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Abstract

Homogeneous ZnSe hollow microspheres were synthesized on a large scale through an EDTA-assisted mixed solvothermal strategy
without any surfactants and templates. The as-synthesized ZnSe microspheres were characterized by X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and UV-vis absorption
spectroscopy. The results of photodegradation of methylene blue (MB) indicate that the hollow microspheres exhibit a visible-light-
responsive photocatalytic behavior. As compared with the bulk ZnSe, the photocatalytic efficiency for the hollow microspheres was
enhanced remarkably, which might be related with the hollow aggregates of ZnSe nanocrystallites.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Since Fujishima and Honda discovered the photocatalytic
splitting of H,O for TiO, in 1972 [1], heterogeneous photo-
catalysis of semiconductor materials has garnered an increas-
ing amount of attention for its great potential applications in
solar energy conversion and photodegradation of organic
contaminants. Due to its good photostability and environ-
mental benignity, TiO,, as photocatalyst, has been intensively
investigated over the past decade [2-4]. However, TiO, can
only be irradiated under ultraviolet light resulting from its
large band gap (3.2¢V, 388 nm). The poor solar energy
utilization efficiency (less than 5%) impedes the practical
application of TiO,. Therefore, considerable efforts have
been made to exploit novel visible-light-responsive photo-
catalysts, such as Bi-based ternary oxides [5-10], transition
metal oxides [11-13], and semiconductor chalcogenide com-
pounds [14,15]. Among them, ZnSe, as an important II-VI
semiconductor with direct band gap of 2.70 eV (460 nm), has
attracted extensive interest due to its wide applications in
many fields like light-emitting diodes, biomedical sensors,
and photocatalysts [16-19].
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Due to the crystal structure, surface area and morphology
of semiconductor materials greatly influence their electrical
and optical properties, semiconductor nanomaterials exhibit
improved photocatalytic performances. Nevertheless, it also
brings about separation difficulty. Nanostructured photocata-
lyst assembled by nanoparticles can efficiently overcome these
problems, simultaneously possessing enhanced photocatalytic
activity and easy recovery. Herein, we report a facile EDTA-
assisted synthetic strategy for fabrication of hollow ZnSe
microspheres on a large scale. The microspheres were
assembled by nanoparticles with average diameter of 80 nm.
Hollow zinc selenide spheres were also prepared before by
other research groups [20], using hydrazine hydrate as reduc-
tant and forming gas N, as template. In our template-free
solvothermal synthesis, no strong reducing agents like
N,H, - H>O were used, and hollow microspheres were formed
by a symmetric Ostwald ripening. Under visible light irradia-
tion, the enhanced photocatalytic behaviors of ZnSe hollow
microspheres were evaluated by degradation of methylene
blue (MB).

2. Experimental

All the chemicals were of analytical purity grade and
were used as received without further purification. In a
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typical procedure, 4.0 g (0.1 mol) of NaOH and an appro-
priate amount of EDTA were firstly dissolved into 30 mL
deionized water. Then, 0.549 g (2.5 mmol) of Zn(CHj;
COO0O),-2H,0 and 0.433 g (2.5 mmol) of Na,SeO; were
added into the solution under magnetic stirring until a
transparent solution was obtained. Finally, 90 mL of
ethylene glycol (EG) was poured into the above solution.
After stirring for 10 min, the transparent solution was
transferred into a Teflon-lined stainless steel autoclave,
sealed and maintained at 180 °C for 12h. After the
reaction, the autoclave was cooled down to room tem-
perature naturally. The final product was collected by
centrifugation, washed repeatedly with deionized water
and absolute ethanol in an ultrasonic bath, vacuum-dried
at 80 °C, and kept for further characterizations.

The crystalline phase was identified by X-ray diffraction
(XRD) using a Philips X’Pert Pro Super diffractometer
with Cu K, radiation (1=1.541784 A). The morphology of
the sample was examined by scanning electron microscope
(SEM, Hitachi, X-650) and transmission electron micro-
scope (TEM, JEOL, JEM-2010). For the TEM observa-
tion, the products were dispersed by sonication in absolute
ethanol, and the obtained colloid suspension was dripped
on the TEM copper mesh. X-ray photoelectron spectrum
(XPS) was collected on an ESCALab MKII X-ray photo-
electron spectrometer, using nonmonochromatized Mg K,
X-ray as the excitation source and C 15 (284.6 eV) as the
reference line. UV—vis absorption spectrum of the sample
was obtained on a Shimadzu UV2450 UV-vis spectro-
photometer equipped with an integrating sphere.

