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Porous ZnO microspheres with an average size of around 500 nm had been synthesized by thermal
treatment of ZnS microspheres in an air atmosphere. The ZnS spheres had been synthesized at a low tem-
perature of 100 °C by using L-cysteine (an ordinary amino acid) as a sulfur source with the assist of gelatin.
By combining the results of X-ray diffraction (XRD), transmission electron microscope (TEM), field-
emission scanning electron microscopy (FE-SEM), and Fourier transformation infrared spectra (FTIR), a
structural and morphological characterization of the products was performed. The photocatalytic activity
of ZnS microspheres and porous ZnO microspheres have been tested by degradation of Rhodamine-
B (RB) under UV light, indicating that the porous ZnO microspheres showed enhanced photocatalytic

performance compared to ZnS microspheres and commercial Degussa P25 TiO,.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Due to large surface area, high porosity and low density, porous
materials are important functional materials which can be applied
in the field of catalysis [1], sensor [2], luminescence [3], gas
storage [4] and host-guest chemistry [5]. Porous semiconductor
photocatalysts are attractive in applications such as bioengineer-
ing and photocatalysis, through minimizing the distance between
the site of photon absorption and electron/hole redox reactions to
improve efficiency [6]. The conventional method for porous mate-
rial production involves the introduction of template molecules
[7], directional freezing [8], ultrasonic spray pyrolysis [9] and so
on. Recently, more and more attention has been attracted to the
synthesis of porous materials because their different macroscopic
morphologies are found to present different properties, which
greatly affect their potential applications. For example, spherical
porous particles and capsules have superiority in application for
drug delivery and release [10,11]. However, except silica-based
porous materials [10,11], there are few successful cases about pre-
cise control over the morphology of porous materials. Therefore, to
explore a simple strategy for morphology controlled synthesis of
porous materials is still a significant challenge for modern synthetic
science.

ZnO is an important wide bandgap (3.37eV) semiconduc-
tor with large exciton binding energy (60 meV) [12]. As one of
the most attractive functional semiconductor materials, ZnO has
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been a focus of current research interest due to its promising
applications in various fields, including short-wavelength light-
emitting diode and room temperature ultraviolet (UV) lasing diode
[13], solar cell [14], piezoelectric and optoelectronic device [15],
UV-absorber [16], transparent conductor [17], field-emission dis-
play [18], gas sensor [19] and so on. In addition to this, it has
also been demonstrated that ZnO has potential applications as
a photocatalyst for the degradation of organic dyes [20]. It is
well-known that the novel properties of materials are obviously
dependent on crystallinity, crystal size, crystallographic orienta-
tion and morphology. Therefore, development of a morphologically
controllable synthesis of ZnO semiconductor is urgently impor-
tant to answer the demand for exploring the potential applications
of ZnO [21]. Among diverse morphologies of ZnO, ZnO particles
with a porous structure have attracted increasing attention in
recent years since porous particles may present potential proper-
ties superior to corresponding solid structures. As far as we know,
various porous ZnO structures, including porous pyramids [22],
porous nanotubes [23], mesoporous polyhedral cages [24], porous
hexagonal disks [25], porous nanowires [26] and porous nanobelts
[27] have successfully prepared by means of various methods, but
only a few cases have reported the synthesis of pure porous ZnO
spheres[28,29].

In this paper, we report a simple and environmental friendly
approach to fabricate porous 3D ZnO microspheres by thermal
treatment of ZnS microspheres. The ZnS microspheres were syn-
thesized via the reaction of Zn(Ac), and L-cysteine (C3H7NO,S,) in
the presence of gelatin. It was found that the annealing temperature
and time had obvious influence on the phase and morphology of the
ZnO microspheres. The photocatalytic performance of ZnS micro-
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spheres and porous ZnO microspheres were tested by degradation
of Rhodamine-B (RB) under UV light.

2. Experimental

All the reagents were commercially available with analytical
grade and used without further purification. In a synthetic process
of ZnS, 1.0 g of granular gelatin (type B, 225 Bloom, from sigma) was
dissolved in 30 mL deionized water to form a gel. Then, 0.05 mol
Zn(Ac),-2H,0 and 0.15 mol L-cysteine were added into the gelatin
gel to form a viscous, homogeneous solution whose pH value was
adjusted to 10.0 with ammonia. After 15 min of magnetic stirring,
the solution was transferred into a Teflon-lined stainless steel auto-
clave of 50 mL capacity, sealed and maintained at 100°C for 24 h.
Finally, the product was filtered, washed with deionized water and
desiccated at 60 °C. The thermal treatment of the ZnS-gelatin pre-
cursor for producing ZnO porous microspheres was performed in a
furnace at 600 °C for 4-24 h under air atmosphere.

