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ABSTRACT

In the present study, nano-structured ZnO and Sn-doped ZnO photocatalysts with high sunlight photo-
catalytic activity were successfully synthesized through the decomposition of zinc acetate and glucose
by microwave heating. The prepared ZnO and Sn-doped ZnO photocatalyst were characterized by X-
ray diffraction (XRD), scanning electron microscopy (SEM), photoluminescence spectrum (PL), UV-vis
absorption spectrum (UV-vis), N, adsorption and UV-vis diffuse reflectance spectra (DRS). The results
showed that the doping greatly changed the microstructure, morphology and optical properties of ZnO,
which may contribute to the enhancement of photocatalytic activity. The sunlight photocatalytic activ-
ity of the prepared pure ZnO and Sn-doped ZnO photocatalyst was investigated by the degradation of
Methylene Blue (MB) solution under sunlight irradiation. Compared with pure ZnO, 13% higher decol-
orization rate and 29-52% higher mineralization efficiency were obtained by the Sn-doped ZnO. The
results indicated that Sn-doped ZnO had a higher photocatalytic activity and Sn dopant greatly increased
the photocatalytic activity of ZnO.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Environmental pollutions caused by pesticides, dyes and heavy
metal in water have provided the motivation to sustained funda-
mental and applied research interest in the area of environmental
remediation [1,2]. Heterogeneous photocatalytic degradation of
refractory organic pollutants from water by semiconductors has
attracted extensive attention in the past several decades [3-5].
Previous studies have proved that the wide-bandgap semicon-
ductor photocatalyst such as TiO, and ZnO can degrade various
organic pollutants under UV irradiation, which offers great poten-
tials for the complete elimination of toxic chemicals [6,7]. It has
been reported that ZnO had higher photocatalytic efficiency com-
pared with TiO, in the degradation of several organic contaminants
in both acidic and basic medium, which has stimulated many
researchers to further explore the properties of ZnO in many photo-
catalytic reactions [8-10]. The biggest advantage of ZnO compared
with TiO, is that it absorbs over a larger fraction of the UV spectrum
and absorbs more light quanta than TiO, [11,12].

However, the photocatalyst needs to be further improved before
its commercialization due to the fast recombination rate of the pho-
togenerated electron/hole pairs in this technology [13]. Therefore,
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suppression of the recombination of photogenerated electron-hole
pairs in the semiconductors is essential for improving the efficiency
of photocatalytic [14]. Doping is a very useful way to improve the
charge separation in semiconductor systems, many dopants such as
Sb, Er and Al have been used [15,16]. Especially, Sn was considered
as one of the most important doping elements for ameliorating the
photocatalytic activity of ZnO [17].

It has been demonstrated that the structural and morphological
characters such as the size, shape, crystalline form, photocatalytic
activity and some relevant properties of ZnO can be significantly
affected by different synthesis methods [18]. Various methods have
been developed to prepare ZnO photocatalyst with special per-
formance, which mainly include template method, precipitation,
gas-phase reaction, hydrothermal synthesis and microwave heat-
ing [19-22]. In recent years, it has been reported that glucose
could be used as co-catalyst, reductant and assistant to prepare
various materials [23-25]. For example, Yu and Yu [25] success-
fully synthesized hollow ZnO spheres using ZnCl, and glucose as
starting materials, which confirmed that glucose could prevent
the crystallization of ZnO due to the metal precursors disperse in
the hydrophilic shell of the carbon spheres as amorphous clus-
ters before calcinations. However, synthesis of ZnO or Sn-doped
ZnO photocatalyst through the decomposition of zinc acetate and
glucose by microwave heating has not been reported.

The aim of this study is to synthesize ZnO and Sn-doped ZnO
photocatalyst through the decomposition of zinc acetate and glu-
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cose by microwave heating. The microstructure, morphology and
optical properties changes of the prepared photocatalyst by dop-
ing were systematically characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), photoluminescence spectrum
(PL), UV-vis absorption spectrum (UV-vis), N, adsorption and
UV-vis diffuse reflectance spectra (DRS). The sunlight photocat-
alytic activity of the prepared photocatalyst was evaluated by the
degradation of Methylene Blue (MB) under sunlight irradiation.

2. Materials and methods
2.1. Materials

Zinc acetate dihydrate (Zn(CH3C0O0),-2H,0) and glucose
(CgH1206) were purchased from Tianjin Chemical Reagents Factory
(Tianjin, China). Methylene Blue and SnCl,-2H,0 were purchased
from Shanghai Chemical Reagent Company (Shanghai, China).

