases from 3.42 to 3.38eV
with increasing Sr concentration. Finally, the methyl orange degradation rate increases with Sr concentration, revealing an
improvement in the photocatalytic properties of Sr-doped ZnS NPs.
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1. Introduction

The accumulation of organic pollutants in the environment
as a result of their intensive use is one of the main causes
of ecosystem disruption. Photocatalysis is an inexpensive
and effective technique for solving this problem. Scientific
research is therefore focussed on the production of new
environmentally friendly and inexpensive materials for the
removal of these pollutants. Semiconductor nanostructures
have shown some efficiency owing to their interesting chem-
ical and physical properties [1,2].

Indeed, the electronic properties of nanocrystals change
when their size becomes very small due to the quantum
confined effect [3-5]. Moreover, the high surface-to-volume
ratio and the prominent role played by the atomic sur-
face arrangement improve significant optical, electrical and
chemical properties and particularly catalysis and photo-
catalysis [6].

Hydrothermal synthesis; Sr-doped ZnS nanoparticles; photocatalysis.

Various semiconductors have been studied for the treatment
of environmental pollution. Among the most used are metal
oxides such as TiO, [7], ZnO [8], SnO, [9] and other com-
pounds of group II-VI such as CdS [10], ZnSe [11], CdTe
[12], HgS [13] and ZnS [14].

Zinc sulphide (ZnS) is an important compound of the II-VI
group because of its wide direct band gap and large excita-
tion energy (39 meV) [15]. Owing to its optical, electrical
and luminescence properties, ZnS is widely used in several
kinds of applications such as light emitting diodes, flat panel
displays, UV-sensors, chemical sensors, biosensors [16] and
solar cells [17]. It is also used in the domain of the photo-
catalysis [18] due to its high-chemical stability.

Several methods have been employed to synthesize ZnS
nanoparticles (NPs) such as sol-gel [19], precipitation [20],
solvothermal [21] and microemulsion-hydrothermal method
[22]. ZnS is found in two distinct crystalline phases: zinc-
blende (cubic phase) and wurtzite (hexagonal phase), with
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direct band gap energies of 3.72 and 3.77 eV, respectively
[15].

The doping of ZnS with foreign elements can improve
its properties and particularly the photocatalytic efficiency;
indeed, the doping introduces new levels in the forbidden
band that could act as traps for photo-generated electron—hole
pairs, thus reducing their recombination rate. ZnS doped by
transition metal ions has been reported in many studies such
as Mn [23], Co [24], Cu [25], Fe [26] and Ni [27] as well as
metal ion Pb [28]. The doped materials show important opti-
cal and luminescence properties, owing to their crucial role in
the change of the electronic structure and increase in electron
transition probabilities of the host material. Also, the effects
on the physical properties of rare-earth ion-doped ZnS NPs
are reported: Sm™3 [29], Tb*3 [30], Eu*? [31] and Er*3 [32].

In this study, the alkaline earth metal strontium (Sr) was
used to dope a ZnS semiconductor and test its ability to
improve photocatalytic properties. Indeed, the ionic radius
of Sr** (1.18 A) being larger than that of Zn>* (0.74 A) and
the electronic structure mismatch of the cations could induce
important defects in the crystal structure which would mod-
ify the optical properties and consequently the photocatalytic
properties which are closely related to them. Also, accord-
ing to the references [33,34] Sr-doped ZnO crystallites were
found to have enhanced photocatalytic activity compared to
pure ZnO; so we also expect to observe an improvement in
the photocatalytic degradation of methyl orange (MO) by Sr-
doped ZnS NPs. Furthermore, to the best of our knowledge,
no reports are available in the literature on the study of the
photocatalytic activity of Sr-doped ZnS NPs.

To perform this study, Sr-doped ZnS NPs with differ-
ent concentrations were synthesized by the hydrothermal
method; the prepared NPs were characterized by X-ray
diffraction (XRD), transmission electron microscopy (TEM),
UV-Visible diffuse reflectance, Fourier-transform infrared
(FTIR) and Raman spectroscopy. Finally, the photocatalytic
activities of the Sr-doped NPs are evaluated in the degradation
of well-known organic dye MO, an important pollutant in the
dyeing industry.

