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In the present work, are reported the experimental study of ZnO@ZnS coreeshell synthesised by a
microwave-assisted solvothermal (MAS) method. Some synthesis parameters such as, time, precursor
concentration and temperature were fixed. In order to investigate the effect of growing shell on the
structural and optical properties, the samples were grown with two different solvent (water or ethylene
glycol). The characterizations were performed by X-ray diffraction, absorption spectroscopy in the UV
evis range, scanning electron microscopy, and photoluminescence spectroscopy. The results show that
both ZnO and ZnS diffractions are present for all samples, however the crystallinity degree of ZnS shell
are too low. The better decorations of ZnS (shell) on the ZnO (core) are obtained for ethylene glycol (EG)
solvent, which is verified through FE-SEM images of ZnO@ZnS (EG). On the other hand, non morpho-
logical solvent dependence was observed for ZnO multi-wires. Also the luminescent emission for
decorated system in water were more intense and leads to form a type-II band alignment for ZnO@ZnS
coreeshell system.

© 2016 Elsevier B.V. All rights reserved.
eira).
1. Introduction

Oxide semiconductor with coreeshell nanostructure presents
great technological potential and has already been applied in many
fields [1e3]. In the past decade the global research interest in wide
band gap semiconductors has been focused on zinc oxide (ZnO) due
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to its excellent and unique properties as a semiconductor material.
The high electron mobility, high thermal conductivity, good
transparency, wide and direct band gap (3.1 eVe3.4 eV) and large
exciton binding energy (60 meV) at room temperature [4] spread
the potential applications of ZnO compounds. These properties
make ZnO a promising material for optical devices such as laser
diodes, light emitting diodes, solar cells, electroluminescent de-
vices and ultraviolet laser diodes [5]. Unfortunately none of these
important applications have not been well developed, then the
scientific and technological investigations are still very important
to help its ready development.

The photoluminescence (PL) spectrum of the ZnO exhibits two
excitonic peaks [6], one in the UV region and other at visible region
[7,8]. The broad emission band in the visible region
(420 nme750 nm) is attributed to deep level defects in ZnO [9,10].
There are many different deep level defects in the crystal structure
of ZnO, such as, oxygen vacancy and short-range disorder, which
can affect the optical and electrical properties of ZnO [11e13]. In
this context, a remarkable number of research works aimed at
improving the physical and chemical properties of ZnO by surface
decorating or surface modification with another semiconductor
[14,15]. A special case is the coreeshell systems where shell plays
an important role as a physical barrier between the optically active
core and the surrounding medium [16e18].

ZnS belongs to II-VI semiconductor class with two possible
crystal structures (zinc blend and wurtzite) and due to its wider
band gap (3.65 eV) can be applied as a shell for ZnO nanostructures
(NPs) [19]. The formation of ZnO@ZnS coreeshell system, with
lower band gap core(ZnO)/higher band gap shell(ZnS) structure can
show different optical properties according to the band alignment
[20,21], which has already been applied in solar cells, photo-
catalysis and water-splitting [22,23].

Recently, a wide variety of chemical techniques have demon-
strated high efficiency to synthesize ZnO@ZnS coreeshell systems,
such as, co-precipitation, solgel, hydrothermal method and so on.
Among these chemical techniques [24,25], the solvothermal pro-
cess has attracted a great deal of attention since particles with the
desired characteristics can be prepared with this technique by
controlling the solution pH, reaction temperature, reaction time,
solute concentration and solvent types, depending on the partic-
ular application [26]. The main advantages of solvothermal syn-
thesis are related to homogeneous nucleation processes, ascribed to
elimination of the calcinations step to produce very low grain sizes
and high purity powders [27]. Besides the association of microwave
radiation to solvothermal method generates a physical-chemical
hydride synthesis methodology [28].