The photocatalytic activity of the samples was evaluated
by photodegradation of methylene blue at room tempera-
ture. The light source was a 500 W Xe lamp positioned in a
quartz cold trap which was in the middle of multiposition
cylindrical reaction vessel. Appropriate cutoff filters were
placed around the cold trap to ensure complete removal of
radiation below 400 nm and to ensure that the catalysis
process occurred only under visible light. The system was
cooled by wind and water and was maintained at the room
temperature. 10 mg of ZnSe microspheres as photocatalyst
was added to 10 mL methylene blue solution (10> mol L™ )
in the vessel. Before irradiation, the suspensions were stirred
in the dark for 1h to ensure the establishment of an
adsorption—desorption equilibrium between the photocata-
lyst and methylene blue. Then the solution was exposed to
visible light irradiation under stirring. At given time intervals,
3 mL suspensions were sampled and centrifuged to remove
the photocatalyst particles. Then, the UV-vis absorption
spectrum of the centrifugated solution was recorded by the
UV2450 UV-vis spectrophotometer.

3. Results and discussion
3.1. XRD analysis

The phase structure of the products was examined by
powder X-ray diffraction. Fig. 1 shows the XRD patterns
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Fig. 1. XRD patterns of ZnSe microspheres prepared hydrothermally at
180 °C for 12 h at different EDTA/Zn ratios: (a) 0, (b) 1, (c) 1.5 and (d) 2.

of the powders prepared hydrothermally at different ratios
of EDTA to Zn. All diffraction peaks of the samples can
be indexed to face-centered cubic blende structure of ZnSe
with a lattice constant of a=5.628 A, matching well with
the standard powder diffraction data (JCPDS card no.
80-0021). Peaks arising from impurities are not observed,
indicating the high purity of the final product. With
increasing the EDTA/Zn ratio from 0 to 2, all the XRD
patterns are similar. The diffraction intensity varies almost
imperceptibly as well as the peak width (Fig. la—d). The
average grain size is estimated by Scherrer’s formula after
making correction for the instrumental broadening which
is equal to 65 nm.

3.2. Morphological analysis

The morphology of the obtained ZnSe powders were
characterized by scanning electron microscopy (SEM) and
transmission electron microscope (TEM). The roughness
of the particle surfaces, which can be observed from the
SEM images (Fig. 2), suggests that the particles are not
single crystalline. Without adding EDTA, the morpholo-
gies of the powders are diverse (Fig. 2a), including micro-
spheres and irregular particles. With the increment of
EDTA, the spherical particles are gradually predominant,
and ultimately other shapes disappear. On further obser-
vation of the sample shown in Fig. 2(d), the hollow
spherical feature could be obviously noticed from these
broken microspheres.

To further confirm the hollow sphere character of the
particles, the as-prepared microspheres at EDTA/Zn ratios
equal to 2 were re-dispersed in absolute alcohol, sonicated
for half an hour and sampled. Fig. 3 exhibits the morphol-
ogy of the sample, depicting the homogeneous spherical
morphology with an average diameter of 1.2 um and
a fairly narrow size-distribution. A TEM image of the
typical microsphere after sonication is presented in
Fig. 3(c). The intense contrast between the black margins
and the bright centers of the particles confirms the
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Fig. 2. SEM images of the as-obtained microspheres at EDTA/Zn ratios of (a) 0, (b) 1, (¢) 1.5 and (d) 2, respectively.
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Fig. 3. (a) SEM image showing the overall product morphology, (b) Magnified SEM, (c) TEM images of the resulting products, clearly exhibiting the
uniform hollow spherical morphology and (d) XPS core spectrum of Se 3d for the powders.
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existence of hollow features in the resulting microspheres,
which is consistent with the SEM observation. The shells
of the hollow spheres are composed of numerous nano-
crystals with an average size of 80 nm, and shell thickness
of about 200 nm. The symmetrical Se 3d XPS core spect-
rum (Fig. 3d) of the sample reveals the binding energy as
53.8 ¢V, further identifying the hollow microspheres as
pure ZnSe instead of elementary substance Se.

3.3. Formation mechanism

Because the properties of nanosized materials are
strongly influenced by their shape, it is very important to
explore the growth mechanism. In principle, the process
involves reacting zinc salt solutions with selenite, which is
reduced in glycol environment and releases Se*~ ions. The
sequence of chemical processes involved in the formation
of ZnSe particles is presented below:

HOCH,CH,OH =CH;CHO+ H,0 (1)
2CH;CHO+Se03~ =2CH;COO ~ +Se+H,0 )
3Se+60H ~ =2Se’~ 4Se03 ™ +3H,O (3)
Zn"(EDTA)+Se*~ —ZnSe 4)