2. Materials and methods

2.1 Synthesis of undoped and Sr-doped ZnS NPs

NPs were synthesized through a surfactant free hydrothermal
method using zinc acetate dihydrate (Zn(CH3COO); - 2H,0)
and thiourea (SC(NH;),) as starting materials; 6.5 mmol of
each precursor were separately dissolved in 65 ml of dis-
tilled water at room temperature under magnetic stirring for
about 45 min, until complete dissolution. The above two pre-
pared solutions were then mixed under stirring by adding the
thiourea solution dropwise into the zinc acetate solution.
Sr-Doped ZnS NPs with different concentrations (1.5, 5 and
9 wt%) were synthesized by adding the specified amount of
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strontium chloride hexahydrate (SrCl, - 6H,0) into the above
mixture under magnetic stirring for 20 min. The final mixture
was then transferred into a 190 ml Teflon-lined stainless steel
autoclave. Thermal treatment was performed in an electric
oven at 140°C for 7 h. Once the reaction being completed, the
autoclave was cooled down to room temperature. The pro-
duced powder was washed several times with distilled water
and ethanol in order to remove the residual impurities, and
then dried in air at 50°C for 2 h. The samples were respectively
labelled as: ZnS, ZnS:Sr1.5%, ZnS:Sr5% and ZnS:Sr9%.

2.2 Characterization techniques

The synthesized NPs have been characterized by various
techniques. The results of structural, optical, vibrational and
morphological characterization of Sr-doped ZnS NPs was
compared with those of undoped-ZnS NPs. The crystalline
structures were investigated with a PANalytical X’Pert PRO
diffractometer in the range of 20—70°, using CuKa radi-
ation (A = 1.5406 A, 40 mA, 45 kV). The optical spectra
were recorded using a UV-Visible diffuse reflectance spec-
trometer (JASCO V-750) equipped with an integrating sphere
model ILN-725. The vibrational properties were determined
by a FT-IR spectroscopy technique, using a JASCO-FTIR-
4200 spectrophotometer. Raman spectroscopy investigation
was carried out using a Senterra type Bruker spectrometer
equipped with a 532 nm laser, providing the excitation wave-
length. The TEM and high-resolution transmission electron
microscopy (HRTEM) images were recorded using a Tecnai
G2 20 Twin instrument.

2.3 Photocatalytic activity measurement

The photocatalytic degradation of MO under UV irradiation
was used to evaluate the photocatalytic activity of the undoped
and Sr-doped ZnS NPs. A monochromatic UV lamp (Vilber
Lourmat VL-215-BL 2 x 15 W) emitting at 365 nm was used
as the irradiation source during the photocatalytic degrada-
tion. The light intensity reaching the surface of aqueous dye
solution was ~2600 wW cm~2. For the experiments, a suspen-
sion of 7 mg of ZnS NPs in water was exposed to ultrasonic
waves for 10 min to disperse NPs; this suspension was then
added to the MO stock solution to obtain 10 ml of aque-
ous MO solution (5.10-5 M) which was placed in a double
walled flask and kept at 25°C by a water cooling system.
The area of aqueous dye solution exposed to light was about
28 cm?.

Firstly, to estimate the adsorption rate, the absorption of
MO was measured after 30 min of stirring with NPs in the
dark to ensure complete equilibrium of adsorption/desorption
of MO on the ZnS NP surface. It was only about 7%, negligible
compared to the removal of MO under UV irradiation.

The experimental data of photocatalysis illustrate the decay
of the absorbance recorded at the characteristic absorption
peak of MO (A = 464nm) and normalized to the value
obtained prior to the first illumination.
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3. Results and discussion

3.1 XRD analysis

Figure 1 shows the XRD patterns of the synthesized undoped
and Sr-doped ZnS NPs. The peaks observed at the 26 angu-
lar positions of 29.21, 32.97, 48.77 and 57.65° correspond to
reflections from (111), (200), (220) and (311) crystallographic
planes of the zinc-blende (cubic) phase of the ZnS com-
pound according to JCPDS card 05-0566. The two weak peaks
(shoulders), at 260 = 27° and 30.6°, attributed to reflections
from (002) and (101) crystallographic planes of the wurtzite
(hexagonal) phase of ZnS according to JCPDS card 03-1093,
indicate that the synthesized ZnS products contribute to a
small amount in the wurtzite structure. All observed peaks
belong to ZnS phases and there are no detected peaks for the
phases of Sr>* element. This result means that Sr>* ions are
incorporated into the crystallographic sites of Zn>* ions. A
similar result reported that the doping with Sr*? has no effect
on the crystallographic phase of ZnO [33] and TiO, [35].