The present work aims at investigate the influence of solvent
(EG or water) on the structural and optical properties of ZnO@ZnS
coreeshell system. For this purpose, ZnO@ZnS was prepared using
the MAS method under water and EG mediums. The prepared
particles were characterized by Thermogravimetry, X-ray diffrac-
tion (XRD), field-emission scanning electron microscopy (FE-SEM),
Raman spectroscopy, ultravioletevisible (UVevis) spectroscopy
and photoluminescence (PL) spectroscopy.
2. Experimental

2.1. Materials

The chemical reagents used were analytical grade without
further purification and each synthesis were performed as follows
description:
2.2. Synthesis of ZnO particles

ZnO nanorods were synthesized based on Moura et al. [29], the
details are described as follows 2.6 mmol of zinc acetate dehydrate
[Zn(CH3COO)2.2H2O] were added to 80 mL of 1 mol. L�1 NaOH
aqueous solution. After stirring 10 min. The resulting whitish
aqueous solution was then transferred to a polytetrafluoroethene
(PTFE), autoclavewhich was sealed and heated until 130 �C in 1min
and maintained at this temperature for 40 min in a microwave-
assisted oven (2.45 Ghz, 800 W). The white solid precipitate
product obtained was centrifuged and washed with distilled water-
ethylene and finally dried at 60 �C in air.

2.3. Decoration of ZnO@ZnS coreeshell system

The experimental procedure to decoration with ZnS was per-
formed according to our recent work of Raubach et al. [30], previ-
ously synthesized ZnO powder (0.017 mol) was dispersed in 25 mL
of EG or water generating solutions 1EG and 1W respectively. Then,
0.017 mol of Zinc acetate dehydrate [Zn (CH3COO)2 2H2O] and
0.03 mol of thiourea were dissolved in 75 mL of EG or water
generating solutions 2EG and 2W respectively. At this stage any
surfactant was added. Solutions 1 and 2 were then mixed in a
120 mL polytetrafluoroethene and placed in the microwave system
at 130 �C for 40min. The resulting precipitateswerewashed several
times with water and ethanol until a neutral (pHz 7) solution was
obtained. Afterwards, the powders were collected and dried at
80 �C for 9 h in air, producing a straw white powder.

2.4. Characterization

The powder obtained were characterized by XRD data from 15�

to 75� in the 2q range using CuKa radiation (Rigaku-DMax/2500PC).
Thermogravimetric analysis was performed using 5 �C/min of
heating hate until 900 �C under air atmosphere. Microstructural
characterization and EDS were performed on a field emission
scanning electron microscope Carl Zeiss Supra 35-VP. Raman
spectra were recorded in the range of 100e1000 cm�1 on a Bruker
Equinox-55 (Germany) using the KBr pellet technique. UVevis
spectra were collected on a Agilent Cary 100 spectrophotometer in
diffuse reflectance mode. The PL spectra were collected using a
Thermal Jarrel-Ash Monospec monochromator and a Hamamatsu
R446 photomultiplier. Krypton ion laser (Coherent Innova) with an
exciting wavelength of 350.7 nm (2.57 eV) was used and the output
of the laser was maintained at 200 mW. All measurements were
taken at room temperature.

3. Results and discussion

3.1. Structural study

The crystallinity and crystal phases of the samples (ZnO, ZnS and
ZnO@ZnS) synthesized at two different solvent (EG or water) were
first examined by X-ray diffraction and the results are shown in
Fig. 1. The diffraction peaks can be indexed of wurtzite (WZ) phase
(ZW) for samples of ZnO synthesised in EG and water, indicating
that formation of WZ phase of ZnO is not solvent dependent. For
ZnS compound the zinc blende (ZB) phase was found for both
solvents (EG and water), which is well consistent with the (JCPDS:
080-74 and 03-570) respectively. The samples ZnO@ZnS (water) are
observed that ZW phase remained, and for ZnO@ZnS (EG) show a
slight tendency to ZB phase due to peak broadening.

