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ZnO nanoplates/ZnS nanoparticles as a hetero-nanocomposite structure was prepared by a single pot

precipitation method without using any capping ligands or other additives. The morphology of the

prepared nanocomposite was studied by scanning electron microscopy (SEM). Optical properties of the

prepared samples were studied by UV-visible reflectance and Raman spectroscopy. The FT-IR

spectroscopy along with the Kramers Kronig (k k) method and classical dispersion theory were utilized

to calculate far-infrared optical constants of the prepared samples. The photocatalytic activity of the

prepared nanoheterostructure was also assessed in the gas solid phase, by monitoring the NOx

abatement using a white-lamp to re-create an indoor environment.
I. Introduction

In the past decade, semiconductor nanostructures have attrac-
ted much attention due to their size dependent physical and
optical properties. As one of the most investigated nano-
materials, ZnO has been widely used in various areas such as
optoelectronic devices, lasers, sensors, photocatalysts and
photovoltaic devices.1 6 A remarkable number of reported
research works aimed at improving the physical and chemical
properties of nanomaterials by surface coating or surface
modication as one of the most advanced and intriguing
methods.7 In this context, dramatic changes in optoelectronic
properties were observed by surface coating with different band-
gap materials.8 The photocatalytic efficiency of ZnO is not very
high due to the rapid recombination of the photogenerated
electron–hole pairs in the single phase semiconductor. There-
fore, hybrid semiconductor systems are more interesting to
promote the separation of electron–hole pairs and retain
reduction and oxidation reactions at two different reaction
sites.9 These systems increase the photocatalytic efficiency by
suppressing of the recombination of photogenerated electron–
hole pairs in semiconductors. So far, many successful efforts
have been done on this topic such as SnO2/ZnO, ZnO/In2O3,
ZnO/ZnS, and Bi2O3/ZnO.10 13

It is well known that ZnS is a good photocatalyst because
of the rapid generation of electron–hole pairs by photoexci-
tation and the highly negative reduction potentials of excited
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electrons. By hybridizing ZnS and ZnO, the recombination
rate of the charge carriers signicantly decreases due to
their physically separated band gap. In addition, the
hybrid structure ZnO/ZnS showed the lower photo-
excitation threshold energy compared to the individual
component.

The ZnO/ZnS binary heterostructures with different
morphologies, such as biaxial nanowires,12 nanorings,14 hollow
nanocages, and saw-like nanostructures, have also been
synthesized via solution-based chemical routes.12,14,15 The main
disadvantages of these fabrication methods are the necessary
vacuum conditions, and the use of high temperature or surface
active agents, which lead to increasing impurities in nal
products.

In this paper, we report a facile and simple approach to
synthesize ZnO nanoplates/ZnS nanoparticles by a single one-
pot template free precipitation route without need for any
capping ligands or other additives. The optical and dielectric
properties of the prepared ZnO/ZnS nanocomposite were also
studied in the far-infrared regime. In addition, the photo-
catalytic properties were studied in detail and, for the rst time
in that system, accounting for the NOx abatement in gas–solid
phase, using a white-light lamp (simulating an articial indoor
lightning). These pollutants are responsible for different prob-
lems such as tropospheric ozone, ozone layer depletion,
photochemical smog, acid rain, and even global warming
caused by NOx.16

The results indicate that the as prepared products exhibit
better photocatalytic activity (PCA) than single phase ZnO
nanostructure toward the decomposition of NOx using a white-
lamp irradiation.
RSC Adv , 2014, 4, 35383 35389 | 35383



Fig. 1 The XRD patterns of ZnO nanostructure and ZnO/ZnS
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II. Experimental

ZnO nanoplates/ZnS nanoparticles were prepared by a wet
chemical precipitation method. Firstly, 3.352 g (24.6 mmol) of
ZnCl2 (Aldrich, Germany) was dissolved in distilled water. Then,
the obtained solution was added dropwise into100 mL of 0.1 M
NaOH (Merck, Germany) solution. The pH value of the resulting
solution was around 13. Subsequently, 38 mmol Na2S was
added slowly to the mixture and the resulting suspension was
kept at room temperature for 2 h under mild magnetic stirring
to yield the hetero structures. Then, the dark yellow product was
washed with distilled water for several times and collected by
centrifuging. Finally, the as-prepared and collected product was
dried at 80 �C for 3 h. The chemical reactions are as follows:

