JOURNAL OF OPTOELECTRONICS AND ADVANCED MATERIALS Vol. 19, No. 1 -2, January — February 2017, p. 96 - 101

Tunable nanoporosity in Sr-doped ZnO thin films by
thermal annealing treatment and its effect on
photocatalytic activity

LINHUA XUa’b’C’*, FENGLIN XIANa’b, YULIN CHEN?, JUHONG MIAO?, JING SU?, SHIXIN PEI*, FANG GU?,
LIMING QIAN?

“School of Physics and Optoelectronic Engineering, Nanjing University of Information Science & Technology,
Nanjing 210044, China

bOptics and Photonic Technology Laboratory, Nanjing University of Information Science & Technology,

Nanjing 210044, China

“Jiangsu Research Center for Ocean Survey Technology, Nanjing University of Information Science & Technology,
Nanjing 210044, China

In this work, Sr-doped ZnO thin films are prepared by sol-gel technique and annealed at various temperatures. The crystal
structure of the samples is analyzed by X-ray diffraction (XRD); surface and sectional morphologies are observed by
scanning electron microscopy (SEM). The XRD patterns show that all the films crystallize in a wurtzite phase and have a
preferential orientation along the c-axis. The SEM morphology images reveal that all the Sr-doped ZnO thin films have a
porous structure and the pore size changes with the rise of annealing temperature. When the annealing temperature is
500 °C, the porosity in the films is highest. The photocatalytic tests of these samples show that all th e porous ZnO thin films
exhibit better photocatalytic performance than pure ZnO thin films; and the sample annealed at 500 °C exhibits the highest

photocatalytic activity, which should be attributed to the higher porosity and stronger light absorption.
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1. Introduction

In recent years, the industry in some developing
countries gains rapid development, but at the same time,
the serious environmental pollution has been made due to
lack of environmental protection consciousness or related
environmental protection techniques. The environmental
pollution mainly includes air and water pollution; and the
water pollution is more serious in most countries. For
example, many rivers and lakes in China have been
polluted by industrial wastewater so that the water in them
is no longer able to be drunk and irrigated directly.
Therefore, how to effectively solve these environmental
pollution problems has received widespread attention.
Nowadays, the photocatalytic technique as a new method
to tackle the environmental pollution problems has been
paid much attention in many countries because it utilizes
solar energy and almost does not produce pollutants. The
semiconductor photocatalyst is the key factor in the
photocatalytic technique. The widely investigated
photocatalysts currently include TiO,, ZnO, SnO,, Fe,0;,
and so on. Among these semiconductor photocatalysts,

ZnO is the most investigated material after TiO, [1-7].
This is because ZnO has a comparable photocatalytic
performance to TiO,; even in cases, ZnO
nanomaterials have a better photocatalytic performance
than TiO, nanomaterials [8, 9]. Furthermore, ZnO
nanomaterials are easily prepared by some facile methods.

ZnO nanoparticle is the most widely used
photocatalyst form for ZnO materials. Because
nanoparticles possess high specific surface area, lots of
surface active sites and strong light-absorption ability,
ZnO nanoparticles usually exhibit excellent photocatalytic
activity [10-14]. However, these nanoparticles are hard to
be separated from water after photocatalytic degradation is
finished, which is possible to cause a second pollution.
Thus, exploring substrate-supported ZnO materials like
ZnO thin films as photocatalysts is an inevitable choice
[15-17]. Compared with ZnO nanoparticles, although ZnO
thin films are easily separated from liquid and to be
recycled, they also have some inevitable shortcomings,
such as low specific surface area, reduced light-absorption
ability, smaller probability for photoinduced carriers inside
the films to migrate to film surface to react with pollutants,

some
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etc. These shortcomings deteriorate the photocatalytic
performance of ZnO thin films to some extent. In order to
improve the photocatalytic activity of ZnO thin films,
some methods are adopted including doping other ions in
ZnO thin films [18, 19], surface modifications [20],
forming composite thin films with other materials [21],
making porous structure in ZnO films [22, 23], etc. Among
these methods, the relatively facile and cost-effective
method is the last one, and the porous ZnO thin films also
displayed high photocatalytic activity [22]. Therefore, to
develop porous ZnO thin films with low production cost,
high photocatalytic activity and good reusability becomes
a hot research topic [24].

In this study, Sr-doped ZnO thin films were prepared
and annealed at different temperatures. It was found that
annealing temperature had a great effect on the porosity.
The change of the porosity in turn influenced the
photocatalytic activity of the ZnO films. The details about
the evolution of the porosity with the increase of annealing
temperature as well as the photocatalytic activity of the
films were described below.