Reagents for COD analysis include ferrous ammonium sul-
phate ((NHg4),Fe(SO4),-6H,0), potassium dichromate (K,Cr,07),
silver sulphate (Ag;SO4), mercury sulphate (HgSO4), 1,10-
Phenanthroline (C;2HgN5-H;0), ferrous sulphate (FeSO4-7H,0) and
sulphuric acid (H,SO4). All the chemicals were analytical grade
reagents and used without further purification. Deionized water
with conductivity between 0.7 and 1.0 uScm~! was used through-
out this study.

2.2. Preparation of ZnO and Sn-doped ZnO photocatalyst

All the samples were prepared by microwave heating and
Zn(CH3C00),-2H,0, CgH1,06 and SnCl,-2H,0 were used as the
main materials. In a typical procedure, 5g Zn(CH3C00),-2H,0
and 15gCgH;,0g were dissolved in 15 mL deionized water, then
added 0.8 mL H,SO4 (98%), the reaction mixture was poured into a
PTFE sealed can and heated in a microwave oven (Midea KD21B-
C, 2.45 GHz, Shunde Medea Microwave Oven Production Co. Ltd.,
Foshan, China) at a power of 800 W for 1 min, followed by cooled
for 20 min, cycle this procedure for 4 times. After that the PTFE
sealed can was cooled down to room temperature, the brown col-
loid material was filtered and washed with deionized water in order
to remove undesirable anions such as CH;COO~, CI- and SO42-,
dried at 80°C for 5 h and then calcined at 700 °C for 2 h. Sn doping
solution was prepared exactly like the pure one by dissolving 0.1 g
SnCl,-2H, 0 into the reaction mixture.

2.3. Characterizations

The crystal structure of the prepared ZnO and Sn-doped ZnO
photocatalyst was analyzed by XRD. The patterns were recorded
in the 20 range of 20-80° with a scan rate of 0.02°/0.4 s by using a
Bruker-D8-AXS diffractometer system equipped with a Cu Ko radi-
ation (A =0.15406 A) (Bruker Co., Germany). The morphology and
dimensions of photocatalysts were observed by SEM (JSM-6301,
Japan). The PL spectra of photocatalysts were measured using a
Fluorescence Spectrophotometer (FP-6500, Japan) equipped with
a Xenon lamp at an excitation wavelength of 325 nm. The UV-vis
spectra of photocatalysts were measured by using a UV-vis spec-
trophotometer (Lambda 17, Perkin-Elmer), prior to UV-vis analysis
the ZnO samples was ultrasonically dispersed in deionized water
at room temperature. The low temperature N, adsorption was pro-
cedured using a Micromeritics ASAP 2020 apparatus at —196°C,
all the samples were degassed at 100°C for 6 h before the mea-
surement. The specific surface area was calculated by BET method.
The pore diameter distribution was calculated using the BJH model
based on the desorption isotherm. UV-vis diffuse reflectance spec-
tra (DRS) were obtained using a Shimadzu UV-3600 spectrometer

by using BaSOy4 as a reference, with the spectra were measured in
the range 200-800 nm.

2.4. Sunlight photocatalytic activity test

Photocatalytic experiments were carried out in a 500 mL capac-
ity borosilicate photochemical batch reactor having dimensions
15cm x 10 cm (height x diameter). All photocatalytic experiments
were performed under similar conditions on sunny days between
8:30A.M. and 6:30P.M. (the reaction time was 10h), April-May.
The ambient temperature was between 26°C and 33°C. The dye
solutions were prepared using deionized water. 300 mL 40 mg L~!
MB solution was added to the reactor and then covered with thin
glass plate in order to decrease the evaporation of solution under
sunlight irradiation. The dye wastewater was in its natural pH
(about 6.7) and no pH control was conducted during the whole
photocatalytic degradation experiments. In all experiments, 0.1g
photocatalyst was added to the dye aqueous solutions and mag-
netically stirred (300 rpm) in dark for 30 min, in order to achieve
adsorption-desorption equilibrium between dye and catalyst. After
that, the suspension was irradiated with sunlight and photocat-
alytic experiment was started. Samples were periodically taken out
for analysis.

2.5. Analytical methods

The photocatalytic degradation of MB was monitored by
withdrawing 3 mL samples at regular intervals and immediately
centrifuged (2000 rpm) to remove particles for analysis. The decol-
orization efficiency of MB was tested in terms of the changes of
the UV-vis absorbance of MB. The absorbance intensity of MB was
determined by an UV-vis spectrophotometer (Lambda 17, Perkin-
Elmer) with a 1 cm path length spectrometric quartz cell.