For comparison purposes, the ZnO nanoplates were also
prepared by the same process, but without using Na2S reagent.
The structure, morphology and chemical analysis of the
samples were studied by X-ray diffraction (Shimadzu XRD-6000,
Tokyo, Japan), Scanning Electron Microscopy (SEM, SU-70,
Hitachi) and energy-dispersive X-ray spectroscopy (EDS). The
study of the optical properties of the samples was carried out by
diffuse reectance spectroscopy (DRS) (Perkin-Elmer, Lambda
35), spectra of the samples were acquired in the UV-Vis range
(250–750 nm), with 0.2 nm step-size and using an integrating
sphere and a white reference material, both made of BaSO4.
With the aim of converting the diffuse reectance into the
absorption coefficient a, the Kubelka–Munk function was
applied:17

az
K

S
¼ ð1 RNÞ2

2RN

hF RNð Þ (1)

where K and S are the absorption and scattering coefficients; the
reectance RN is equal to Rsample/Rstandard.

Also Raman (laser wavelength 1064 nm; laser power 350
mW) and FTIR (Bruker RFS/100) spectrometry were used. PCA
tests of the prepared samples were also assessed. Tests were
made in gas–solid phase, monitoring the degradation of NOx

(NO + NO2). The reactor used at this purpose, has been previ-
ously described in detail.18 It consists of a stainless steel
cylinder (35 L in volume), and operated under continuous
conditions. A white lamp (articial indoor light), irradiating
only in the visible region (Philips LED Bulb Warm white), was
35384 | RSC Adv , 2014, 4, 35383 35389
used as the light source. This was placed 28 cm from the pho-
tocatalyst, so as to have a light intensity – measured by way of a
radiometer (Delta OHM, HD2302.0, Italy) – reaching it of
approximately 7 Wm�2 in the visible range, whilst being zero in
the UVA. Samples were prepared in the form of a thin layer of
powder, with a constant mass (0.10 g), and thus approximately
constant thickness, in a 6 cm diameter Petri dish. The tests were
performed at room temperature – 27� 1 �C (temperature inside
the reactor), with a relative humidity of 31%. These parameters
(temperature and relative humidity), remained stable all over
the tests, and were controlled, respectively, by way of a ther-
mocouple placed inside the chamber, and a humidity sensor
placed in the inlet pipe. The outlet concentration of the
pollutant gas was measured using a chemiluminescence
analyzer (AC-30 M, Environment SA, FR). Aer having placed
the photocatalyst inside the reactor, and covered the glass
window, the inlet gas mixture (prepared using synthetic air and
NOx gas) was allowed to start owing until it stabilized at a
concentration of 0.2 ppm.19 Two mass ow controllers were
used to prepare such a mixture of air with this concentration of
NOx. Once the desired concentration was reached, the window
glass was uncovered, the lamp turned on, and the PCA reaction
started. Photocatalytic tests were assessed for a total irradiation
time of 20 min, and they were performed in triplicate, aiming at
verifying the stability of the photocatalysts.
III. Result and discussions

Fig. 1 presents the XRD patterns of the nanostructured ZnO and
ZnO/ZnS nanocomposite. In the case of ZnO all the diffraction
peaks are well indexed to hexagonal wurtzite ZnO structure
(JCPDS le no. 36-1451), indicating that the as prepared nano-
structured ZnO is crystalline and of high purity.7,20 However,
when synthesis was carried out in the presence of Na2S, the
intensity of the diffraction peaks decreased signicantly and
new ones belonging to the cubic sphalerite ZnS (JCPDS le no.
05-0566) appeared in the ZnO/ZnS nanocomposite sample. For
the ZnO/ZnS nanocomposite, the diffraction peaks of ZnS
indexed to (220) and (311) overlap with the (102) and (110)
diffraction peaks of the ZnO. Since the proportion of ZnO in the
sample is reduced, the intensity of ZnO diffraction peaks was
also reduced.
nanocomposite.