For the cubic system, the lattice parameter a is related to
the interplanar distance dj; as follows:

a

— 1
RN M

Ay =

where h, k and [ are Miller indices of the Bragg planes.
From the XRD patterns, a slight shift in the peak positions
is observed for the Sr-doped samples compared to the
undoped-ZnS NPs, denoting a weak change in the lattice
parameters (5.27-5.30 A) due to the incorporation of larger
Sr?* replacing Zn?* in the ZnS lattice [36-38].

The crystallite size was estimated using the well-known
Debye—Scherrer’s formula:
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Figure 1. XRD patterns of undoped and Sr-doped ZnS NPs.
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where A is the X-ray wavelength (1.54056 A), B is the
full-width at half maximum of the peak and 6 is the diffraction
angle.

The estimated crystallite sizes of Sr-doped ZnS NPs with
concentrations of 0, 1.5, 5 and 9% are 2.24, 2.34, 2.46 and
2.51 nm, respectively. This result means that doping with Sr>*
ions promotes the growth of ZnS NPs.

3.2 FT-IR analysis

The FT-IR spectra of Sr-doped ZnS NPs recorded in the range
of 4000-600 cm~" are shown in figure 2. The peak located
at 668.9 cm™~! is attributed to the stretching vibration of the
Zn-S bond [39,40], which confirms the synthesis of ZnS NPs.
The spectral band at 2955 cm ™! is attributed to C—H stretching
vibrations [41]. Furthermore, the peak observed at 1630 cm™!
is assigned to the bending vibrations of the absorbed water
molecules [42], whereas the peak positioned at 1399 cm™!
could be attributed to carboxyl and methylene groups.

3.3 Raman spectroscopy

Raman scattering is a powerful probe to illustrate the effects
on crystalline structures caused by ion incorporation. Figure 3
shows the Raman spectra of undoped and Sr-doped nanostruc-
tured ZnS samples. The spectra exhibit broad peaks at 71, 94,
145, 260, 345 and 465 cm™".

From the literature, we note that different frequencies are
reported for vibration modes of both cubic and hexagonal
structures of the ZnS semiconductor. Generally, the positions
of peaks on Raman spectra are shifted toward lower or higher
frequencies as they are often affected by the size and mor-
phology of crystallites, by the nature and concentration of
chemical dopants, by the type of defects and created strains
and finally by the used excitation wavelength. These factors
cause variations in the frequencies of lattice vibrations which
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Figure 2. FT-IR spectra of undoped and Sr-doped ZnS NPs.
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Figure 3. Raman spectra of undoped and Sr-doped ZnS NPs.

lead to some discrepancies in the assignment of vibration
modes [43-46].

First order Raman spectra of bulk hexagonal and cubic
phases of the ZnS semiconductor have been reported by
many authors [47,48]. They have observed that the transverse
optical (TO) phonon modes (Al and E1 symmetry) and the
longitudinal optical (LO) phonon modes (Al and El sym-
metry) of cubic ZnS crystals are situated at around 275 and
350 cm™!, respectively. The two E2 modes of hexagonal ZnS
are located at around 72 and 285 cm ™.

Also, for the second-order Raman modes, there are some
discrepancies in the reported values of frequencies and in
assignment of modes because of the rate of disorder in the
symmetry of the crystal structure. For example, modes at 94
and 145 cm™! can be related to the smallness of ZnS nanocrys-
tallites [49] for which the selection rules are broken. The peaks
at 260 and 465 cm™! correspond to the second-order Raman
modes of ZnS cubic and hexagonal structures, respectively
[50].

Comparing the frequencies reported in the literature with
those measured, we can deduce that the samples are formed
with both cubic and hexagonal phases of ZnS as illustrated by
XRD analysis. The experimental results are close to previous
reports with slight deviations due to difference in techniques
of synthesis, created strains in the crystal lattice and size
of crystallites [50]. The nanometric size of synthesized-ZnS
nanocrystallites (table 1) has a phonon confinement effect
[22,51] which is reflected by a broadening and an intensity
increase of Raman peaks (figure 3). Moreover, the structure
deformation induced by doping results in an increase in the
TO and LO peak intensity; a similar result was observed for
Al-doped ZnS NPs [43].

3.4 Electronic properties

The electronic properties of undoped and Sr-doped ZnS NPs
were analysed with the aim at evaluating the doping effect on
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Table 1. Band gap energy and Urbach energy at different doping
rates.