The mineralization of MB was measured by the decrease of
chemical oxygen demand (COD) and total organic carbon (TOC)
of the dye solution. COD was measured according to the standard
dichromate titration method [26]. TOC was measured by a TOC ana-
lyzer (Apollo 9000, Terkmar-Dohrmann, USA). The mineralization
efficiency of MB was estimated by the following expression,

COD¢ or TOC; ) 100 (1)

Mineralization of MB (%) = (1 ~ CODy or TOCy

where CODg and TOCy is the COD and TOC concentration after
30 min adsorption-desorption equilibrium, COD; and TOC; is the
COD and TOC concentration at certain reaction time t (h), respec-
tively.

3. Results and discussion

3.1. Characterizations of the ZnO and Sn-doped ZnO
photocatalyst

The XRD spectra of the prepared ZnO and Sn-doped ZnO photo-
catalyst are shown in Fig. 1. A series of characteristic peaks: 2.8143
(100), 2.6033 (002), 2.4759 (101), 1.9111 (102), 1.6247 (110),
1.4771(103), 1.4072 (200), 1.3782 (112), 1.3583 (201), 1.3017
(004) and 1.2380 (202) are observed in Fig. 1a and b, which are
in accordance with those of the hexagonal wurtzite structure of
ZnO (International Center for Diffraction Data, JCPDS 36-1541). The
diffraction peaks of the pure ZnO (Fig. 1a) are sharp and intense,
revealing the highly crystalline character of the ZnO sample, while
the diffraction peaks of the Sn-doped ZnO are broad and weak
(Fig. 1b), indicating a small crystal size or semicrystalline nature of
this sample [27]. All diffraction peaks in Fig. 1b are correspondingly
ascribed to Zinc Tin Oxide (ZnSnO3). Furthermore, it is worthwhile
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Fig. 1. XRD patterns of the as-synthesized samples: (a) pure ZnO, (b) Sn-doped ZnO.

to note that the diffraction peaks of ZnO nanocrystals in the Sn-
doped ZnO sample are still very sharp despite the weak intensity,
implying the highly crystalline character of ZnO nanocrystals in this
sample.

SEM images of the synthesized pure ZnO (Fig. 2a and b) and Sn-
doped ZnO (Fig. 2c and d) photocatalyst are shown in Fig. 2. From
Fig. 2a and b, it can be seen that nano-sized ZnO photocatalyst was
successfully synthesized, the shape of the prepared pure ZnO pho-
tocatalyst looks like rice and with average particle size of about
100 nm in diameter and 300 nm in length. After doping Sn, the mor-
phologies of Sn-doped ZnO photocatalyst as shown in Fig. 2c and d
are significantly different from the pure ZnO. The shape of the pre-
pared Sn-doped ZnO looks like diamond and with average particle
size of about 300 nm. Although the pure ZnO show a smaller par-
ticle size than the Sn-doped ZnO photocatalyst, it also can be seen
from Fig. 2 that the pure ZnO particles are more easily to agglom-
erate with each other, which could result in the decreasing light
utilization rate. Though the agglomeration problem of pure ZnO

____ Sndoped ZnO

ZnO

Intensity (a.u)
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300 400 500 600 700 800
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Fig. 3. The UV-vis absorption spectra of the pure ZnO and Sn-doped ZnO photocat-
alyst.

can be solved by doping Sn, the microstructures of Sn-doped ZnO
photocatalyst become a little uneven.

Fig. 3 shows the comparison of UV-vis absorption spectra of
the prepared pure ZnO and Sn-doped ZnO photocatalyst at room
temperature. It can be seen that the doping has greatly changed
the light absorption of the photocatalyst. An absorption peak cen-
tered at 375 nm is found in two spectra, but there are other two
peaks centered at 290nm and 650 nm in the Sn-doped ZnO. As
shown in Fig. 3, the prepared pure ZnO and Sn-doped ZnO pho-
tocatalyst had a broad absorption band from ultraviolet to visible
region and the absorbance of the photocatalyst slightly decreases
as the wavelength increases, which indicate that the prepared ZnO
photocatalyst has a potential capacity of photocatalytic activity uti-
lizing sunlight. It is well known that the optical absorption behavior
of photocatalyst significantly affects the photocatalytic activity of

Fig. 2. SEM images of the synthesized pure ZnO (a and b) and Sn-doped ZnO (c and d) photocatalyst.
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Table 1
Nitrogen adsorption characteristics of the pure ZnO and Sn-doped ZnO.