Crystallographic phase of the prepared samples were investi-
gated by X-ray diffraction at room temperature with a German
Bruker AXS D8 ADVANCE diffractometer using CuKa1 radiation

(A=1.5405A). The accelerating voltage, emission current, and
scanning speed were 40kV, 40mA and 0.2°/s, respectively. The
morphologies and microstructures of the samples were observed
using Tecnai-12 transmission electron microscope (TEM) with an
accelerating voltage of 120kV and a Hitachi S4800 field-emission
scanning electron microscope (FE-SEM). The FTIR spectra were
recorded on a Nicolet Fourier 5700 spectrometer in the range
of 400-4000cm~! using KBr disks. N, adsorption measurement
was carried out at 77 K on a micromeritics ASAP 2020 volumetric
adsorption analyzer. Before the measurement, the samples were
outgassed under vacuum at 90°C for 5 h.

The photocatalytic measurements: the photocatalytic activity
experiments on the obtained products for the decomposition of
RB in air were performed at ambient temperature. In the typical
experiment, 0.1 g sample was dispersed in 100 mL of RB solutions
having a concentration of 1 x 10~ M. Prior to irradiation, the sus-
pensions were magnetically stirred in a dark condition for 15 min
to establish adsorption/desorption equilibrium. The suspensions
were then irradiated under the UV lamp at a 12 cm separation dis-
tance. A 400 W high-pressure Hg lamp (Institute of Electric Light
Source, Beijing) with a maximum emission at about 365 nm was
used as the light source. A light filter was placed in front of the
reaction vessel to cut off the light longer than 480 nm and obtain
UV light. Degradation was monitored by taking aliquots at given
irradiation time intervals (10 min). The suspension including pho-
tocatalyst and RB were centrifuged and the absorption spectra of
the samples were recorded by measuring the absorbance at 553 nm
with UV-vis (Shimadzu UV-vis 3010) spectrometer. The concen-
trations of RB were calculated using the Beer-Lambert law A=eCl,
where A is the absorbance at Amax of RB, e is the molar absorptivity
of RB (79.51 x 103 L/mol com) [30] and [ is the sample cell length
(1cm). RB degradation was expressed as C/Cy vs. UV-irradiation
time, where Cy was the initial concentration.

3. Results and discussion
3.1. Synthesis and powder characterization of ZnS spheres

XRD patterns of the ZnS spheres synthesized at 100 °C for 3-24 h
are shown in Fig. 1, it can be seen that the product initially formed
at a reaction time of 3 h is an amorphous precursor (Fig. 1a). With
the extension of the reaction time from 3-24h, the as-obtained
products gradually crystallized to hexagonal ZnS crystals (JCPDS
card 80-0007). The size and morphology of these products were
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Fig.1. XRD patterns of ZnS spheres synthesized at 100 °C for different duration time:
(a)3h; (b)4h; (c)6h;(d)12h; (e) 24 h.

observed by TEM and the results were shown in Fig. 2. ZnS nanopar-
ticles with the size of less than 10 nm are found at a reaction time
of 3 h and Fig. 2a shows the corresponding TEM measurement. The
XRD result (Fig. 1a) also proves that these products are amorphous.
Then, as the reaction proceeds, the hexagonal ZnS is formed by crys-
tallization. Fig. 2b shows the TEM image of the product obtained
at 4 h, which reveals that lots of small nanocrystals with an aver-
age size of 40 nm and a few solid spheres coexist in the figure. It
can also be observed that the nanocrystals do not disperse well
but contact with each other which indicates a trend to assemble.
The spheres accompanied with the nanocrystals can also confirm
that some ZnS nanocrystals have self-assembled into ZnS spheres.
As the reaction time prolonged from 6h to 12h (Fig. 2c and d),
the spheres subsequently increased in quantity and meanwhile
the nanoparticles with an average size of 40 nm reduced in quan-
tity. ZnS solid spheres with an average diameter of 570 nm were
obtained as the reaction time increased to 24 h (Fig. 2e). From the
TEM results, it can be deduced that ZnS primary nanocrystals with
an average size of 40 nm were first formed, and as building blocks
these nanocrystals then self-assembled to form 3D ZnS spheres.
As shown in the FE-SEM image in Fig. 2f, the panoramic morphol-
ogy of the as-obtained ZnS is spherical with average diameter of
around 570 nm, which corresponds to the TEM results. From high
magnified FE-SEM image, we can see the surfaces of spheres are
constructed by nanoparticles as seen in Fig. 2g, which confirms the
above discussion.