It is worthwhile to note that the quantity of EDTA has
strong effects on the formation of uniform well-defined
hollow spherical morphology. With increasing the EDTA/
Zn ratio, the dominant product remains regular micro-
spheres. When the ratio is up to 2, the hollow microspheres
are the only morphology. The formation mechanism of
ZnSe hollow microspheres is believed to be Ostwald
ripening process involving ‘“‘the growth of larger crystals
from those of smaller size which have a higher solubility
than the larger ones” [21]. The process is illustrated in
Scheme 1. After the initial nucleation, the poorly crystal-
lized ZnSe primary particles aggregate together to form
solid microspheres driven by the minimization of the total
energy in the system. Under the present condition, there is
a crystallite-size distribution or particle density gradient
across the solid [22]. The smaller interior crystallites with a
higher solubility will dissolve and a core hollowing process
starts. With the increase of reaction time, the inner core is
completely consumed and the crystallinity of the products
increases gradually.

nuclei nanoparticles microsphere

Scheme 1. Sketch of the proposed growth mechanism of the ZnSe hollow
microspheres.

3.4. Optical properties

Fig. 4 shows the UV-vis absorption spectrum of the
ZnSe hollow microspheres. A steep absorption edge at
about 400 nm was observed, which was attributed to the
interband transition or exciton absorption of the nano-
particles. For the direct band gap semiconductor ZnSe, the
absorption band gap E, can be determined by the equation
(ochv)zzB(hv—Eg), where o, A, v, E, and B is absorption
coefficient, Planck constant, light frequency, band gap,
and a constant, respectively. The band gap is estimated
about 2.9¢V (427.5nm) by the linear extrapolation (as
shown in Fig. 4b), a small hypsochromic shift observed as
compared to bulk ZnSe (2.6-2.8 eV) [18,23]. Hence, the
resulting ZnSe hollow microspheres might have a potential
application as photocatalyst in the expanded visible-light
region.

Within the ecosystem, this colored wastewater is a
dramatic source of pollution, eutrophication, and pertur-
bations in aquatic life. To evaluate the photocatalytic
activity of the hollow microspheres, methylene blue was
chosen as the model pollutant to determine the photo-
catalytic efficiency, and the photodegradation of methylene
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Fig. 4. UV-vis absorption spectrum (a) and the corresponding (ethv)*~hv
plot (b) of the ZnSe hollow microspheres.
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Fig. 5. (a) Absorption changes of methylene blue solution irradiated
under visible light in the presence of ZnSe hollow microspheres. (b) The
degradation kinetics of MB in the presence of the bulk ZnSe (circle), the
solid (filled triangle) and the hollow ZnSe microspheres (filled square),
respectively. The inset shows the corresponding photodegradation rate.

blue solution was conducted under visible light irradiation
(2> 400 nm). Fig. 5(a) exhibits the temporal evolution of
the absorption spectrum with the hollow microspheres as
photocatalyst. During the photodegradation, the charac-
teristic absorption of MB at 664 nm decreased remarkably
with the irradiation time. The color-change sequence is
shown in the inset of Fig. 5(a). It is clear that the intense
color of the starting solution gradually decreases with
increasing the exposure time.

Fig. 5(b) displays time profiles of nCy/C under visible
light irradiation, where C was the concentration of MB at
the irradiation time 7 and C, was the concentration after
the adsorption equilibrium on ZnSe at r=0. As observed
from the figure, the mCy/C linearly increased with the
irradiation time, indicating that the photodegradation of
MB over ZnSe could be described as first-order reaction.
Therefore, the photocatalytic activities can be evaluated by
the apparent first-order rate constant k. From the kinetic

plots and the degradation rate curves, the bulk ZnSe
hardly exhibits photocatalytic activity under visible light
irradiation. As compared with that of the bulk ZnSe
(k=0.0137h™"), the photocatalytic activity of the solid
ZnSe microspheres obtained at the EDTA/Zn ratio of 1
was improved by about 11.8 times (k=0.1616 h~"), the
hollow microspheres by about 33.4 times (k=0.4576 h—").
The improvement of the photocatalytic efficiency might be
attributed to the hollow aggregates of ZnSe nanocrystal-
lites, which results in an increase of catalytic/reactive sites
related with specific surface area and an enhancement of
the redox potential of the photoinduced electron—hole
pairs.

4. Conclusions

Homogeneous ZnSe hollow microspheres were success-
fully synthesized through an EDTA-assisted mixed
solvothermal strategy on a large scale. The ZnSe nano-
particles aggregate to form the hollow structure by
Ostwald ripening process, in which EDTA plays a vitally
important role. Taking the process one step further, we can
make extensive use of this method to synthesize a wide
variety of semiconductive materials. The results of photo-
catalysis indicate that the hollow microspheres possess the
visible-light-responsive photocatalytic activity. As com-
pared with the bulk ZnSe, the photocatalytic efficiency
for the hollow microspheres was enhanced remarkably,
which might be related with the hollow aggregates of ZnSe
nanocrystallites.
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