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ZnS nanoparticles were synthesized using a chemical precipitation method and were characterized with
FTIR, transmission electron microscope (TEM), X-ray diffraction analysis (XRD) and UV-vis absorption.
XRD analysis shows that the diameter of the particles is 1.6 nm. The interaction between ZnS nanopar-
ticles and safranin O (SO) dye was studied with UV-vis absorption as well as fluorescence emission and
excitation spectra. The results show fluorescence enhancement from dye molecules with nanoparticles
upon excitation at 325 nm. In contrast, the fluorescence of the dye monitored at 520 nm is quenched by
ZnS nanoparticles. ZnS nanoparticles were used as a photocatalyst in order to degrade SO dye. A maximum
degradation efficiency of 51% of the dye has been achieved in the presence of ZnS as a nanophotocatalyst
at pH 7. Photodegradation of the dye follows second-order kinetics.

© 2009 Published by Elsevier B.V.

1. Introduction

Semiconductor nanoparticles have attracted considerable atten-
tion due to their size-dependent photophysical and photochemical
properties [1,2]. Such materials are promising for the produc-
tion of optical sensitizers and photocatalysis [3-5]. Further, they
can be used for optoelectronic devices [6,7], electroluminescent
applications [8], quantum devices [9], and in novel biomolecular
applications, such as DNA detection [10,11]. Zinc sulphide (ZnS)
is one of the semiconductor nanomaterials that show promise
for the production of optical sensitizers, photocatalysis, electrolu-
minescent materials, optical sensors [12,13] and for solar energy
conversion [14]. Some dyes are also used as photosensitizers for
solar energy conversion, or as photosensitizers for wide band-gap
semiconductors, extending the wavelength absorbed by the system
to the visible range [15,16].

Safranin-O (3,7-diamino-2,8-dimethyl-5 phenylphenazinium
chloride (SO), Scheme 1) is a phenazine dye, that has been used as
a photosensitizer in electron- and energy-transfer reactions [17].
Also, it is used as a sensitizer in visible light photopolymeriza-
tion [18]. Phenazine dyes are used in the textile industry and are
photodegraded under UV light using a semiconductor as a catalyst
[19]. We have examined the fluorescence quenching of safranin T
by thiones in micelles and homogeneous media [20]. Youqiu et al.
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reported the decrease in the absorbance and fluorescence quench-
ing for safranine T by gold nanoparticles [21]. Recently, Hamity et
al. have investigated the effect of CdS nanoparticles on the pho-
todegradation of SO [22].

In the present work, we describe the synthesis and characteriza-
tion of ZnS nanoparticles. Also, we report the interaction between
ZnS nanoparticles and SO dye and the possible roles of the nanopar-
ticles as a catalyst for photodegradation of the dye.

2. Experimental
2.1. Materials

Safranin O (Sigma), zinc acetate (Aldrich), thiourea (Aldrich) and
ammonia (Aldrich) were of analytical grade and were used without
further purification. Deionized water was used to prepare the buffer
solution.

2.2. Equipment

The morphology of ZnS nanoparticles was observed by a trans-
mission electron microscope (TEM, JEM-200CX). UV-vis absorption
spectra were measured on a Shimadzu UV-2450 spectrophotome-
ter. Fluorescence spectra were recorded on a Shimadzu RF-5301PC
spectrofluorometer. The FT-IR analysis was made on a JASCO spec-
trometer 4100. The powder X-ray diffraction (XRD) analysis was
made on a Rigaku 2550D/max VB/PC X-ray diffractometer using
CuKa radiation (A =1.54056 A).
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Scheme 1. The molecular structure of safranine O.

2.3. Synthesis of ZnS nanoparticles

ZnS nanoparticles were synthesized by a chemical precipitation
method using ammonia as a capping agent for surface passivation.
A solution of thiourea (0.5 M) was added drop wise to an aqueous
solution of zinc acetate (0.5M). An ammonia solution was added
slowly to the mixture to form the complex and to maintain the pH
between 9 and 10. The solution was stirred for 15 min. The pre-
cipitated particles were filtered using Whatman 40 filter paper. To
remove the last traces of adhered impurities, the particles were
washed several times using deionized water. The washed particles
were dried in a desiccator.