Gelatin is a denatured protein with high molecular weight and
contains high concentrations of polypeptides (poly-L-aspartate and
poly-L-glutamate) [31]. As gelatin molecules contain high concen-
trations of amido and carbonyl groups, they can covalently bind
to the surface atoms of ZnS through coordination bond between
carbonyl group and Zn?* and form gelatin-stabilized ZnS crys-
tals. Then gelatin macromolecules can restrain the growth of ZnS
crystals effectively. In addition, gelatin-stabilized ZnS nanocrystals
can cross-link together via hydrogen bonds interactions formed
by amido groups between gelatin molecules [32]. If gelatin is not
used, only small near spherical aggregates with rough surface and
loose structure are obtained (as shown in Fig. 3a and b). This can
be attributed to the inadequate coordination and weak hydrogen
interactions between excessive L-cysteine molecules. But once the
gelatin was added into the solution, large spheres with smooth
surface can be obtained (Fig. 2f and g). Therefore, in this work,
stable complex formed in solution first between Zn2?* and -SH in
L-cysteine [33]. Then, as the reaction proceeded, the initial amor-
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Fig. 2. TEM images of ZnS spheres synthesized at 100°C for different duration time: (a) 3h; (b) 4h; (c) 6h; (d) 12 h; (e) 24 h; (f) FE-SEM image of ZnS spheres; (g) high-
magnification FE-SEM image of ZnS spheres.
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Fig. 3. Low and high-magnification FE-SEM images of ZnS synthesized without
gelatin.

phous ZnS nuclei gradually crystallize and simultaneously, gelatin
molecules covalently bind to the surface atoms of ZnS and form
gelatin-stabilized ZnS powders. The gelatin-stabilized ZnS powders
then self-assembled homogeneously to form 3D spheres through
hydrogen bonds interactions formed by amido groups between
gelatin molecules.

3.2. Conversion of ZnS spheres to ZnO porous spheres

The XRD pattern (Fig. 4) shows the thermal treatment of the
ZnS spheres in an air atmosphere at different temperature for 4 h.
It can be seen that when ZnS spheres were annealed at 400 °C, the
as-obtained product is still ZnS phase (Fig. 4b). As increase the tem-
perature to 500 °C (Fig. 4c) and 600 °C (Fig. 4d), the corresponding
XRD peaks confirm that the products are pure hexagonal ZnO phase
(JCPDS card No. 36-1451). The sharper XRD peaks of the products
after thermal treatment indicate a better crystallinity compared to
ZnS crystals.

The FTIR spectra demonstrate the chemical nature of the ZnS
Fig. 5a and ZnO products obtained by thermal treatment of ZnS
at 500°C (Fig. 5b) and 600°C (Fig. 5¢) for 4 h, respectively. The
adsorption peaks at ca. 1600, 1505, 1224cm~! in Fig. 5a are the
characteristic vibrations of acylamino bonding of gelatin. The vibra-
tion band of (COO)~ at ca. 1390 cm~! also indicate the existence of
amino acid [34]. The broad band at 3400 cm~! can be attributed to
the O-H stretching mode of the adsorbed and interlamellar water
molecules. So, it can be deduced the presence of gelatin in ZnS
spheres from Fig. 5a. In Fig. 5b, the vibration band of NH at ca.
1600 cm~! and vibration band of (COO)~ at ca. 1390 cm~! indicate
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Fig. 4. XRD patterns of ZnS spheres (a) and the products obtained by annealing ZnS
spheres at different temperature for 4 h: (b) 400°C; (c) 500°C; (d) 600°C.

that there are still some organic materials in ZnO particles obtained
at 500°C for 4h, which means an inadequate decomposition of
gelatin. When ZnS particles were annealed at 600°C for 4 h, the
FTIR spectrum of the as-obtained ZnO (Fig. 5¢) is very similar with
that of commercial ZnO particles (Fig. 5d), indicating that gelatin
has been decomposed completely at 600°C for 4h. The broad
peak at 3440 cm~! and the small peak at 1630cm~! are assigned
to the hydroxyl groups of chemisorbed and/or physisorbed H,O
molecules on the ZnO surface. The FTIR results confirm that 600 °C
is an appropriate annealing temperature.

Fig. 6 shows the XRD patterns of ZnO products obtained by ther-
mal treatment of ZnS spheres at 600 °C for different time. It can
be seen that all the products are pure hexagonal ZnO phase with
sharp XRD peaks which indicate a well crystallinity. No obvious
differences in XRD patterns can be observed from Fig. 6.