2. Experiments

Sr-doped ZnO thin films were deposited by sol-gel
method. Firstly, a ZnO sol was prepared using zinc acetate,
strontium chloride, anhydrous alcohol, monoethanolamine
as precursor, dopant, solvent and stabilizer, respectively.
The molar ratio of Sr/Zn is 0.02 in the sol. The sealed ZnO
sol was aged in dark for 24 hours, and then Sr-doped ZnO
thin films were deposited by spin-coating the sol on glass
and Si substrates. The as-prepared Sr-doped ZnO thin
films were annealed respectively at 400, 450, 500 and
550 °C for one hour. Since that the glass substrates will
be deformed badly when the annealing temperature is
beyond 550 °C, there is no higher temperature annealing
treatment to be performed. Under the same conditions, a
pure ZnO thin film was prepared and annealed at 500 °C
for one hour.

The crystal structures of the samples were determined
by an X-ray diffractometer (Bruker D8 Advance).The
surface and section morphology of the samples was
observed by a field emission scanning electron microscope
(S-4800). The chemical composition of the films was
analyzed by an energy dispersive X-ray spectrometer
attached to the SEM. The transmittance of the films and
the absorbance of methylene blue aqueous solution were
recorded by a spectrophotometer (TU-1901).

The photocatalytic activity of the films was tested
using the methylene blue (MB) as a simulated pollutant.
The concentration of methylene blue in aqueous solution is
5 mg/L; the effective area of the films is 1.5x1.5 cm®; the
light source is an Hg lamp. Before a photocatalytic test,
the MB solution containing a ZnO thin film was placed in

the dark for 30 min to allow adsorption-desorption
equilibrium; then the solution was exposed to light
irradiation. At an interval of 20 min, the absorbance at 664
nm of the MB solution would be measured to decide the
degradation rate of MB in the solution. The degradation
rate was calculated by the following formula:

C,-C A, - A

0

x 00% =

n x 00% (1)

Where 77 is degradation rate, C; and A, is the
MB concentration and absorbance before light irradiation,
C and A is the MB concentration and absorbance after
the solution is exposed to light irradiation for 120 min.

3. Results and discussion

3.1. The crystal structures and morphology
features of the ZnO thin films

Fig. 1 shows the XRD patterns of the Sr-doped ZnO
thin films annealed at different temperatures. All the
diffraction peaks in the patterns can be indexed to wurtzite
structured ZnO, indicating the ZnO samples have a pure
phase. The strong (002) peak suggests that the ZnO thin
films are preferentially oriented along the c-axis direction
perpendicular to the substrate surface. With the increase of
annealing temperature, the (002) peak is gradually
enhanced and its full width at half maximum is decreased,
indicating the crystalline quality of the films is improved
and the ZnO crystal size is increased. The similar results
have been also reported by others [25-27].

200 —— pure ZnO 500 C
100
0 T T T T T - -
450 4
300 o —— Sr-doping 550 C
150 | ié:i
— 0 ]
3: T T T - T . :
5 200 . _
2 100 -\—L —— Sr-doping 500°C
7]
c 0 |
g T T T T T r .
=g
1 ] —— Sr-doping 450°C
50 1 _m]
0 ] i | WI
120 4
80 Sr-doping 400 C
40 ]
0

20 30 40 50 60 70 80
20 (degree)
Fig. 1. XRD patterns of the samples
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Fig. 2. displays surface and section morphology
images of the Sr-doped ZnO thin films annealed at
different temperatures. The pure ZnO thin film has
uniform grains, dense structure and smooth surface.
However, all the Sr-doped ZnO thin films show a porous
feature and these pores not only distribute on the film
surface but also nearly throughout the whole films. This
kind of special porous structure is favorable for film
applications in photocatalytic degradation and chemical
sensing. With the rise of annealing temperature, both the
porosity and average pore size gradually increase. When
the annealing temperature rises to 500 °C, the porosity of
the film reaches the maximum. However, when the
annealing temperature is further increased, the porosity
and pore size decrease again. This probably means that
500 °C is the optimal annealing temperature for obtaining
a maximum porosity in Sr-doped ZnO thin films. With the
increase of annealing temperature, the variation of the
porosity in Sr-doped ZnO thin films is mainly connected
with the special interactions between the films and
substrate interface due to the different thermal energy as
well as the lattice distortion originating from Sr-doping
[28]. Previously, Teng et al. [28] found that the
morphology of the Tb doped ZnO thin films was
significantly changed with the rise of annealing
temperature; they deemed that the morphology change was
induced by Tb-doping and annealing treatment. From Fig.
2 (i), it can be seen that there are some small grains to
appear on the Sr-doped ZnO thin film annealed at 550 °C,
while the similar phenomena is not observed for other
films. Therefore, the occurrence of these small grains
should result from higher annealing temperature. The
high-temperature annealing caused the second growth of
ZnO thin films. The similar results have been reported by
others. For instance, Chen et al. [29] prepared In-doped
ZnO thin films by sol-gel method. When the In-doped
ZnO thin films were annealed at temperatures above
600 °C, some rod-like structures occurred on the film
surface, which resulted from the recrystallization and
growth of ZnO thin films. Furthermore, the film thickness
of all the Sr-doped ZnO thin films increases compared
with that of the pure ZnO thin film as shown in sectional
morphology images. This is mainly induced by the porous
structures of the Sr-doped ZnO thin films.