This journal is © The Royal Society of Chemistry 2014



Fig. 2 The SEM images of (a) ZnO nanoplates, (b and c) ZnO/ZnS
nanocompositeand (d) EDS analysis of ZnO/ZnS nanocomposite.

Fig. 3 UV-visible reflectance spectra of ZnO nanostructure and ZnO/
ZnS nanocomposite.

Fig. 4 Raman spectra of ZnO nanoplate and ZnO/ZnS
nanocomposite.

Fig. 5 FT-IR spectra of ZnO nanostructure and ZnO/ZnS
nanocomposite.
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The morphological features of the as prepared samples were
observed by SEM and the micrographs are presented in Fig. 2. It
can be seen that the ZnO nanoparticles exhibit a plate like shape
with relatively smooth surfaces (Fig. 2a). Although the overall
plate like morphology seems to prevail also for ZnO/ZnS nano-
composite particles, their surfaces appear much rougher
(Fig. 2b and c). The approximate composition of the ZnO/ZnS
nanocomposite sample was assessed by EDS analysis. The
obtained results shown in Fig. 2d conrm the presence of Zn, S
and O in the nal product. The absence of extra peaks, besides
the expectable ones, suggests that the obtained material is of
high purity.

Fig. 3 shows the UV-visible reectance spectra of nano-
structured ZnO and ZnO/ZnS nanocomposite. The character-
istic absorption band of nanostructured ZnO due to the metal–
ligand charge transfer (MLCT) appeared at around 370 nm,
while a blue shi on the absorption spectrum is observed in the
case of ZnO/ZnS nanocomposite. This is because of the char-
acteristic absorption band of ZnS nanoparticles is located
between 220–350 nm.21

The wurtzite structure of ZnO belongs to the 4C6v space
group, with 4 atoms per each unit cell. The following modes can
be predicted for optical modes according to group theory:
This journal is © The Royal Society of Chemistry 2014
G ¼ A1 + 2B1 + E1 + 2E2

Among these phonons, A1 + E1 + 2E2 modes are Raman
active, A1 and E1 are infrared active, while B1 (low) and B1
(high) modes are normally silent. A1 and E1 branches split into
transverse optical (TO) and longitudinal optical (LO) compo-
nents due to their polar symmetry. The Raman spectra of ZnO
nanoplates and of ZnO/ZnS nanocomposite sample are dis-
played in Fig. 4. According to the literature, 22 the peaks at 334
cm�1, 438 cm�1 and 580 cm�1 can be attributed to A1 (TO), E2
(high) and A1 (LO), respectively.22 24 No remarkable shis could
be observed for the 334 cm�1 and 434 cm�1 peaks of ZnO/ZnS
nanocomposite, while the intensities of the peaks were greatly
decreased in comparison to those of ZnO nanoplates (Fig. 4). On
the other hand, the LO phonon peak of ZnS nanoparticle was
observed at 345 cm�1 while the TO phonon was observed at 262
cm�1. The rst-order LO and TO phonons of ZnS nanoparticles
reveals a shi towards the lower energy compared to the Raman
spectrum of bulk hexagonal ZnS (TO: 274 cm�1 and LO: 352
cm�1). In addition, other Raman peaks at 145 cm�1, 175 cm�1,
386 cm�1, and 440 cm�1 are also observed.

The FT-IR spectra of the samples are shown in Fig. 5. The
characteristic ZnO absorption band was observed at around 407
cm�1. It is clear that the intensity of this peak decreased for the
RSC Adv , 2014, 4, 35383 35389 | 35385



Fig. 6 (a and b) refractive index and extinction coefficient, (c and d)
real and imaginary parts of dielectric functions of ZnO nanoplate and
ZnO/ZnS nanocomposite.

Fig. 7 Imaginary part of 1/3 for ZnO nanostructure and ZnO/ZnS
nanocomposite.
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ZnO/ZnS nanocomposite particles. The broad and small peaks
located at 3400 cm�1 and 1600 cm�1 can be attributed to the
stretching and bending vibrations of the O–H bond of the
adsorbed H2O molecules on the surface of ZnO. The intensity of
the peaks at around 3400 cm�1 and 1600 cm�1 increased,
indicating a higher density of O–H groups adsorbed onto the
surface of ZnO/ZnS nanocomposite,7,25 in good consistency with
its more disordered structure in comparison to pure ZnO
nanoplates.

