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Polystyrene-Assisted Hydrothermal Preparation of ZnO
Tubes with High Photocatalytic Activity
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Abstract: ZnO tubes with diameter of 1~2 pwm and wall thickness of ca. 200 nm were synthesized by a simple

hydrothermal method using polystyrene (PS) microspheres as the template. Results from SEM and XRD show that

the concentration of zinc acetate and hydrothermal time plays an important role in the formation of ZnO tubes.

The growth mechanism is proposed. The band gap value calculated from a UV-Vis absorption spectrum of ZnO

tubes is 2.96 eV. The as-synthesized ZnO tubes exhibit high photocatalytic activity for the photodegradation of

Rhodamine B under UV-light irradiation.
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0 Introduction

Recently, dye effluents from textile industries
have been a more and more serious environmental
problem because of their difficulty to chemical or
biological degradation". Semiconductors with wide
band gap are widely used as photocatalysts for the
degradation”. Of them, TiO, and ZnO are extensively
studied materials for their high photosensitivity and
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large band gap Due to the lower cost and higher

photocatalytic activity than TiO, in some cases, ZnO
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draws more and more attention.

Zn0 is a I[-VI semiconductor with a wide direct
band gap (3.37 €V) and a high electron-hole blinding
energy (60 mV) at room temperature!, and it has
outstanding performance in the field of photocatalysis!.
Various kinds of nanostrctured ZnO such as nano
hollow spheres!™, nanorod®, nanosheet!"”, nanoplate!,
and other micro/nanostructure have been fabricated
for photocatalytic decomposition of the dye effluents.
Among these ZnO structures, the preparation of ZnO

with hollow structures has attracted a great deal of
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attention due to their advantages of low density, high
surface-to-volume ratio and their hollow structure in
the photocatalytic progress!".  Until now, the soft
templates or hard templates methods are the most
effective way to prepare ZnO with hollow structures!"¥,
and the widely used templates include silica spheres!™,
(PMMA) S polystyrene — (PS) ',

carbon spheres™, and so on. Dong et al™ prepared

polymethacrylate

series of multishelled ZnO hollow microspheres with
controlled shell number and inter-shell spacing by a
simple carbonaceous microsphere templating method,

and the ZnO hollow

conversion efficiency up to 5.6% when used in dye-

structure realized a high
sensitized solar cells. Deng et al™ prepared ZnO
hollow spheres using PS as the template, and ZnO
hollow spheres have good photocatalytic —activity.
Zhang et al®™ reported the ZnO hollow nanofibers with
diameters of 120 ~150 nm by electrospinning the
consisting of polyacrylonitrile,

precursor solution

polyvinylpyrrolidone, and zinc acetate composite
through a facile single capillary method, and the
template role for preparing ZnO hollow nanofibers was
investigated.

Despite  many  investigations  about  the
preparation of ZnO with hollow structures, there are
only few studies on the effective preparation of ZnO

tubes by the PS
method. In this work, a facile hydrothermal method by

template-assisted hydrothermal

using PS microspheres as the template was employed
to synthesize ZnO tubes. The results show that the
experimental parameters such as the concentration of
Zn(Ac),-2H,0

influences on the formation of ZnO tubes. The

and hydrothermal time have great

photocatalytic activity of the as-prepared ZnO tubes

was also examined.
1 Experimental

1.1 Materials

Potassium persulfate (KPS), zinc acetate (Zn(Ac),
-2H,0) and absolute ethanol were purchased from
Tianjin Benchmark Chemical Reagent Co. Litd.
(Tianjin, China). Styrene (St) and ethylenediamine
were provided by Tianjin Bodi Co. Ltd. (Tianjin,

China). Rhodamine B (RhB) was purchased from
Shanghai Chemical Reagent Co. Ltd. (Shanghai,
China). All chemical reagents used were analytical
grade and used without any further purification except
that styrene was washed by 5wt% sodium hydroxide
solution. Distilled water was used throughout.
1.2 Synthesis of PS latex