Sample BET surface Pore volume® Pore diameter®
area® (m?/g) (cm?/g) (nm)

Pure ZnO 4.0 0.02 30-50, 35

Sn-doped ZnO 3.8 0.06 41-78, 50

3 BET surface area calculated from the linear part of the BET plot (p/p® = 0.07-0.22).

b Total pore volume, taken from the volume of N, adsorbed at p/p® =0.974.

¢ Average pore diameter, estimated using the desorption branch of the isotherm
and the Barrett-Joyner-Halenda (BJH) formula.

the photocatalyst [28-30]. In general, the red-shift in the absorp-
tion band edge and the increase in absorption intensity attributed
to the increased formation rate of electron-hole pairs on the pho-
tocatalyst surface, resulting in the photocatalyst exhibiting higher
photocatalytic activity. The similar results were reported in Ref
[31]. It is not difficult to conjecture that the Sn-doped ZnO has a
higher photocatalytic activity.

The specific surface area is an important microstructural param-
eter of ZnO particles, which depends on the geometrical shape
and porosity of the particles [32]. The results of measurements
for BET surface area, pore volume and pore diameters are sum-
marized in Table 1. The specific BET surface areas of pure ZnO and
Sn-doped ZnO were found to be 4 and 3.8 m?/g respectively, which
are in accordance with the results of SEM that the pure ZnO has
smaller particle size. The significant difference between pure ZnO
and Sn-doped ZnO could be found both in the pore diameter and
pore volume, the samples show broad distribution of pores with
a average pore diameter 35 and 50 nm, respectively, and the cor-
responding single-point total pore volume at p/p®=0.974 are 0.02
and 0.06 cm3/g, respectively.

Fig. 4 shows PL spectra of the prepared pure ZnO and Sn-doped
ZnO photocatalyst. It was found that the spectrum of the prepared
pure ZnO and Sn-doped ZnO photocatalyst were similar, only one
broad luminescence band covered from 430 to 550 nm, which can
be assigned to blue-green regions, but the PL intensity were differ-
ent. It has been reported that the blue-green emission is caused by
the recombination of electrons in single occupied oxygen vacancies
[33]. The PL spectra show oxygen vacancies or other point defects
might be present in the prepared ZnO photocatalyst. Since PL emis-
sion was the result of the recombination of excited electrons and
holes, the lower PL intensity of the prepared ZnO indicated a lower
recombination rate of excited electrons and holes [34]. As shown
in Fig. 4, the prepared Sn-doped ZnO had the lower recombination
rate of electrons and holes than the pure ZnO, may leading to higher
photocatalytic oxidation activity.

Intensity (a.u)

T T T T T T T T T T
350 400 450 500 550 600
Wavelength (nm)

Fig. 4. The PL spectra of the prepared pure ZnO and Sn-doped ZnO photocatalyst.
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Fig. 5. UV-vis diffuse reflectance spectra (DRS) of pure ZnO and Sn-doped ZnO.

Fig. 5 shows the DRS spectra of pure ZnO and Sn-doped ZnO,
which show broad intense absorption from 430 nm to lower wave-
lengths, are typically associated with a change-transfer process
from the valence band to conduction band. The absorption band
from 200nm to 260nm can be assigned to 02~ — Sn** charge
transfer transition of the Sn ions in a tetrahedral and octahedral
environment [35]. It is well known that the band gap of ZnO
is 3.2eV, it can be excited by photons with wavelengths below
387 nm. From Fig. 5, it can be seen that, the curve of Sn-doped
ZnO has a clear absorption in the visible range, beside the absorp-
tion edge near 400 nm. It is clearly that the absorption wavelength
range of Sn-doped ZnO red shifts to visible light, which can be easily
excited by sunlight.

3.2. Comparison of the solar photocatalytic activity of the pure
Zn0 and Sn-doped ZnO photocatalyst

3.2.1. Decolorization of MB wastewater

In the absence of pure ZnO and Sn-doped ZnO photocatalyst,
the sunlight photolysis of 40mgL-! MB in aqueous solution was
tested. It was found that no significant changes of the concentration
of MB after 10 h irradiation (data was not shown), which indicated
that MB cannot be easily degraded by sunlight photolysis. Fig. 6
shows the UV-vis adsorption changes of MB in the presence of
0.1g pure ZnO (Fig. 6a) and Sn-doped ZnO (Fig. 6b) under sun-
light irradiation. Before reaction, three absorbance peaks at 243,
286 and 664 nm can be observed from the UV-vis absorbance spec-
trum of MB solution. The peaks at 243 and 286 nm are attributed
to the absorbance of m— 7* transition, while the peak at 664 nm
is attributed to the absorbance of n — 7™ transition [36]. It can be
seen from Fig. 6a and b that the MB decreased dramatically as the
reaction time increased. According to changes of the absorbance
intensity at 664 nm, the decolorization efficiency of 40 mgL~! MB
solutions in the presence of pure ZnO (Fig. 6a) and Sn-doped ZnO
(Fig. 6b) after 4h photocatalytic reaction was achieved 50% and
80%, respectively. Complete decolorization of MB in the presence
of Sn-doped ZnO was achieved within 6 h, while the decolorization
of MB in the presence of pure ZnO was achieved 87% even after
10 h sunlight irradiation. The results indicated that the Sn-doped
ZnO photocatalyst had better sunlight photocatalytic activity than
pure ZnO for the decolorization of MB.