The K–K method along with FT-IR reectance (R) spectra
were used to obtained the Far-inferred optical constants of the
prepared ZnO nanoplate and ZnO/ZnS nanocomposite. The
refractive index n is an important physical parameter in optical
design and generally is a complex quantity as following:

ñ(u) ¼ n(u) + ik(u) (2)

where n(u) and k(u) are the real and the imaginary parts of the
complex refractive index respectively, and can be obtained by
the following equations:26

nðuÞ ¼ 1 RðuÞ
1þ RðuÞ 2 RðuÞp

cos 4ðuÞ (3)

kðuÞ ¼ 2 RðuÞp
cosð4Þ

1þ RðuÞ 2 RðuÞp
cos b 4ðuÞ (4)

Here, 4(u) is the phase change between the incident and the
reected signals at a particular wavenumber and R(u) is the
reectance at particular wave number. This phase change can
be calculated from the K–K dispersion relation:26

4ðuÞ ¼ u

p

ðN

0

ln R
�
u0� ln RðuÞ
u02 u2

du0 (5)

This integral can be precisely evaluated by Maclaurin's
method:27

4
�
uj

� ¼ 4uj

p
� Du�

X
i

ln
�

RðuÞp �
ui

2 uj
2

(6)

whereDu¼uj+1 uj. If j is an even number then i¼ 1, 3, 5, 6,.j
1, j + 1., while, if j is an odd number then i ¼ 2, 4, 6,.j 1,

j + 1,..
In addition, the dielectric function can be obtained by the

square of the refractive index. Therefore, the real and imaginary
parts of the complex dielectric function are as following:

3 ¼ ½~nðuÞ�2 ¼ ½nðuÞ þ ikðuÞ�2
030 þ i300 ¼ n2ðuÞ k2ðuÞ þ 2inðuÞkðuÞ
0

�
30ðuÞ ¼ n2ðuÞ k2ðuÞ
300ðuÞ ¼ 2nðuÞkðuÞ

(7)

The far infrared optical constants of the ZnO nanoplate and
ZnO/ZnS nanocomposite were calculated and the obtained
spectrums are presented in Fig. 6a–d.

The TO and LO optical phonons are useful parameters to
illustrate the optical interactions of light with the lattice. The
LO mode frequencies are obtained from the imaginary part of
35386 | RSC Adv , 2014, 4, 35383 35389
1/3 (Fig. 7a and b) and TOmode frequencies correspond to the
peaks of the imaginary part of the dielectric function, as indi-
cated in Fig. 7a and b.28 The obtained values of transverse and
longitudinal optical phonons of ZnO nanoplate and ZnO/ZnS
nanocomposite are listed in Table 1.

The results of PCA are shown in Table 2, where are reported
the pseudo-rst order kinetic constants aer the rst run; in
Fig. 8 are depicted the PCA results, repeated in triplicate, of the
ZnO/ZnS nanocomposites.

As can be seen in Table 2, ZnO had a negligible PCA under
white-light irradiation. This is not surprising, as its Eg lies in the
UVA region (see Fig. 3). On the contrary, ZnO/ZnS nano-
composite, had a PCA 3.5 times higher, under the same exper-
imental conditions.

The reaction path for NOx conversion is mediated by OHc

radicals: the O2
� and OHc radicals formed during photo-

catalysis react with the pollutant gas, resulting in the produc-
tion of HNO3:29

ZnO/ZnS + hn / eCB
� + hVB

+ (8)

hVB
+ + H2O(ads) / OHc + H+ (9)

hVB
+ + OH� / OHc (10)
This journal is © The Royal Society of Chemistry 2014



Table 1 Optical phonons of ZnO nanostructure and ZnO/ZnS
nanocomposite

Material
Transfer optical
phonon (TO), cm 1

Longitude optical
phonon (LO), cm 1

ZnO 415 604
ZnO/ZnS 418 620

Table 2 Pseudo-first order kinetic constants, and relative correlation
coefficients for the tested samples, in case of NOx degradation in gas
solid phase, using the white indoor lamp

Material k20 � 102 (min 1) R2

ZnO 0.075 � 0.010 0.963
ZnO/ZnS 0.266 � 0.012 0.996

Fig. 8 Photocatalitic activity results, repeated in triplicate, of the ZnO/
ZnS nanocomposites.