In the XRD spectra of ZnO (water) in (Fig. 1A) we can observe the
formation of well crystalline hexagonal structure compared to ZnO
(EG) shown in (Fig. 1B). This behaviour can be related to the high



Fig. 1. XRD powder patterns of the ZnO and ZnO@ZnS coreeshell synthesized in (A) shows the XRD of samples with solvent H2O, (B) show the XRD of samples with solvent EG, (C)
TGA curve of ZnO (EG) and (D) XRD of ZnO (EG-after calcination).
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ion mobility inwater them in EG, improving the effective collisions.
It can be seen that for the ZnO (EG) in (Fig. 1B) the diffraction

peaks has a lower intensity compared with that of the ZnO (water)
in (Fig. 1A), indicating a degradation of the crystalline structure of
the ZnOwhen synthesized in EG. On the other hand XRD in (Fig.1A)
show that the ZnS (water) is single-phase compound. Notwith-
standing for decorated system the crystal structure and orientation
of ZnO (water) are preserved. However, when the samples are
decorated with EG in (Fig. 1B) it should be noted that all peaks
appear slight shifted to ZB phase and the peak intensity of ZnO (EG)
is very weak compared to peaks of ZnO (water). Clearly is observed
that the samples synthesized with solvent water, has a better
crystalline quality and this is confirmed in FE-SEM images.

XRD spectra of a ZnO synthesized with EG solvent shown in
Fig. 1B, highlights that the ZnO is not well crystallized as was ob-
tained inwater. This can be explained due to the nucleation process
of ZnO was not completed, remaining a small amount as waste zinc
hydroxide. The preferential orientation observed for peak (002) in
(Fig.1B) correspond to reinforcement diffractions of Zn5(OH)6(CO3)2
(JCPDS 19-1458, zinc hydroxide carbonate) [31] over ZnO
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diffractions. After heating at 600 �C the Zn5(OH)6(CO3)2 was con-
verted into ZnO. This process can be identified through sharp
diffraction lines corresponding to well crystallized ZnO (JCPDS 080-
74) (Fig.1D), which are very similar XRD spectra before obtained for
ZnO (water) and by intensity decrease of (002) peak in relation to
(100) diffraction peak denoted in (Fig. 1D).

In Fig. 1C, show the thermogravimetric (TG) analysis carried out
in the temperature range of 10�Ce500 �C in an alumina crucible
under air at 10 �C/min Fig. 1D, it shows the thermal behaviour (TG)
of as-prepared compound obtained from direct precipitation of
[Zn(CH3COO)2.2H2O], NaOH and EG and processed byMASmethod.
It can be seen that there are two pronounced mass loss steps, firstly
in the temperature range 10�Ce150 �C and followed by a range
160�Ce400 �C, in TG curve. The first weight loss is mainly attrib-
uted to the evaporation of surface adsorbed water, whereas the
second one might be ascribed to the volatilization and combustion
of organic species in ZnO (EG). The first mass loss step was gradual
and in the range of 10�Ce150 �C. The mass loss was 2.4%, and this
loss of mass is attributed to the removal of surface adsorbed water
from aqueous urea and nitrate solution. The second step was the
main weight loss occurred at 160�C-400 �C, and the loss was 2.8%
which is due to the volatilization and combustible organic species
present in the ZnO (EG). There is no associated signal with these
latter thermal events in the TG curve, confirming no further crys-
tallization and phase transition events of ZnO.

These results demonstrate that the use of solvent EG strongly
influences the morphology and the growth preference of ZnO
materials prepared by the solvothermal route. The EG favour the
stabilization of zinc hydroxide acetate delaying ZnO phase forma-
tion and generate the lower crystallization degree.

3.2. Morphology study

The general morphologies of the samples synthesized by MAS
method are shown in Fig. 2. In order to investigate the ZnO
morphology, structures obtained at two different solvents (water or
EG) were analysed by FE-SEM images as shown in Fig. 2a and c.

Fig. 2a shows the ZnO multi-wires under flower-like shape with
230 nm length and 100 nm width approximately. ZnO multi-wires
present a smooth surface whereas ZnO (EG) exhibits a worm-like
mesoporous surface (look top right corner) but also in a flower-
like shape. Although the average diameter were not changed get-
ting around 200 nm as measured from its FE-SEM image (Fig. 2c).