2.4. Photodegradation experiments

Photodegradation experiments were performed with a solution
of 50% (molar) ZnS nanoparticles and 50% (molar) SO dye. The pH of
both solutions was adjusted to 7. Aliquots of the sample were with-
drawn and placed into a quartz cuvette. The cuvette was placed in
front of a Xenon Lamp where the solution was exposed to ultravi-
olet light (UV) for variable time intervals and then the sample was
quickly subjected to emission measurement.

3. Results and discussions
3.1. Structure and characterization

Fig. 1(a) shows a typical TEM image of ZnS nanoparticles. It can
be seen that ZnS nanoparticles are polydispersed and almost spher-
ically shaped. The XRD spectra of ZnS are shown in Fig. 1(b). We
observe three reflection peaks at 26 values of 28-978°, 48-519°, and
57.927¢ corresponding to the (111),(220), and (31 1) diffraction
planes, respectively, of the cubic crystalline structure of ZnS. These
values are close to those reported by Pant et al. [23]. The mean parti-
cle diameter d (1.6 nm) was estimated using the most intense peak
of the (111) plane of ZnS, from the Debye-Scherrer formula (Eq.
(1)) [24].

kA
dih) = B cosb M

where k is an empirical constant equal to 0.9, A is the wavelength

of the X-ray source (1.5405 A), B is the full width at half maximum
of the diffraction peak, and 0 is the angular position of the peak.
Fig. 2 shows the FTIR analysis of ZnS nanoparticles. The broad
band at 3401 cm~! is attributed to water of hydration present in
the solution. The weak peaks located at 2870 cm~! and 2939 cm™!
are assigned to symmetric and asymmetric C-H stretches. C-H
bonds are present in monoacetate groups as intermediate prod-
ucts [25]. The peaks at 1554cm~! and 1407 cm~! are attributed to
asymmetric and symmetric stretching vibrations of the carboxylate
ions (-COO~) [26]. The appearance of these vibrations is due to the
presence of monoacetate. The peak at 3401 cm~! can be attributed
to N-H stretching vibration of the -NH, group on the surface of
the ammonia capped ZnS nanoparticles. The peaks appearing at
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Fig. 1. TEM image (a) and XRD (b) spectra of ZnS nanoparticles.

483 cm~! and 680 cm™! are assigned to the Zn-S stretching vibra-
tion.

Fig. 3 shows the UV-vis absorption spectra of ZnS nanoparticles
in the absence and presence of SO dye. ZnS nanoparticles show an
intense absorption peak at 236 nm corresponding to a band gap of
5.27 eV. The band gap of the nanoparticles is calculated from the
following equation:

hc
E= 2)

where E is the band-gap energy, h is Planck’s constant, cis the speed
oflight, and A is the wavelength of the absorption edge in absorption
spectrum. The calculated band gap (5.27 eV) for ZnS nanoparticles
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Fig. 2. FT-IR spectra of ZnS nanoparticles.
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Fig. 3. UV-vis absorption spectra of ZnS nanoparticles (dotted line) and SO dye in
the absence and presence of ZnS nanoparticles (solid lines).

is blue-shifted from that of bulk ZnS (3.66 eV), which suggests the
influence of quantum confinement.

The absorption band observed around 236 nm, indicates a rel-
atively narrow size distribution of ZnS nanoparticles. From the
position of absorption edge, the average particle size can be deter-
mined using Henglein’s empirical relation between particles size
and absorption onset (1) [27,28] according to the following equa-
tion:

0.1
2R= (0.138 — 0.00023451)nm 3
where (2R) is the average diameter of the particles. From Fig. 3, the
absorption maximum (A) is 236 nm and from Eq. (2) the particle
size is estimated to be 1.2 nm, which is slightly smaller than that
measured using XRD.

