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Mixed oxide photocatalysts, ZnO-Zn2 SnO4 (ZnO-ZTO) nanowires with different sizes were prepared by a
simple thermal evaporation method. The ZnO-ZTO nanowires were characterized with a scanning electron
microscope, X-ray diffraction, high-resolution transmission electron microscopy, energy-dispersive spectrometer, and X-ray photoelectron spectra. The photocatalytic activity of the ZnO-ZTO mixed nanowires were
studied by observing the photodegradation behaviors of methyl orange aqueous solution. The results suggest
that the ZnO-ZTO mixed oxide nanowires have a higher photocatalytic activity than pure ZnO and Zn2 SnO4
nanowires. The photocatalyst concentration in the solution distinctly affects the degradation rate, and our
results show that higher photodegradation efficiency can be achieved with a smaller amount of ZnO-ZTO
nanowire catalyst, as compared to the pure ZnO and ZTO nanowires. Moreover, the photocatalytic activity
can also be enhanced by reducing the average diameter of the nanowires. The activity of pure ZnO and ZTO
nanowires are also enhanced by physically mixing them. These results can be explained by the synergism
between the two semiconductors.
Key words:

ZnO, Zn2 SnO4 , Nanowire, Photocatalytic activity, Photodegradation

photo-oxidation efficiency [4,16].
Besides the chemical composition, the microstructure
of a catalyst may also affect its photocatalytic activity.
For example, it has been reported that for a photocatalysis process, spherical nanocrystals aggregate very easily and thus reduce their photocatalytic activity drastically [24,25]. One-dimensional (1D) nano-structures
can prohibit such an aggregation in aqueous solutions
due to their high aspect ratio, and they also have sufficiently large specific surface area which is essential for
a high catalytic efficiency. Therefore, 1D mixed oxide semiconductor nanostructures have been regarded
as the most promising candidates for photocatalytic applications [26-28].
In this work, 1D ZnO-ZTO mixed oxide nanowires
with various diameters were prepared by a thermal
evaporation method, and their photocatalytic activities were studied by measuring the photodegradation
of methyl orange (MO) aqueous solutions. The size dependent photocatalytic activities of these 1D ZnO-ZTO
mixed oxide nanowires were also investigated. The underlying photocatalytic mechanisms were discussed.

I. INTRODUCTION

Photocatalyst systems using metal oxides as catalyst
have been extensively studied for promoting degradation of organic pollutants [1-4]. In the process of the
photocatalysis, the photons with energies matching or
exceeding the bandgap of a semiconductor catalyst can
promote electrons’ jumping from the valence band into
the conduction band and leaving holes behind. However, high recombination rate between photo-generated
electrons and holes is a major limiting factor of photocatalytic efficiency and impedes the practical application of this technique [4,5]. By coupling different semiconductor oxides, more efficient electron-hole pair separation under irradiation and, consequently, higher photocatalytic activity can be achieved [6-17]. A large variety of mixed oxide nanocrystals, such as SnO2 -Zn2 SO4
[7], ZnO-SnO2 [9-13], ZnO-TiO2 [14,15], TiO2 -SnO2
[16-19], and ZnO-Fe2 O3 [20] have been widely studied
and proved to be good photocatalysts owing to their
high quantum yields of charge separation.
ZnO and Zn2 SO4 (ZTO) nanocrystals are both typical photocatalytic materials [9,21-23] with direct band
gaps of about 3.2 eV [12] and 3.4 eV [9] respectively.
When ZTO is coupled with ZnO, its conduction band
(CB) is lower than that of ZnO, so ZTO can act as a sink
for the photogenerated electrons. This charge transfer process will increase the electron-hole separation by
suppressing their recombination, and thus enhance the

II. EXPERIMENTS
A. Preparation of ZnO-ZTO mixed oxide nanowires

ZnO-ZTO mixed oxide nanowires were synthesized in
a horizontal tubular furnace. Zn and SnO mixed powders (molar ratio: 2:1) were positioned in a ceramic
boat, which was loaded into the center of the tube. After pumping out the air, a constant flow of mixed gases
of argon and oxygen (vol. ratio of 99:1) were introduced
through the tube at a flow rate of 30 sccm, while the
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FIG. 1 Typical SEM images and corresponding diameter distribution of as-grown ZnO-ZTO nanowires grow at (a) 800 ◦ C,
(b) 900 ◦ C, and (c) 1150 ◦ C.

pressure was kept at about 6.5 kPa. Then the furnace
was heated (heating rate: 80 ◦ C/min) to and kept at
800, 900, 1150 ◦ C for 30 min, respectively, for obtaining
nanowires with different diameters. After the furnace
was naturally cooled down to room temperature, fuzzlike products were found around the inner walls of the
ceramic boat and were collected. The general morphology and microstructures of the as-grown products were
analyzed by scanning electron microscope (SEM, JEOLJSM-6700F), X-ray diffraction (XRD, MXPAHF), highresolution transmission electron microscopy (HRTEM,
JEOL-2010), energy-dispersive spectrometer (EDS) attached to the HRTEM instrument, and X-ray photoelectron spectra (XPS, ESCALAB MK II). For the purposes of comparison, pure ZnO and Zn2 SnO4 nanowires
were also prepared by the same thermal evaporation
method.