It has been observed that ZnS particles are spherical like
regardless of solvent and also the particle size was not significantly
changed.

The FE-SEM images of decorated samples (ZnO@ZnS) in water
(Fig. 2b) and EG (Fig. 2d) show clearly that decoration in water
medium is almost inefficient if compared to EG. Furthermore, the
FE-SEM images of ZnO@ZnS (EG) shown in (Fig. 2e) that ZnO are
well decorated with ZnS and to obtain further evidence the EDX
spectrum was also performed. EDX qualitative analysis indicate
that the zinc, oxygen and sulphur are present in the samples. This
result can be used as another confirmation of decoration success.

3.3. Raman study

The Raman spectra of three samples synthesized with EG and
water in a spectral range of 100 cm�1 to 700 cm�1 are shown in
Fig. 3. The Raman spectroscopy is able to give further evidence for
the crystallization, structural disorder and defects at short range
order.

The ZnO wurtzite (WZ) structures belong to the P63mc space
group, with two formula units per primitive cell, where all atoms
occupy ðC4

6vÞ sites. Group theory predicts the Raman active zone-
centers of the optical phonons predicted to be A1 þ E1 þ 2E2. The
phonons having A1 and E1 symmetry are polar phonons and, hence,
the transverse-optical (TO) and longitudinal-optical (LO) phonons
exhibit different frequencies. Nonpolar phonon modes with sym-
metry E2 have two frequencies: E2 (high) is associated with oxygen
atoms and E2 (low) is associated with the Zn sublattice.

Fig. 3A. shows the corresponding Raman spectra for samples
synthesized with water solvent. The decorated ZnO@ZnS obtained
via water solvent almost preserves the same vibrations modes ac-
quired for ZnO (water), indicating a poorly ZnS decoration. Three
peaks of the as-obtained ZnO nanorods are observed at 346, 379
and 439 cm�1, respectively. The main peak at 439 cm�1 is assigned
to the E2 (high frequency) optical phonon mode of ZnO (water),
which corresponds to the band characteristic of a ZnO wurtzite
[32]. Besides these classical Raman modes, weaker peaks at
346 cm�1 and 379 cm�1 can be assigned to A1 (TO) and E1 (TO)
modes of ZnO, respectively. Thus, decorated ZnO@ZnS nanoforest
was not affected by ZnS shell. This is a consequence of poor deco-
ration and absence of active modes for zinc blend ZnS sample.

From Fig. 3B, show the confocal Raman scattering spectra of
samples synthesized with EG solvent. The decorated ZnO@ZnS
obtained via EG solvent which appears new vibration modes peaks
due to the decoration of ZnS (EG). It is important to note that if the
crystal is absolutely cubic, no active Raman modes are expected.
Thus the observed vibrational modes for ZnS indicate that its cubic
structure is not perfect and must be some structural localized de-
fects. Nevertheless a weaker peak at 439 cm�1 is observed for ZnS
sample and can be assigned to an E2 optical phonon, which corre-
sponds to characteristic band of WZ phase. Then pure ZnS (EG) or
decorating ZnO in EGmedium has a cubic phase, however there are
a small fraction of hexagonal phase imperceptible to the X-ray
diffraction. Main vibration observed at 439 cm�1 of as-obtained
ZnO nanorods (water) was not evident for ZnO synthesized using
EG, indicating a ZB tendency and/or a low crystallization process.
The weak and broad peak at 251 cm�1 is assigned to the second-
order Raman spectrum arising from the E2 (high) E2 (low) multi-
ple phonons scattering process of ZnO@ZnS (EG). A comparison of
the Raman spectra for the ZnO (EG) [33], shows an obvious shift in
the E2 (high) phonon mode of ZnO@ZnS (EG) to a low frequency.
The peak width is broadened as a result of the decoration effect. For
the wurtzite crystal structures, stress distribution induced in the
crystals evidently affects the E2 phonon frequency. This behaviour
agrees with XRD results discussed in Section 3.1, for the ZnO@ZnS
(water) Raman peaks are located at 346 and 379 cm�1, which cor-
responds accurately to the first order TO and LO phonon modes in
ZnS, respectively [34]. The vibrational peaks of ZnO@ZnS (EG)
coreeshell, after the sulfuration process are in agreement of Raman
modes of ZnS which give further evidence that ZnO was clearly
decorated with ZnS when EG solvent is used in (Fig. 3B).

