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Herein, using histidine as the additive, well-dispersed ZnS nanospheres with the controllable size and
large specific surface area were prepared successfully in large scale via a facile one-pot hydrothermal
synthesis method. The as-prepared ZnS nanospheres exhibited strong photo absorption in the UV and
visible light region. From the results, the as-prepared ZnS nanospheres prepared at 160 °C for 6 h could
photocatalytically degrade the rhodamine B efficiently through the mediation of photo-generated
hydroxyl radicals under UV light irradiation. These suggest that the ZnS nanospheres prepared in this
study might be used as the potential photocatalysts to treat the organic pollutants efficiently.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Currently, with the rapid development of textile dyeing industry,
extremely large amount of toxic organic pollutants were discharged
and lead to serious ecological and environmental issues [1,2].
Therefore, environmental problems related with toxic pollutants
provide the major driving force for the research of the environ-
mental management. However, the efficient treatment of these
pollutants through facile approaches has remained a great challenge.
Photocatalytic treatment displays great potential for elimination of
toxic pollutants because of its efficiency and applicability [3,4].
During the past decades, various novel semiconductor catalysts for
photocatalysis have been synthesized and studied, in which TiO, is
generally used as the catalyst in photochemistry and environmental
protection [5,6]. Recently, transition-metal sulfides, e.g. ZnS and CdS,
have been intensively studied because of their unique advantages
compared to TiO, [7-10]. As one of the important semiconductors,
ZnS has wide band gap energy of 3.5-3.7 eV for cubic zinc blend
structure and 3.7-3.8 eV for hexagonal wurtzite structure [11].
Recently, ZnS nanomaterials have been extensively investigated
and exhibited important applications in various fields, such as
optics, electronics, and photocatalysis [12,13]. However, the prac-
tical applications of ZnS nanomaterials in photocatalysis are ser-
iously limited because of the high cost of their large scale
production, coupled with the tremendous difficulties in separation
and recycling.
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Herein, a facile procedure for large-scale production by using a
low-cost hydrothermal approach to prepare the well-dispersed ZnS
nanospheres with the controllable size and large specific surface area
(SSA) was reported. The ZnS nanospheres prepared at 160 °C for 6 h
exhibited good photocatalytic activity for degradation of rhodamine
B (RhB).

2. Materials and methods

For the typical preparation of the well-dispersed ZnS nano-
spheres, histidine (C¢HgN30,) and zinc acetate with 1:1 M ratio
were dissolved into double distilled water and incubated for 2 h.
Then, thioacetamide aqueous solution was added. Subsequently, the
reaction mixture was transferred into a Teflon lined autoclave,
sealed and heated at 160 °C for 6h. Finally, the product was
centrifuged, washed, and dried under vacuum at 30 °C. For compar-
ison, the experiments were also performed at 140 °C and 180 °C. The
products are denoted as ZnS-140, ZnS-160 and ZnS-180 nano-
spheres, respectively. In addition, the reaction time was prolonged
to 12 and 24 h to determine the effect of the reaction time on the
morphology and size of the products.

The size and morphology of the products were analyzed by
scanning electron microscopy (SEM). The XRD patterns were
recorded on diffractometer with Cu Ko radiation source
(1=1.5406 A). The UV-vis absorption spectra of the ZnS nano-
spheres were recorded. The SSA of the ZnS nanospheres were
analyzed through the Brunauer-Emmett-Teller (BET) determina-
tion using N, as an adsorbent.

For photocatalytic activity evaluation, 20 mL of ZnS nanospheres
aqueous suspension (1 mg/mL) were mixed with 30 mL of RhB
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Fig. 1. XRD patterns of ZnS-140, ZnS-160 and ZnS-180 nanospheres.

aqueous solution (200 ppm). The mixture was stirred in dark for 1 h
to establish adsorption/desorption equilibrium. Then the system
was exposed to 300 W highly pressure mercury vapor lamp at
365 nm for photocatalysis reaction under moderate stirring. At
regular intervals, the suspension was taken from the vessel and
centrifuged. The content of RhB in supernatant was determined by
UV-Vis spectroscopy at 554 nm. For comparison, the photocatalytic
activity of the commercially available TiO, (Degussa P25) was also
determined.

The formation of “OH on the photo-irradiated ZnS nanospheres’
surface was detected in situ by a fluorimetric assay using terephtha-
lic acid (TPA) as a probe under photocatalytic conditions except the
replacement of RhB with TPA. The photo-irradiation was employed
and the suspension was taken from the reactor. Subsequently, the
suspension was centrifuged to detect the fluorescent intensity of
425 nm by excitation with 315 nm irradiation.
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Fig. 2. (a-c) SEM images of the ZnS-140, ZnS-160 and ZnS-180 nanospheres. (d-f) Particle size distributions of the ZnS-140, ZnS-160 and ZnS-180 nanospheres.
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3. Results and discussion

From the XRD patterns of the ZnS nanospheres (Fig. 1), all the
nanospheres exhibit similar XRD patterns, in which seven peaks
at 27.18, 28.64, 30.50, 39.62, 47.75, 52.02 and 56.53 correspond to
the (100), (002), (101), (102), (110), (103) and (112) planes of the
wurtzite phase (JCPDF 36-1450), respectively. It should be noted
that all the diffraction peaks are relatively broad, which can be
attributed to the small size of the nanospheres.