Samples Eg (eV) Ey (meV)
ZnS 3.42 75
7ZnS-1.5%Sr 3.40 80
ZnS-5%Sr 3.39 109
7ZnS-9%Sr 3.38 121
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Figure 4. UV-Visible absorbance spectra of undoped and Sr-
doped ZnS NPs.

the optical absorption and the band gap energy. The recorded
UV-Visible absorption spectra are depicted in figure 4. It is
shown that all NPs are almost transparent in the visible region
and exhibit a strong absorption in the UV region. The maxi-
mum absorption is located at around 334 nm for all ZnS NPs.
A slight shift towards higher wavelength is observed for the
absorption edge of Sr-doped ZnS samples. This expresses a
decrease in the band gap energy of Sr-doped ZnS NPs which
is a favourable factor for the improvement of photocatalytic
performances.

For the estimation of the band gap energy E,, the absorp-
tion coefficient F'(R) is deduced from the reflectance curves
according to the Kubelka—Munk equation [52]:

FR—(l_R)2 3
()_T’ (3)

where R is the reflectance and F(R) is equivalent to the
absorption coefficient «.

The band gap energy E, has been determined using the
Tauc relation [53]:

(F(R)hv)* = A (hv — E,) . 4)
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Figure 5. Evolution of band gap energy Eg, according to the
Kubelka—Munk approach.

The extrapolation of the linear part of Tauc plots intersects
with the photon energy axis to define E, (figure 5).

The band gap energy of the undoped sample is estimated to
be 3.42 eV. However, the band gap energy for the doped sam-
plesis decreased to 3.38 eV by increasing the Sr concentration
(table 1). A comparable result was obtained in Sr-doped SnO,
[54].

From the absorption spectra shown in figure 4, we observe
that the tails of the absorption have been increased in the vis-
ible region with Sr-doping. This phenomenon is attributed
to the generation of additional energy states within the band
gap which create band tails extending the valence and con-
duction band edges. The formation of defect states in the
band gap allows a reduction of the recombination rate of
photo-generated electron—hole pairs because charge transi-
tions occur through defects; such hypothesis was earlier

Counts
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reported in references [10,11,55]. This low-recombination
rate leads to an enhancement of photocatalytic activity.

This change in the electronic structure can be estimated
by the Urbach energy Ey according to the following relation

[56]:

where o and E|y are two constants related to the material.

Ey is determined by plotting the logarithm of the
absorption coefficient « (or F'(R) in our case) as a function of
hv. The inverse of the slope of the linear part of curves is equal
to the Urbach energy Ey. The increase in the Ey value and
the decrease in the E;; value with increasing Sr concentration
(table 1) are attributed to the formation of defect states near
the conduction band, causing further reduction in the optical
band gap. A comparative result was observed by Raghaven-
dra et al [37] who reported that Sr-doping of ZnO induces a
decrease in the band gap energy. Similar observation was also
reported in the case of Cd-doped ZnO [57].

hU—EO

o &)

a:aoexp<

3.5 TEM micrograph analysis

Figure 6a shows the TEM image for undoped-ZnS NPs (the
images of Sr-doped ZnS NPs with different percentages are
shown in supplementary figure S1). The NPs agglomerate
into spherical shaped aggregates, which make them difficult
to observe primary particles. The aggregate size distribution is
obtained from the TEM image, and it is fitted with a Gaussian
function [56]:
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Figure 6. (a) TEM image of ZnS NPs and (b) size distribution obtained from TEM images of undoped and Sr-doped

ZnS NPs.
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Figure 7. HRTEM image of the ZnS:Sr1.5% NPs.

where Y is the offset, A is the area, w is the width and x. is the
centre position of the Gaussian curve. The obtained aggregate
average sizes of 684, 824, 614 and 938 nm correspond to ZnS,
ZnS:Sr1.5%, ZnS:Sr5% and ZnS:Sr9% samples, respectively.
Moreover, the ZnS:Sr1.5% NPs have the highest tendency for
aggregation, forming a large Gaussian function shifted to the
high-size values (figure 6b).

Figure 7 shows the HRTEM image of the ZnS:Srl.5%
sample. The clearly observed lattice fringes indicate that the
particles are crystalline. The measured interplanar distances
3.05 and 2.73 A correspond to the inter-reticular spacing
between (111) planes and (200) planes of the cubic phase,
respectively [58]. These two planes were also observed at the
angular positions of 29.21 and 32.97° on the XRD patterns.