3.4. Optical study

The ZnO, and ZnO@ZnS optical properties were measured using
UVevis diffuse reflection methodology. The band gap energies (Eg)
of ZnO@ZnS coreeshell system was estimated from the graph of
(ahn)2 versus hn (Tauc plot), as seen in (Fig. 4A,B). The absorption
coefficient a that is related to the band gap Eg as (ahn)2 ¼ k(hnEg),
where hn is the incident light energy and k is a constant.

Fig. 4A. shows the absorption for the ZnO (H2O), ZnO@ZnS (H2O)
and ZnS (H2O). The optical band gap of ZnO (H2O) is 3.0 eV and as
can be seen it's smaller than the band gap of the bulk ZnO [35]. The
possible reason could be due to electronic and structural defects
arising during the MAS synthesis. This same behaviour was already
observed for other compounds in a previous work using the same
synthesis methodology [28]. This band gap reduction can improve



Fig. 2. FE-SEM images and EDX analysis of crystals synthesized by MAS method a) ZnOeH2O, b) ZnO@ZnSeH2O, c) ZnO-EG, d) ZnO@ZnS-EG, e) EDX (5 kV of ZnO@ZnSr-EG) analysis.
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the light absorption of ZnO at visible range, favouring solar-cells
applications.

The decoration process of ZnO (H2O) with ZnS (H2O) leads to
reduction of the optical band gap to z2.9 eV. This behaviour is not
really conclusive, because even though UVevis measurements are
made several times, 0.1 eV can be include as measurement hazi-
ness. Also, the ZnS band gap of 3.1 eV indicates that the decorating
was not highly effective in water medium. The reduction on ZnS
(H2O) band gap in relation to ZnS obtained using EG is due to the
different structural distortions produced by EG and water as a
result of water be ionic solvent and EG not. Another important
aspect is the less sharp and the expressive absorption tail of ZnS
which are responsible by the wide range absorptions.
On the other hand, in Fig. 4B, the obtained band gap were
respectively 3.1 and 3.7 eV for pure ZnO (EG) and ZnS (EG). The
ZnO@ZnS (EG) decorated system has two absorption bands at
3.1 eV and at 3.5 eV which correspond to the ZnO (EG) and ZnS (EG)
phases, respectively. The double band gap regime allows two ab-
sorptions at different electromagnetic ranges increasing the ab-
sorptions efficiency and hence enabling solar cell application,
specially for solar cells with high efficiency close to ultraviolet
region.

These results clearly show that the best decoration of ZnO with
ZnS was using EG as solvent which was already noted in previous
XRD and Raman datas. Furthermore, the formation of ZnS shell over
the core ZnO, leads ZnO@ZnS to type-II band alignment through the



Fig. 3. Raman spectroscopy coreeshell and individual samples synthesized by A) H2O, B) EG.

Fig. 4. UVevis absorption of ZnO, ZnS and ZnO@ZnS for (ahn)2 versus hn (A) H2O and (B) EG.
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induction of charge separation at the interface of the two different
materials. Thus, the electrons and holes are localized in different
regions of the ZnO@ZnS coreeshell and this reduces the chance of
recombination of the charge carriers. The type-II band alignment
also forms appropriate conduction band edge lines to facilitate
electron transfer [36].