PS emulsion particles were prepared by
emulsifier-free emulsion polymerization using KPS as
anionic initiator. In a typical synthesis, under gentle
stirring, 25 mL styrene and 200 mL distilled water
were added into a 250 mL round flask in turn. After
reacting for 15 min, 25 mL of KPS solution (1.6x107
mol - ™) was added into the round flask, the reaction
temperature was controlled within 75 ~80 “C . The
polymerization was continued with mechanical stirring
at 300 r min "' for 3 h and then samples were
withdrawn at regular time and until the desired size
was obtained.
1.3 Synthesis of ZnO tubes

In a typical hydrothermal process, ZnO tubes
were fabricated using zinc acetate as a zinc source.
0.3 g zinc acetate was dissolved in 20 mL distilled
Under

magnetic stirring anhydrous ethylenediamine was then

water to form a homogeneous solution.
added into the solution until the pH value of 10.
Afterwards, 10 mL of the above mixture was added
dropwise into 15 mL of the as-obtained PS latex. After
magnetic stirring for 10 min, the reaction solution was
transferred into a 30 mL Teflon-lined stainless steel
autoclave, followed by hydrothermal treatment at 160
°C for several hours. After hydrothermal reaction, the
products were washed and centrifuged for 3 times with
distilled water and absolute ethanol, and then dried at
100 °C for 2 h. Finally the products were annealed in
air at 650 °C for 2 h to obtain the ZnO tubes.
1.4 Characterization

The morphologies of the ZnO tubes were
observed by Scanning electron microscopes, (SU-70,
Japan) with acceleration voltage of 30 kV. The crystal
structure information of the prepared samples were
analyzed by a X-ray diffraction (Rigaku D/Max2500PC,

Japan) using Cu Ka radiation (A=0.154 18 nm) at a
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scanning rate of 4°+min”" in 26 range from 20°~80°.
UV-Visible absorption spectra were recorded on a
UV-Vis Spectrophotometer (Cary 500, Varian).
1.5 Photocatalytic activity test

The photocatalytic activity of the ZnO tubes was
evaluated by the photodegradation of a model dye
RhB. The experimental process was carried out as
follows: 40 mg of the photocatalyst powder were
dispersed in 30 mL of RhB aqueous solution (10 mg-
L™ in the beaker, and the suspensions were super-
sonic treated for 30 min in the dark. The UV lamp
with a wavelength of 254 nm was used as a light
source and placed 10 ¢cm above the beaker. After UV
irradiation for 20 min, the reaction solution was
filtered, and the absorption spectrum of the
centrifuged solution was then recorded with a UV-

Visible spectrophotometer (UV-3200PC, Shanghai).

2 Results and discussion

As indicated in the XRD pattern of Fig.1, three
big peaks located at 26 value of 31.718°, 34.439° and
36.261° are indexed as (100), (002) and (101) planes

(PDF No.36-
1451), respectively. No peaks of metal Zn or any other

of wurtzite hexagonal structure ZnO

phases are detected, indicating that the products are

of high purity.
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Fig.1 XRD pattern of the prepared ZnO tubes

SEM images of the PS template and ZnO tubes
are shown in Fig.2. As shown in Fig.2a, the size of PS
microspheres is uniform with an average particle size
of 500 nm, and the microspheres with smooth surfaces
are highly dispersed. Fig.2b~d show the SEM images
of the as-prepared ZnO tubes, and the tubes are with

Fig.2 SEM images of (a) PS microspheres; (b) ZnO tubes; (¢) an individual intact ZnO tube and (d) the broken ZnO tubes
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a diameter of ca. 1~2 pm, length of ca. 20 wm and
wall thickness ca. 200 nm. The hollow structure can
be evidently viewed from an individual tube, as is
(Fig.2d) are

perhaps as a result of the escapement of CO, during

shown in Fig.2¢. The broken tubes

the calcinations.