Fig. 9 Kubelka Munk elaboration of the reflectance spectra reported
in Fig. 3; in the inset is shown a magnification, in the lambda range
375 550 nm, in order to emphasize the absorption tail into the visible
region of the ZnO/ZnS nanocomposite.

Fig. 10 Simplified schematic diagram of energy band structure and
electron hole separation in the ZnO/ZnS nanocomposite.
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eCB
� + O2/ O2c

� (11)

NO + OHc / NO2 + H+ (12)
This journal is © The Royal Society of Chemistry 2014
NO + O2c
� / NO3

� (13)

NO2 + OHc / NO3
� + H+ / HNO3 (14)

Moreover, the HNO3 produced on the surface of the catalyst,
might act as a physical barrier, hence, it might inhibit the
photocatalytic reaction.30For this reason, with the aim of veri-
fying the stability of the photocatalyst, tests were repeated in
triplicate. In Fig. 8 are shown the recycling tests of ZnO/ZnS
nanocomposites – ZnO nanoplate showed no PCA aer the weak
activity of the rst run (data not reported here). It is seen that
under identical conditions, and aer three runs, no signicant
change in the PCA happened. Therefore, we can reckon that
ZnO/ZnS nanocomposites underwent no dissolution aer those
recycling PCA tests that are repeatable.

The ZnS nanoparticles distributed all over the surface of the
ZnO/ZnS nanocomposite, as observed by SEM investigations
(Fig. 2b and c), could not only become trapping sites for the
photo-generated electrons (thus helping the electron–hole
separation),31 but they are also able to slightly extend the
absorption in the visible-region – as depicted in inset of Fig. 9
due to electronic interaction between ZnO and ZnS.32

Moreover, as the conduction band of ZnS lies at a more
negative potential, compared to that of ZnO, whilst the valence
band of ZnO is more positive than that of ZnS (Fig. 10),33 when
the ZnO/ZnS nanocomposites are exposed to visible-light irra-
diation, the photo-generated electrons are able to migrate from
the conduction band of ZnS to that of ZnO and, in the same
time, a hole transfer happens from the valence band of ZnO to
that of ZnS.34 Also, the higher density of O–H groups that are
adsorbed onto the surface of ZnO/ZnS nanocomposite
(compared to ZnO), plays a signicant role in the photocatalytic
reaction: they enhance the PCA, generating chemical oxidative
species, such as hydroxyl radicals, that “switch on” the photo-
catalytic oxidation of NOx.35
IV. Conclusion

Single phase ZnO nanoplates and biphasic ZnO/ZnS nano-
particles were successfully prepared by a simple and low cost
RSC Adv , 2014, 4, 35383 35389 | 35387
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chemical precipitation technique as conrmed by the obtained
XRD analysis. The structural disturbance caused by the anionic
size mismatch between oxygen and sulfur resulted in signicant
morphological changes as seen in the SEM micrographs. The
optical properties of the prepared samples, under UV-visible
reectance and Raman spectroscopy, were also signicantly
affected by the presence of ZnS nanoparticles. The refractive
index and dielectric constants of the samples were calculated in
far infrared regime using FT-IR spectroscopy and K–K method.
The evaluation of optical constants of ZnO based hetros-
tructures is of considerable importance for applications in
integrated optic devices such as switches, lters and optical
testers, etc., where the refractive index of a material is the key
parameter for device design. The values of TO and LO phonon
modes were also calculated and the amounts are 418 cm�1 and
620 cm�1 respectively. Moreover, the prepared ZnO/ZnS nano-
composite showed itself to be photocatalytically active in the
NOx abatement under visible light (articial indoor lighting)
exposure.
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