From the SEM images (Fig. 2a-c), all the samples present
spherical morphology with narrow particle size distributions. The
mean diameters of the ZnS-140, ZnS-160 and ZnS-180 nano-
spheres are 230.3, 169.7 and 233.5 nm, respectively. The ZnS-160
nanospheres are much smaller than the ZnS-140 and ZnS-180
nanospheres. This indicates that the temperature can affect the
size of the nanospheres and the size of the nanospheres can be
controlled by the temperature. From the BET analysis, the SSA of
the ZnS-140, ZnS-160 and ZnS-180 nanospheres are 131.2, 222.4
and 108.0 m?/g, respectively. The SSA of ZnS-160 nanospheres are
much higher than those of the ZnS-140 and ZnS-180 nanospheres,
which can be attributed to the smaller size of the ZnS-160
nanospheres.

In addition, the reaction time was prolonged to 12 and 24 h at
160 °C to determine the effects of the reaction time on the size of
the nanospheres. From the results (Fig. 3a and b), the products
obtained after reacted for 12 and 24 h also exhibit the similar
spherical morphology to the product of 6 h. However, the mean
diameters are 203.1 (12 h) and 268.5 nm (24 h) (Fig. 3c and d),
respectively, much bigger than that of the 6 h product. This

suggests that the reaction time can influence the size of the
nanospheres and the size of the nanospheres can also be con-
trolled by the reaction time.

From the UV-vis spectra of the ZnS nanospheres (Fig. 4a), all
the samples present the broad absorption peaks centered at
339nm for ZnS-140, 326 nm for ZnS-160 and 340 nm for
ZnS-180. The absorption peak of the ZnS-160 nanospheres shows
an obvious blue shift compared with those of ZnS-140 and
ZnS-180 nanospheres. This can be attributed to the smaller size
of the ZnS-160 nanospheres.

Because of the strong photo absorption property, the photo-
catalytic activities of the ZnS nanospheres to degrade RhB under
UV light irradiation were studied. From the results (Fig. 4b), after
120 min irradiation, the photodegradation efficiencies of the
ZnS-160 nanospheres is 96.6%, much higher than those of the ZnS-
140 (28.8%), ZnS-180 (44.1%) and the P25 (75.7%). The excellent
photodegradation performance of the ZnS-160 nanospheres can be
attributed to the largest SSA in the three ZnS samples, which can
afford the much more active sites accessible for the photodegrada-
tion reaction. The degradation spectra of RhB under the treatment of
ZnS-160 nanospheres also confirm its good photodegradation per-
formance on RhB (Fig. 4c). Furthermore, the inductively coupled
plasma-mass spectrometry (ICP-MS) analysis showed that there
was only a trace amount of Zn?* in the supernatant after the
photocatalysis, suggesting the stability of the ZnS nanospheres.

From the literature, as one of the key active intermediates,
hydroxyl radical (*OH) plays the important function in the
photocatalytic degradation of organic dyes [14]. Therefore, the
*OH generated on the photoilluminated ZnS nanospheres’ surface
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Fig. 3. (a-b) SEM images of the ZnS nanospheres obtained for 12 and 24 h at 160 °C. (c-d) Size distribution analysis of the ZnS nanospheres obtained for 12 and 24 h at

160 °C.
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Fig. 4. (a) UV-vis spectra of the ZnS nanospheres. (b) Photocatalytic degradation of RhB in the presence of different samples. (c) UV-vis spectra of RhB after degraded by
ZnS-160 nanospheres for different intervals. (d) PL intensity at 426 nm against irradiation time for TPA on ZnS-140, ZnS-160 and ZnS-180 nanospheres. Inset: PL spectra

against irradiation time for TPA on ZnS-160 nanospheres.

was detected in situ by fluorimetric assay [4,15]. From the results
(Fig. 4d), with the irradiation time increased, the photolumines-
cence (PL) intensities increase gradually, demonstrating the
successive generation of *OH. Moreover, the PL intensities of the
three nanospheres are different, revealing their different *OH
production efficiencies. The “OH production efficiency of the ZnS-
160 nanospheres is significantly higher than those of the ZnS-140
and ZnS-180 nanospheres, consistent with the photocatalytic
activities. Based on these results, the photocatalytic degradation
mechanism of RhB in the presence of ZnS nanospheres is
proposed. Firstly, the photons owning the energy higher than
that of the nanospheres’ band gap are firstly absorbed onto the
nanospheres’ surface. This will excite the electrons from valence
band (vb) to conduction band (cb), generating positive hole (h,},
at the valence band edge and electron (eg) in the conduction
band (Eq. (1)). Secondly, h;; and eg can react with water or
hydroxyl groups and generate "OH (Egs. (2) and (3)). Finally,
‘OH can react with RhB molecules to exert the degradation
(Eq. (4)).

ZnS+hv—ZnS (ex+hyp) (1)
hip+H0->H™* + OH (2)
hy,+OH™ - "OH (3)
‘OH+dye — degradation of the dye (4)

4. Conclusions

In summary, well-dispersed ZnS nanospheres were successfully
prepared in large scale through a facile hydrothermal approach.
Through the mediation of photo-generated *OH, the ZnS nano-
spheres exhibited strong photocatalytic activities to degrade the
organic dyes under UV light irradiation, suggesting the potential
application in the efficient treatment of the organic pollutants.
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