3.2. Interaction of nanoparticles with SO dye

The SO dye molecules exhibit two absorption peaks at 274 nm
and 520 nm, in addition to one weak broad peak at 325nm and
one shoulder at 246 nm, Fig. 3. It can be noted that addition of ZnS
nanoparticles to SO dye leads to enhancement of the absorption
intensity at 246 nm, 274 nm, and 325 nm without significant effect
on the absorption intensity at 520 nm. The absorption enhance-
ment at 246 nm is more significant and accompanied with a blue
shift. The results suggest an interaction between the nanoparticles
and SO. The absorption spectra of samples of dye molecules with
higher concentrations of ZnS nanoparticles (5-6 x 10~ M~1)are the
sum of the spectra recorded for the dye and the ZnS nanoparti-
cles measured separately. Similar results were observed by Franzen
et al. while studying the optical properties of rhodamine 6G dye
molecules with silver nanoparticles [29].

To support the hypothesis of the interaction between the SO
dye and nanoparticles, we measured the luminescence spectra
from solutions of the pure dye and solutions of the dye molecules
with variable concentrations of ZnS nanoparticles at an excitation
wavelength of 325 nm, Fig. 4. It is readily seen that the emission
spectra of SO exhibits an emission peak at 420 nm, which shows an
enhancement of intensity in the presence of ZnS nanoparticles. The
corresponding fluorescence excitation spectra of SO monitored at
420 nm consists of two distinct peaks at 270 nm and ~325 nm, Fig. 4.
Their intensity gradually increases with increasing concentration of
ZnS nanoparticles, Fig. 4. These results support the concept of the
interaction between ZnS nanoparticles and SO dye.

The observed fluorescence excitation spectra (Fig. 4) show two
important features. First, they are considerably different from the
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Fig. 4. Emission spectra (solid lines, lex =325nm) and corresponding excitation
spectra (dotted lines, Aem =420 nm) from pure dye and dye with variable concentra-
tion of ZnS nanoparticles.

absorption spectra (Fig. 3) suggesting that the excited states are
subject to electronic changes upon binding to the nanoparticles.
Second, they demonstrate the absence of mirror image behavior of
the fluorescence spectra, due to changes of the molecular orbital
symmetries of the dye in the presence of ZnS nanoparticles. The
observed enhancement of the excitation and emission rate of the
dye is probably due to the existence of a localized electromagnetic
field near the nanoparticle when a fluorophore is placed in the close
vicinity of the nanoparticle. Similar enhancement in emission spec-
tra from dye molecules with nanoparticles was observed by Haes
et al. [30].

In contrast to a fluorescence enhancement of SO in the presence
of ZnS nanoparticles upon excitation at 325 nm, the fluorescence
monitored at 520 nm is quenched by ZnS nanoparticles, Fig. 5. The
second-order quenching constant K, was determined from the
Stern-Volmer (SV) plots using linear regression according to the
relation.

Io
T 1+ Ksw[Q] (4)
where Iy and I are the relative fluorescence intensities in the
absence and presence of quencher of concentration [Q]. Typical SV
plots are linear in the investigated concentration range as shown
in the inset of Fig. 5, suggesting that only one type of quenching
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Fig. 5. Fluorescence quenching of SO dye by ZnS nanoparticles at pH 7, Aex =520 nm.
The inset shows the Stern-Volmer plot.
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Fig. 6. Quenching effects of SO dye (1.0x107°M) with ZnS fluorescence
(Xex =236 nm) exposed to UV light. Inset shows a plot of fluorescence intensity as a
function of photodegradation time.

occurs. The regression equation is represented by:
ITO =1.01+ 207[SO] (5)

The correlation coefficient is 0.995 and the standard deviation is
0.007.

Internal energy transfer requires good overlap between the
emission spectrum of the donor and the absorption spectrum of
the acceptor. Because of the large Stokes shift, the overlap of the
absorption and emission spectra obtained is not large enough to
support the energy-transfer process. Enhancement and quenching
of luminescence has been explained in terms of electron transfer
from fluorophore to the nanoparticles [31]. When the nanoparti-
cles are in close proximity to the fluorophore, quenching of the
luminescence occurs, whereas when nanoparticles are located at
longer and system-dependent distances, enhancement in lumines-
cence may be observed [32]. These effects have been explained by
coupling of surface plasmon resonances from the nanoparticles and
the attached fluorophore.