The morphology of ZnO obtained by thermal treatment of ZnS
spheres at 600 °C for different time were observed by FE-SEM and
TEM, and the results were shown in Figs. 7 and 8. When the anneal-
ing time is 2 h, FE-SEM image (Fig. 7a) shows that the morphology
of the as-obtained ZnO crystals are still solid spheres with an aver-
age of around 500 nm. It can be observed from TEM image (Fig. 8a)
that the surface of ZnO spheres are rough which can be attributed
to the decomposition of gelatin on the surface of the spheres. As
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Fig. 5. FTIR spectra of the products: (a) ZnS spheres; (b) ZnO synthesized at 500 °C
for 4 h; (c) ZnO synthesized at 600°C for 4 h; (d) commercial ZnO particles.
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Fig. 6. XRD patterns of ZnO synthesized by annealing ZnS at 600 °C for different
time: (a) 2h; (b)4h; (c)24h.

increase the annealing time to 4 h, the ZnO crystal is still spheri-
cal with an average size of around 500 nm (Fig. 7b). But it can also
be clearly observed that the ZnO spheres are composed of small
nanocrystals with disordered pores exist among them. TEM image
(Fig. 8b) shows that these pores not only exist among the sur-
face nanoparticles but also within the ZnO spheres. Therefore, ZnO
porous spheres can be easily synthesized by thermal treatment of
ZnS spheres in air at 600 °C for 4 h. When the annealing time was
prolonged to 24 h, the FE-SEM (Fig. 7c) and TEM (Fig. 8c) images
reveal that the morphology of the ZnO is still porous sphere which
is almost the same as ZnO crystals obtained at 600 °C for 4 h, only a
few nanocrystals break off from ZnO spheres during the annealing
process, which indicates the well stability of the ZnO porous struc-
tures. From the FE-SEM and TEM results, it can be concluded that
during the annealing progress, ZnS nanoparticles can be oxidized
to ZnO nanoparticles with the assisted of O,, and the porous struc-
ture of ZnO spheres can be obtained because of the decomposition
of gelatin molecules among ZnS primary nanoparticles.

The porosity of ZnS spheres and porous ZnO spheres was
determined by N, adsorption by BET (Brunauer-Emmett-Teller)
measurements. N, adsorption-desorption isotherm and the pore
size distribution curve (insert) for ZnS spheres and porous ZnO
spheres are shown in Fig. 9. For ZnS spheres, the BET surface area is
about 8.21 m?/g and the BJH (Barret-Joyner-Halenda) average pore
diameter is about 12 nm. While for porous ZnO spheres, the BET sur-
face area increases to about 27.58 m2/g and the BJH average pore
diameter increases to about 45 nm. Furthermore, ZnS spheres and
ZnO porous spheres show a similar N, adsorption and desorption
isotherm corresponding to type V isotherm with a H1 hysteresis
loop, but the N, adsorption quantity for porous ZnO spheres is
much higher than that of ZnS spheres, indicating the abundance
of mesopores in porous ZnO spheres, which is in good agreement
with those observed in FE-SEM and TEM images. So, it can be con-
cluded that gelatin decomposition improves the porous structure of
the products. The data implies that the as-obtained porous ZnO can
be potentially applied in adsorption and various catalytic reactions,
such as in the removal of heavy metal ions and other pollutant as
in water treatment [35].

3.3. Photocatalytic activity studies

ZnS and ZnO all have been used as a semiconductor-type pho-
tocatalyst for the photoreductive dehalogenation of halogenated
benzene derivatives, photocatalytic degradation of water pollu-
tants and photocatalytic reduction of toxic metal ions. So we
investigated photocatalytic activity of ZnS spheres and ZnO porous
spheres with the photocatalytic degradation of RB as a test reaction.
The characteristic absorption of RB at 553 nm was chosen as the
monitored parameter for the photocatalytic degradation process.
Fig. 10 shows the evolution of RB absorption spectra in the presence
of 0.1 g of ZnS spheres (Fig. 10a) and 0.1 g of ZnO porous spheres
obtained by annealing of ZnS spheres at 600°C for 4 h (Fig. 10b).
From Fig. 10 we can see the intensity of the adsorption peaks corre-
sponding to RB diminish gradually as the exposure time increases.
The slight blue-shift of absorption peaks as the increase of expo-
sure time could be attributed to a de-ethylated process of RB in a

Fig. 7. FE-SEM images of ZnO synthesized by annealing ZnS at 600 °C for different time: (a) 2 h; (b) 4h; (c) 24 h.
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Fig. 8. TEM images of ZnO synthesized by annealing ZnS at 600 °C for different time: (a) 2 h; (b)4h; (¢) 24 h.

stepwise manner [36]. No new absorption peaks appeared in either
the visible or ultraviolet regions, which indicated the effective pho-
todegradation of RB.