The morphology of the ZnO tubes is affected by
many factors such as Zn(Ac),+2H,0 concentration and
Fig.3 shows a series of SEM
images of as-obtained ZnO microstructures prepared
Zn(Ac),-2H,0

parameters

hydrothermal time.
with different concentrations while

keeping  other unchanged. Irregular

products (Fig.3a) are observed, when the concentration
. In Fig.3b,
high yield tubes are obtained when the concentration
is 0.07 mol-L™". Further increasing Zn(Ac),2H,0

concentration to 0.5 mol+L™, ZnO rodlike clusters are

of zinc acetate is as low as 0.04 mol - L.~

formed, as shown in Fig.3c.

In order to explore the shape evolution process of
the ZnO tubes, the time-dependent experiments were
carried out. A large number of globular aggregates

with diameter of 20 pwm are formed with hydrothermal

treatment for 1 h. The too short hydrothermal time
inhibits the oriented growth to obtain one dimensional
When the

extended to 4 h (Fig.4b), the rods are formed. Further
increasing the hydrothermal time to 12 h, ZnO with

nanomaterials. hydrothermal time is

regular tubular structure is formed.

On the basis of the above information, the growth
process of the ZnO tubes could be in four steps as
shown in Fig.5. In the first step, the rheological
properties of PS microspheres are changed with
hydrothermal treatment, so some PS microspheres
assemble together under high temperature and high
pressure. Meanwhile, the Zn(en),” is generated in the
mixture of ethylene diamine and zinc acetate. In the

2+

second step, positive Zn(en),”* ions are captured by
negative PS due to electrostatic adsorption. As shown
in Fig.4a, a large number of globular aggregates with
diameter ca. 20 pm are formed under hydrothermal
treatment for 1 h. In the third step, the samples grow
along one direction with the guidance of the PS
templates, and the rods gradually form with increase

in hydrothermal time. Finally, the ZnO tubes are

Fig.4 SEM images of the samples synthesized for different periods of hydrothermal time: (a) 1 h, (b) 4 h, (c) 12 h
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Fig.5 Formation mechanism of ZnO tubes using the PS microspheres as the template
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Fig.6 UV-Vis absorption spectrum (a) and the (ahv)* vs hv curve (b) of the ZnO tubes

successfully prepared by removing of the PS templates
under calcination at 650 °C for 2 h.

UV-Vis absorption spectra of the samples are
shown in Fig.6. The spectrum in Fig.6a shows that
7Zn0 tubes absorb mainly the ultraviolet light with a
wavelength below 420 nm. The equation (ahv)*=K (hv-
E,) could be used to calculate the band gap of the
samples, where « is the absorption coefficient, v=c/A,
h is Planck constant, K is a proportionality constant,
and FE, is the band-gap energy. In Fig.6b, the
extrapolated value (the straight lines to the x-position)
shows the band gap of ZnO tubes is 2.96 eV. The
results indicate that the prepared ZnO tubes may
benefit their potential applications in organic
pollutants degradation.

Fig.7 shows the degradation rate of RhB with or

without ZnO tubes catalyst. For comparison, the
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Fig.7 Degradation curves of RhB solution (a) without
photocatalysts and (b) with ZnO tubes as
photocatalysts under UV light irradiation

degradation rate of the RhB without any photocatalysts
is no more than 20%, while the degradation over the
7Zn0 tubes is 93%. The results indicate that the ZnO
tubes show high photocatalytic decomposition of the
dye, and the ZnO tubes may also have great potential
application in the solar cells and photocatalytic

decomposition of water to hydrogen.
3 Conclusions

In summary, we report here a method to
synthesize ZnO tubes by a simple hydrothermal
method using PS microspheres as the template. The
morphology of the ZnO tubes can be influenced by the
concentration of Zn(Ac),*2H,0 and hydrothermal time.
A formation mechanism of the ZnO tubes is proposed.
Meanwhile the as-prepared ZnO tubes exhibit high
photocatalytic activity for the degradation of organic
dye RhB under the UV illumination.
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