Using photoluminescence (PL) spectroscopy is noticeable that
the observed PL emission in Fig. 5A is broad and cover almost all the
visible range centered at 530 nm for pure ZnO (H2O). This is called
green-yellow band for visible luminescence or deep level emission
(DLE) [37], which is due to the discrete deep energy levels into the
band gap formed by the point defects [38]. The ZnO@ZnS samples
demonstrate the same qualitative character of luminescence.
However, the peak shifts slightly towards lower energies and
Fig. 5. Photoluminescence spectra of the ZnO and ZnO@ZnS coreeshell in A)
located at 580 nm. This behaviour could be expected for type-II
band alignment [39] that originates from the electronehole
recombination at the interface [40].

Samples synthesized with EG solvent are shown in Fig. 5B. The
ZnO peak is slightly shifted towards lower energies with main
emission located at 580 nm, while for ZnS and the ZnO@ZnS
samples the emissions become too weak. The qualitative character
of luminescence for ZnO@ZnS reports two peaks located at 400 nm
and 530 nm. These two peaks appear due to the high decoration of
ZnO by ZnS using EG as solvent, in agreement with UVevis ab-
sorption and Raman results. Besides, the sharp peak at 400 nm can
be attributed to the band alignment, allowing the inter bands
exciton annihilation by means of photon emission. Moreover, this
emission is too weak indicating that this is a non-relevant process.
H2O; B) Inset is a zoom of the PL spectra of ZnO (EG) and ZnO@ZnS (EG).
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Nevertheless, the luminescence efficiency of ZnO@ZnS also set
forth the strong dependence of decorations. This effect is noticeable
in Fig. 5B which the luminescence emission of decorated system
has about the same intensity of ZnS samples.

3.5. Type-II band alignment

The construction of a reliable band alignment from both theory
and experiment has thus been a long-standing issue because of its
fundamental and technological importance [41].

Historically, various theories have been proposed in connection
with the band alignment of semiconductors, particularly, for group
II-VI semiconductors with wide band gap, ZB structure (ZnS) and
WZ structure (ZnO). Especially the origin of band alignment in
ZnO@ZnS is still controversial due to synthesis methods as MAS
used in this work. Comparing to the core ZnO, the fabricated
ZnO@ZnS exhibit enhanced red-shift emission and present type-II
band alignment [42]. Recently, ZnO/ZnS heterostructures have
attracted theoretical and experimental interest for showing supe-
rior optoelectronic properties to their individual materials due to
their type-II band alignment that was detected according to the
(Fig. 5) for ZnO@ZnS (H2O). In type-II systems, the shell growth
causes a red-shift of the emission wavelength of the core and leads
to a smaller effective band gap (Fig. 4). Additionally, the ZnO@ZnS
samples synthesized in EG also denotes the type-II band alignment
as was described in UV-is results and confirmed in PL results by
strong reduction of PL emission associated to red-shift. It is
important highlight that ZnO@ZnS (EG) report a more evident
type-II band alignment effect. Than we can claim that the type-II
band alignment are present in both systems, moreover if the
objective is specially solar cells with high efficiency close to ultra-
violet region the ZnO@ZnS (EG) can be potentially more useful.

4. Conclusions

In summary, ZnO and ZnO@ZnS (water or EG) coreeshell system
was prepared by an efficient MAS method. Their structural and
photonic properties were investigated in detail. FE-SEM images and
the XRD patterns analysis confirmed a clear relationship between
the nature of the solvent used and its effective or non-effective
decorations. Also was demonstrated that ZnO multi-wires are not
dependent of solvent (water or EG) used in our synthesis. Optical
characterization using UVevisible and PL spectroscopy allow the
demonstration a clear dependence of photonic features with
different solvents (water or EG). The results clearly show that the
decoration with the solvent EG was better thanwater. On the other
hand, the formation of a ZnS shell around core ZnO nanorod results
in a type-II band alignment for ZnO@ZnS synthesized in water
medium. Therefore, synthesis method used prove the ability to
control the properties of the material decoration through the
changes on the synthesis parameters. Thereby it is also possible to
control the absorption and photon emissions.
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