3.6  Photocatalytic activity of undoped and Sr-doped ZnS
NPs

The semiconductors, when activated by photons with suffi-
cient energy, will generate electron—hole pairs by excitation
of electrons from the valence band to conduction band. The
migration of photo-generated carriers to the photocatalyst sur-
face will produce, within redox reactions, reactive oxygen
species such as hydroxyl OH®, superoxide O3~ and H,0,
that are the most responsible for the degradation of several
organic pollutants.

Figure 8 displays the UV-Vis absorption spectra of the
aqueous MO solution in the presence of ZnS:Sr9% NPs under
exposure to UV irradiation for different intervals of time. The
intensity of the absorption peak of MO at 464 nm decreases
with increase in the irradiation time which indicates the
degradation of MO dye by photocatalysis. On these spectra
no new absorption band appears and this means the absence
of byproduct formation.

Figure 9 shows the degradation rate of MO under
UV irradiation in the presence of the synthesized NPs. The
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Figure 8. UV-Vis absorbance spectra of aqueous MO solution in
the presence of ZnS:Sr9% NPs under UV irradiation at different
intervals of time.
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Figure 9. Photocatalytic degradation of MO under UV irradiation
with undoped and Sr-doped ZnS NPs.

Sr-doped ZnS NPs reduced the MO concentration faster than
the undoped-ZnS NPs. It was observed that about 50% of MO
was degraded within 45 min by the undoped-ZnS NPs, while it
took 26 min for the ZnS:Sr9% NPs. This improvement may be
explained by the decrease in the band gap energy (E,) values
after doping (table 1). Indeed, the created energy levels in the
band gap induce an increase in the number of electron—hole
pairs on the surface of NPs whose existence and evolution
influence the photocatalytic activity. Also, a larger surface
area could provide more active sites for reactant molecules
and promote the efficiency of the photocatalysis. On the
other hand, the energy of the irradiation wavelength (365 nm/
3.39eV) can generate less electron—hole pairs for the ZnS and
ZnS:Sr1.5% samples of which the band gap energy is higher.
We can say that the size effect of the NPs on the photocatalytic
activity is almost the same for all samples because the surface
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of the NPs in contact with the MO solution is substantially
constant as the size of the NPs varies very little.

The inset of figure 9 shows fitted data by a pseudo first-
order reaction model given by the following equation [59]:

In(Ag/A) =k -1, (N
where Ay is the initial absorbance of the dye solution before
the irradiation process is started, A, is the absorbance after the
irradiation time ¢ and k is the rate constant. The rate constants
were found to be 6.12 x 1073, 6.64 x 1073, 7.72 x 1073
and 10.45 x 103 min~! for ZnS, ZnS:Sr1.5%, ZnS:Sr5%
and ZnS:Sr9% samples, respectively; the highest rate constant
value corresponds to the highest doping concentration.

The degradation rate of MO obtained by the synthesized
samples (75% in 60 min) can be considered as a good result
with regard to that of Cr-doped ZnS (65% in 5 h) [60] or
Mn-doped ZnS (70% in 120 min) [61].

4. Conclusion

Undoped and Sr-doped ZnS NPs were successfully synthe-
sized through a surfactant free hydrothermal method. The
structural, morphological, optical and photocatalytic proper-
ties of the samples were systematically studied.

The structural investigation carried out by XRD reveals
that ZnS NPs crystallize in both cubic and hexagonal phases,
with a small change in the lattice parameter of ZnS, confirm-
ing Sr incorporation into Zn sites, inducing an increase in
the crystallite size. Raman spectroscopy confirms the synthe-
sis of the ZnS NPs and the presence of cubic and hexagonal
phases. Furthermore, the TEM illustrates that the NPs have
a high tendency for aggregation, forming spherical shapes.
The optical band gap of Sr-doped ZnS NPs decreased from
3.42 to 3.38 eV with increasing Sr concentration. Photocat-
alytic measurements showed a significant degradation of MO
dye by Sr-doped ZnS NPs. The rate of degradation was found
to fit first-order reaction kinetics with the highest rate con-
stant value of 1.045 x 10~2 min~! obtained for the ZnS:Sr9%
sample.

Finally, the photocatalytic study showed that the syn-
thesized Sr-doped ZnS NPs have improved photocatalytic
properties which make them potential candidates for organic
dye degradation.
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