It is possible with these very small ZnS nanoparticles that mid-
band-gap surface trap states could serve to quench the SO dye
fluorescence. These types of states will not be observed in the
ZnS UV-vis absorption spectra but may provide the proper energy
match with the SO excited state to serve as a trap site for the excited
SO electron.

3.3. Photocatalytic degradation of SO dye

To test for the photodegradation of SO dye by ZnS nanoparticles,
a solution containing SO dye and ZnS nanoparticles is photoirra-
diated by UV light. At periodic intervals of time, aliquots of the
sample were withdrawn and the emission spectra were recorded.
Fig. 6 shows the quenching efficiency of SO dye (1.0 x 10~> M) in
the presence of ZnS as a function of time. Clearly, the fluorescence
intensity at 365 nm decreases with a slight blue shift as a function of
photodegradation time. The photodegradation efficiencies increase
with time, reaching a plateau. At which point the degradation effi-
ciency (inset of Fig. 6) was calculated using:

CO—C}
0

(6)

%D = 100 x [

where Cp and C are the concentrations of dye before and after irradi-
ation. The maximum degradation efficiency is about 51%, occurring
after about 40 min. For ZnS nanoparticles doped with manganese,
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Fig. 7. First-order (A) and second-order (B) plot for the kinetic photodegradation of
SO in the presence of ZnS nanoparticles.

nickel, and copper, the degradation efficiency of SO dye increased to
85-93%[33], possibly due to an increase of the applicable surface of
the photocatalyst or accelerated migration of holes to the surface
of the nanoparticles. It is important to note that photoirradiation
of the SO dye in the absence of ZnS nanoparticles resulted in no
significant change in the emission spectra.

In order to check the kinetics for the photolysis of SO in the
presence of ZnS, a plot of InC versus time is performed, Fig. 7A.
A downward concave curvature is observed, indicating that first-
order kinetics are ruled out.

A linear relationship is observed between t/C; and irradia-
tion time, Fig. 7B, following the pseudo-second-order-kinetic rate
expression [34]:

t 1 1

Gt kappC2 "G 2
The linear plot of t/C; versus time indicates that the reaction fol-
lows pseudo-second-order kinetics. The apparent rate constant kapp
is obtained from the intercept. The observed value of the corre-
sponding rate constant is 4.3 x 10-3 min~!. A possible explanation
for second-order photodegradation kinetics is the aggregation or
dimer formation with increasing dye concentration. Similar behav-
ior has been reported recently for SO with CdS nanoparticles [22].
Many dyes show this characteristic behavior [35].

Photodegradation of a dye is initiated by photoexcitation of
the semiconductor. Light-induced electron/hole pair formation in
semiconductor particles, accompanied by subsequent interfacial
electron (hole) transfer, has always been considered as the first step
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of the photocatalytic action of semiconductor nanoparticles [36,37].
The high oxidative potential of holes can lead to direct and indirect
oxidation of dyes. In the indirect oxidation process of dyes, hydrox-
ide radicals (OH*) are formed from combination of holes with water
molecules and/or hydroxide anions (Egs. (9) and (10)). Primary
photoproducts resulting from interfacial electron-hole transfer, i.e.
radical ions undergo further transformations leading to the forma-
tion of final photoproducts, Eq. (11) [5]. The proposed mechanism
for dye degradation using photocatalysts (P) was suggested as fol-
lows [5]:

P+hv— h"VB + e CB (8)
OH™ +h*VB — OH* (9)
H,0+h*VB — OH® + H* (10)
Dye+h*"VB — Dye**" — Final species (11)

4. Conclusion

ZnS nanoparticles with extremely small size (1.6 nm) were syn-
thesized via a chemical precipitation method. It is found that
luminescence properties of dye molecules are modulated by adding
small quantities of colloidal ZnS nanoparticles. Coupling of dye
molecules with ZnS nanoparticles leads to many interesting opti-
cal and electronic properties which may be relevant for a variety
of applications such as biological sensing, light emitting diodes,
etc. The photodegradation of the dye molecules in the presence of
ZnS nanoparticles follows second-order kinetics with a degradation
efficiency of ~51%.
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