FIG. 2 XRD patterns of as-grown ZnO-ZTO nanowires. (a)
800 ◦ C, (b) 900 ◦ C, (c) 1150 ◦ C.

B. Photocatalytic activity measurements

surements (Hitachi U4100).
MO was chosen as a target compound for photodegradation. Photocatalysis experiments were carried out
in a 50-mL sealed quartz vessel. A medium pressure
(150 W) WI lamp was used as the light source and located above the samples. The light intensity on the
sample surface was estimated to be 0.2 W/cm2 . At the
beginning, MO solution with an initial concentration of
20 mg/L was fed into the vessel. Then, the catalysts
were added and dispersed ultrasonically for 20 min, followed by stirring at 800 r/min for 30 min in dark. The
degradation reaction was performed by stirring the suspension under light irradiation while keeping the temperature at 20 ◦ C with a cooling water bath. Samples
were centrifuged and filtered before the UV-Vis-IR meaDOI:10.1088/1674-0068/21/01/81-86

III. RESULTS AND DISCUSSION
A. Phase and main grain size of photocatalysts

Typical SEM images of the as-synthesized samples
are shown in Fig.1, and indicate that the products are
nanowires with lengths up to tens of microns. The
nanowires are straight and have a uniform diameter
along their entire length. Statistical analysis shows that
the average diameters (D) of the nanowires grown at
800, 900, and 1150 ◦ C are about 150, 300, and 500 nm,
respectively.
XRD (Fig.2) results of the as-fabricated nanowires
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FIG. 3 (a) A typical TEM image of ZnO-ZTO nanowires. (b) High-resolution TEM image of a selected ZTO nanowire and
the corresponding SAED pattern (inset). (c) High-resolution TEM image of a selected ZnO nanowire and the corresponding
SAED pattern (inset).

reveal that the peaks are well associated with two different crystalline phases, the hexagonal wurtzite ZnO
(a=0.3249 nm, c=0.5206 nm) and the cubic spinel ZTO
(a=0.8657 nm). This suggests that the obtained products are mixed ZnO and ZTO oxide nanowires.
The HRTEM image of a selected nanowire (arrow b
in Fig.3(a)) is shown in Fig.3(b). The corresponding
diffraction pattern is shown in the inset. It can be seen
that the nanowire is a single-crystalline spinel structured ZTO with [111] growth direction. EDS analysis
(Fig.4(a)) confirms that the nanowire is composed of
Zn, Sn, and O (the signal of Cu comes from the Cu
grid). The HRTEM image and SAED taken from another selected nanowire (arrow c in Fig.3(a)) reveal that
it is single-crystalline hexagonal (wurtzite) structured
ZnO, as shown in Fig.3(c). EDS analysis (Fig.4(b))
confirms that the nanowire is composed of Zn and O
only.
The composition of the collected samples with the diameter of 300 nm was also characterized by XPS. The
obtained binding energies were corrected for the specimen charging effect by referencing the C1s to 284.60 eV.
As shown in Fig.5, the binding energy of Zn2p electrons
is 1020.6 eV, and that of Sn3d electrons are 484.9 and
493.4 eV, which consist with the reported values [28,29].
Quantification of the XPS peaks shows the ZnO to ZTO
molar ratio to be approximately 5:1, indicating there are
more ZnO nanowires in this sample.

B. Photocatalytic activity

It is well known that MO has two maximal absorption peaks in the absorption spectra: one is at 465 nm
and the other at 269 nm. The peak at 465 nm was used
to monitor the degradation of MO in this work. We
recorded the absorption spectra of the dilute MO solution (initial MO concentration [MO]0 =20 mg/L, 1D
ZnO-ZTO mixed nanowires with D≈300 nm were added
to a concentration of [catalyst]=0.5 g/L) irradiated with
DOI:10.1088/1674-0068/21/01/81-86

FIG. 4 Selected area EDS analysis of the ZTO nanowire (a)
and the ZnO nanowire (b).