Comparative experiments were carried out to investigate the
photocatalytic activity of the products. The solution of RB was sub-
jected to a series of experimental conditions and the results were
shown in Fig. 11. The photocatalytic effect on the solution degrada-
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Fig.9. Nitrogen adsorption/desorption isotherm and Barrett-Joyner-Halenda (BJH)
pore size distribution plot (inset) of ZnS spheres and ZnO porous spheres.

tion without catalysts but under exposure to UV light (Fig. 11a) is
almost the same as that with ZnO porous spheres but no exposure
to UV light (Fig. 11b), only a slight decrease in the concentration of
RB is detected. However, gelatin - assist — synthesized ZnS spheres
(Fig. 11c) show very high photocatalytic activity. After 60 min, the
decolourization degree of RB solution containing ZnS spheres is
near to 100%, which is similar to Degussa P25 TiO, (Fig. 11f). The
porous ZnO spheres obtained by annealing ZnS at 600°C for 4h
(Fig. 11d) and 24h (Fig. 11e) show a higher photocatalytic per-
formance compared to ZnS spheres and Degussa P25 TiO,, the
decolourization degree of RB solution reaches to almost 100% after
40 min of irradiation which may be because of their porous struc-
ture and high BET surface area. As we have known that materials
with porous structure have better adsorption ability than mate-
rials without porous structure, the dye molecules, H,0, OH", O,
and radicals (OH®, O, ~*, HO,*) generated by them are adsorbed on
their surface efficiently and the whole photocatalytic process are
promoted greatly. So the materials with porous structure usually
show better photocatalytic performance compared to the mate-
rials without porous structure. Furthermore, a large surface area
can produce more active center of reaction to promote the rate of
a photocatalytic reaction [37]. It is another reason for the higher
photocatalytic ability of porous ZnO spheres

The stability of a photocatalyst is very important for industrial
application. Thus, in this experiment, ZnO porous spheres were
recycled after bleaching the RB under UV light-irradiation and were
reused five times in the decomposition of RB to test the chemi-
cal stability (Fig. 12). After five recycles for the photodegradation
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Fig. 10. Absorption spectrum of a solution of RB in the presence of ZnS spheres (a)
and ZnO porous spheres (b) under exposure to UV light.

of RB, the catalyst did not exhibit obvious loss of activity which
indicated a high stability of ZnO porous spheres in photocatalytic
reaction. Moreover, XRD was also performed to confirm the chem-
ical stability of ZnO porous spheres (not shown here), the results
of the sample after the fifth run was almost similar to that of the
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Fig. 11. Photodegradation of RB under different conditions: (a) without catalyst,
with UV light (blank); (b) with 3D ZnO porous spheres in the dark; (c) with 3D
ZnS pheres under UV-irradiation; (d) with 3D ZnO porous spheres synthesized at
600°C for 4h; (e) with 3D ZnO porous spheres synthesized at 600°C for 24 h; (f)
with Degussa P25 TiO, under UV-irradiation.
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Fig. 12. Cycling runs in the photocatalytic degradation of RB in the presence of ZnO
porous spheres under UV light-irradiation.

as-prepared fresh sample, and they were in good agreement with
hexagonal ZnO. Both XRD patterns and recycled experiment sup-
port the conclusion that the as-obtained ZnO porous spheres are
very stable during photocatalytic process.

4. Conclusion

In summary, 3D porous ZnO microspheres had been synthesized
by thermal treatment of ZnS microspheres under air atmosphere
at 600 °C for 4-24 h. The ZnS monodisperse spheres were synthe-
sized via the reaction of Zn(Ac), and L-cysteine with the assisted
of gelatin. The as-obtained ZnO porous spheres contained pores
with an average diameter of ~45nm and a specific surface area
of 27.58 m?/g. They displayed better photocatalytic activity com-
pared with ZnS microspheres and Degussa P25 TiO, powders by the
photodegradation of RB at ambient temperature. This is because
of their porous structure and high BET surface area. This simple,
environmentally benign, and inexpensive bio-assisted route can
also be extend to the preparation of the other metal chalcogenides
including FeS, CuS, NiS, PbS, MnS and CoS nanostructures which
could act as unique precursors for templating synthesis of a vari-
ety of metal oxide including Fe,03, CuO, NiO, PbO, Mn,03 and
Co,0s3.
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