3.2.2. Mineralization of MB

COD and TOC removal efficiencies of 40mgL-1 MB solutions
by the prepared pure ZnO and Sn-doped ZnO photocatalyst under
sunlight irradiation are shown in Fig. 7. It can be seen that COD
and TOC removal efficiencies were increasing with the increase
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Fig. 6. Adsorption changes of MB aqueous at outdoor temperature (28-36 °C) in the
presence of pure ZnO (a) and Sn-doped ZnO (b) under sunlight irradiation.

of reaction time, almost 100% COD and TOC removal efficiencies
were achieved within 10 h reaction time for Sn-doped ZnO, while
48% COD removal and 71% TOC removal for the pure ZnO. The
results show that MB molecule can be more effectively mineralized
by Sn-doped ZnO photocatalyst than by pure ZnO under sunlight
irradiation. We proposed that this might have relation to different
adsorption characters of pure ZnO and Sn-doped ZnO photocata-

100

—a&— COD%-pure ZnO
804 | —o— TOC%-pure ZnO
| | —4— COD%-Sn-ZnO

—w»— TOC%-Sn-ZnO

60

40

20 - ' /,/

T T T T T T T T T 1
0 2 4 6 8 10
time (h)

Mineralization (%)

Fig. 7. Mineralization of 300 mL 40 mgL-! MB in the presence of pure ZnO and
Sn-doped ZnO photocatalyst under sunlight irradiation.

lyst. There is no significant difference in BET surface areas for pure
ZnO and Sn-doped ZnO, therefore, the main reason for the varia-
tion in photocatalytic activity for these two samples may be the
difference in their pore structures. As shown in Table 1, Sn-doped
ZnO has larger pore diameter and pore volume, which may offer
more channels for dye molecule. In order to certify our assump-
tion, the comparison removal of MB through physical adsorption
by the two photocatalysts was explored. The results showed that
about 2.9% COD removal and 2.6% TOC removal for pure ZnO after
30min adsorption in dark with magnetically stirred, while 4.6%
COD removal and 3.6% TOC removal for Sn-doped ZnO. There-
fore, a small adsorption ratio of pure ZnO may result in a small
decolorization and TOC removal efficiency. But there may be other
factors affect the enhancement of photocatalytic activity of Sn-
doped ZnO, such as Sn-ZnO heterojunction, high adsorption of dyes
and a higher adsorption of light. Additionally, it can be seen that the
mineralization rate is slower than the decolorization rate by com-
paring Figs. 6 and 7. This suggested that the chromophore of MB
molecular was more easily destructed for the sunlight photocat-
alytic degradation of MB by the prepared photocatalyst, and then
the degradation intermediates with small molecular were further
mineralized to CO, and H,O.

4. Conclusion

Nano-sized ZnO and Sn-doped ZnO photocatalysts with high
photocatalytic activity were successfully synthesized through the
decomposition of zinc acetate and glucose by microwave heating.
The characterization results showed that the microstructure, mor-
phology and optical properties of ZnO were greatly changed by
doping. Sn dopant also greatly increased the photocatalytic activ-
ity of ZnO to MB. Compared to pure ZnO, 13% higher decolorization
rate, 52% higher COD removal and 29% higher TOC removal effi-
ciency were obtained by the Sn-doped ZnO. The Sn-doped ZnO
sample shows higher photocatalytic activity than pure ZnO, which
can be attributed to the Sn-ZnO heterojunction, higher adsorp-
tion of dyes and light. The Sn-ZnO heterojunction improves the
separation of photogenerated electron-hole pairs, thus enhancing
the photocatalytic activity. Furthermore, the Sn-doped ZnO sample
might more easily excite due to its special optical properties, also
leading to higher photocatalytic activity. A more detailed investi-
gation about the effect of doped ions on the photocatalytic activity
of ZnO is underway.
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