UV light for different periods of time, as shown in
Fig.6(a). For comparison, we also plot the MO concentration changes under the conditions of applying catalyst only (without UV) and UV-radiation only (without
adding catalyst) in Fig.6(b). Obviously, the decreasing of the absorption intensity of MO can only be observed with the addition of catalyst under UV light. We
can therefore conclude that the reaction time dependent
weakening of the absorption peaks in Fig.6(a) was due
to the photocatalytic degradation of MO.
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FIG. 5 XPS spectra of the ZnO-ZTO nanowires with diameter of 300 nm obtained at 900 ◦ C. (a) The binding energy
of Zn2p electrons is 1020.6 eV. (b) The binding energy of
Sn3d electrons are 484.9 and 493.4 eV.

It was reported that the maximal absorption of MO
solution can be described by the Lambert-Beers’s law,
and the photodegradation reaction follows the firstorder kinetic process (Eq.(1)) [4,30,31]:
ln

A0
[MO]0
= ln
= kt
A
[MO]

(1)

where A0 is the maximal absorption of the initial sample, A is the maximal absorption of the sample at time
t, [MO]0 and [MO] are the initial and residual MO concentrations, respectively, and k is degradation rate constant. Figure 6(b) illustrates the normalized residual
concentration change of MO with time. The linear behavior of ln([MO]0 /[MO]) as a function of time suggests a first-order kinetic reaction, and the degradation rate constant can be calculated as k=0.146 h−1 .
The degradation rate constants of ZnO-ZTO physically mixed nanowires with different ZnO:ZTO molar
ratios of 0, 1/4, 4, 5, 6, ∞ were 0.053, 0.071, 0.112,
0.143, 0.069, 0.045 h−1 , respectively. The catalysts used
here were obtained by mixing the pure ZnO and ZTO
nanowires with diameters of about 300 nm in the MO
solution. The initial concentration of [MO]0 =20 mg/L,
and [catalyst]=0.5 g/L. It can be seen that the physically mixed ZnO-ZTO photocatalysts also have higher
photocatalytic activities than the pure ZnO and ZTO.
The degradation rate constants of pure ZnO and ZTO
photocatalysts was 0.045 and 0.053 h−1 , respectively.
DOI:10.1088/1674-0068/21/01/81-86

FIG. 6 (a) Absorption spectra of MO during the photodegradation process. (b) The photocatalytic activity of
the ZnO-ZTO nanowires under different conditions. The
initial composition of the solution is: [MO]0 =20 mg/L,
nanowires with D≈300 nm are added as catalyst with concentration of 0.5 g/L.

The optimum molar ratio of ZnO:ZTO was found to be
5:1 (k=0.143 h−1 ), at which the degradation rate constant was about three times higher than either of the
pure ones. We also noted that for the inspected optimum molar ratio of 5:1, the degradation rate constants
of the physically mixed photocatalyst were slightly less
than for the ZnO-ZTO photocatalyst obtained by thermal evaporation. It was reported [20,32,33] that the
mixed oxide photocatalytic efficiency depends on two
processes: One is the competition between the recombination and capture of photogenerated electrons and
holes, the other is the competition between the recombination of captured electrons and holes and interface
charge transfer. The lengthening recombination time
of electrons and holes and increasing interface electron transfer rate are both favorable for the enhancement of photocatalytic efficiency. Based on experiments
of photocatalytic degradation organic compound with
Bi2 S3 /TiO2 or CdS/TiO2 nanoparticles, Robert et al.
also observed the hetero-junction is very attractive for
photocatalytic removal of organic compound under visible light, and suggested that such semiconductor junctions offer the driving force for electron injections [7].
We can clearly see that the neighboring nanowires touch
each other messily in Fig.1(b), and a few junctures between the neighboring nanowires have been building
c
°2008
Chinese Physical Society

Chin. J. Chem. Phys., Vol. 21, No. 1

during the thermal sintering process [34,35]. The activity of pure ZnO and ZTO nanowires are also enhanced by physically mixing them. The enhanced photocatalytic activity of the physically mixed ZnO-ZTO
nanowires can be contributed to the synergism between
two different semiconductors. The behaviors of the
physically mixed ZnO-ZTO nanowires are similar to the
other physically mixed photocatalytic experimental results [36-38].
The influences of photocatalyst concentrations on the
degradation rate constants for the ZnO-ZTO, pure ZTO
nanowires and ZnO nanowires (D≈300 nm in both samples) are shown in Fig.7. It can be seen that with the increase of the ZnO-ZTO mixed nanowires from 0.2 g/L to
0.7 g/L, k first increases from 0.041 h−1 to a maximum
of 0.146 h−1 and then decreases quickly to 0.044 h−1 .
For the pure ZTO nanowires, k increases with the concentration and reaches a maximum of 0.103 h−1 at
[ZTO]=0.8 g/L. The pure ZnO nanowires exhibited a
similar behavior and reaches a maximum of 0.061 h−1
at [ZnO]=0.7 g/L. There is a critical point above which
any increase in the amount of photocatalyst has negligible effect on the photodegradation efficiency of MO. The
increase in k value with catalyst concentration can be
explained as a result of the increased active surface area
of the catalyst. However, as the concentration keeps
increasing, the catalyst tends to block light from penetrating into the solution which results in k decrease [1416,39,40]. It is noted in Fig.7 that k of ZnO-ZTO system
increases with the concentration more rapidly than that
of pure ZTO and ZnO, indicating a higher photodegradation efficiency was achieved by using ZnO-ZTO mixed
nanowire catalyst. Here, the ZTO exhibited higher photocatalytic activity than ZnO nanowires. This result
demonstrated that the hetero-junctions play an important role in the photocatalytic enhancement [9,12]. An
et al. prepared ZTO nanoparticles and demonstrated
that the degradation rate of MO with ZnO-SnO2 as a
photocatalyst is faster than those with SnO2 and ZnO
as photocatalysts [10].
The photocatalytic activities of ZnO-ZTO mixed
nanowires with different average diameters are shown in
Fig.8. The degradation rate constants of the nanowires
with average diameters of 150, 300, and 500 nm can be
determined as 0.189, 0.146, and 0.047 h−1 , respectively,
which clearly indicate that nanowires with smaller diameters have higher photocatalytic efficiency.
Since nanowires have large aspect ratios, their surface areas of both ends can be neglected compared to
the side-areas. Thus, the specific surface areas of 150
and 300 nm diameter nanowires are about ∼3.3 and
1.7 times larger than that of the 500 nm nanowire.
However, the degradation rate constants of the 150
and 300 nm diameter nanowires deduced from Fig.8 are
∼4.2 and 3.1 times to that of the 500 nm nanowire.
This suggests that the increase of the photodegradation efficiency should be associated with more factors
than the specific surface area. One possible mechanism
DOI:10.1088/1674-0068/21/01/81-86
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FIG. 7 Degradation rate constant k of the ZnO-ZTO mixed
nanowires and pure ZTO nanowires with different photocatalyst concentrations. The data were collected from a solution of [MO]0 =20 mg/L, D≈300 nm in both samples.

FIG. 8 The photocatalytic activity of the ZnO-ZTO mixed
nanowires with different diameters. The corresponding
degradation rate constants are 0.047, 0.146, and 0.189 h−1
respectively. The data were collected from a solution of
[MO]0 =20 mg/L and [catalyst]=0.5 g/L.

is that the recombination of photogenerated electrons
and holes inside the nanowires decrease with decreased
diameter of the nanowires, and thus more electron-hole
pairs can reach the photocatalyst surface to enhance
the photocatalytic efficiency [4,17].
However, photocatalysis is a very complex process, and the photocatalytic activity of the ZnO-ZTO
nanowires may depend on, for example, their heterogeneity, size distribution, and/or surface/bulk compositions. Therefore, the detailed mechanism for the
enhanced photocatalytic activity of the 1D ZnO-ZTO
mixed oxide nanowires is still an open question.

IV. CONCLUSION

1D ZnO-ZTO mixed oxide nanowires with different
sizes were prepared by a thermal evaporation method.
The photocatalytic activities of the ZnO-ZTO mixed
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nanowires were studied by observing the photodegradation behaviors of MO aqueous solution. The results
indicate that the photocatalytic activities of ZnO-ZTO
mixed nanowires can be about three times higher than
either pure ZnO and ZTO nanowires. The photocatalyst concentration in the solution may affect the degradation rate obviously, and a higher photodegradation
efficiency can be achieved by using a lesser amount
of ZnO-ZTO nanowire catalyst. The optimum concentration of ZnO-ZTO mixed nanowires was 0.5 g/L.
Moreover, the photocatalytic activity can be further
enhanced by reducing the diameter of the nanowires.
Our study suggests that the photocatalytic activities
of the conventional spherical semiconductor nanocrystalline photocatalysts may be improved by mixing
one-dimensional semiconductor nanowires with different bandgaps. This improvement may be attributed
to the effects of hetero-junction, efficient electron-hole
separation and less aggregation in such one-dimensional
systems. The synergism was also found for the photodegradation of MO with physically mixed ZnO-ZTO
different ratios as photocatalysts.
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