Fig. 2. Surface and section morphology images of the

pure ZnO thin film (a, b), and Sr-doped ZnO thin films

annealed at 400 °C (c, d), 450 °C (e, ), 500 °C (g, h) and
550°C G, j)

Fig. 3 shows a typical EDX spectrum of the Sr-doped
ZnO thin film. Besides Zn, O and Sr, there are still the
signals of C and Si in the spectrum. The C should originate
from CO, or CO absorbed on the film surface and Si
should originate from the Si substrate. The above result
means that the deposited ZnO thin films in this study are
very pure.
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Fig. 3. A typical EDX spectrum (a) and the surface
region of the Sr-doped ZnO thin film (b)

3.2. The photocatalytic activity of the Sr-doped
ZnO thin films with various annealing
temperatures

Fig. 4 gives the transmittance spectra of the films. The
pure ZnO thin film and Sr-doped ones annealed at 400 and
450 °C all show high transmittance in the visible range as
well as a sharp absorption edge at 375 nm or so. The
absorption edge is almost perpendicular to the horizontal
axis, implying a direct transition of electrons between
conduction band and valence band. With the further
increase of annealing temperature, the transmittance of
Sr-doped ZnO thin films in the visible range decreases.
This is mainly because the porosity is largely enhanced.
The higher porosity leads the incident light to be more
scattered inside the films, in turn leading more light to be
absorbed. Compared with the Sr-doped ZnO thin film
annealed at 500 °C, the pure ZnO thin film displays
higher transparency since it has a dense structure, smooth
surface and uniform grains.
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Fig. 4. Transmittance spectra of the samples

In order to investigate the photocatalytic performance
of the porous ZnO thin films, the photocatalytic
degradation of MB was performed. Fig. 5 (a) exhibits the
plots of MB absorbance vs degradation time using the
Sr-doped ZnO thin film annealed at 400 °C as a
photocatalyst and (b) gives the degradation rate of all the
samples. It can be seen form Fig. 5 (a) that MB in the
solution is decomposed gradually with the extension of
reaction time. After photodegradation is carried out for
120 min, all the porous ZnO thin films achieve higher
degradation rate than the pure ZnO thin film. This should
be ascribed to that the porous structure increases the
specific surface area of the films so that the porous films
can contact more organic pollutants. Furthermore, the
more surface active sites due to Sr-doping are probably
also another factor for enhanced photocatalytic
performance [14]. The Sr-doped ZnO thin film annealed at
500 °C obtains the highest degradation rate of 82%,
which is far above that of pure ZnO thin films. It is related
with three factors: (1) higher porosity makes the film
annealed at 500°C have higher specific surface area,
which in turn leads it to contact more pollutants; (2) the
photoinduced carriers are easier to move to grain surface,
decreasing the probability of recombination inside the film;
(3) the pores are almost throughout the whole films rather
than on the film surface, leading more light to be absorbed
due to more scattering inside the film. All these factors
resultantly let the sample annealed at 500 °C obtain the
highest degradation rate.
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Fig. 5. The absorption spectra of MB solution at different
reaction time (a ) and degradation rates of the ZnO thin

films (b)

In order to quantitatively evaluate the characteristic of
the photocatalytic reaction of the films, the kinetics is
studied based on photocatalytic degradation of MB. Fig.
6(a) shows the change of C/C, with the increase of
degradation time, and (b) gives the values of In C/C, at
different degradation time. It 1is clear that the
photocatalytic reaction in the MB solution obeys the
first-order kinetics and it can be simply described by the
following formula [30]:

In(C/C)=-1 )

Where C,is the initial concentration of MB, C'is
the MB concentration after the photocatalytic reaction is
performed for t minutes, t is the reaction time, k is the
degradation rate constant. The calculated degradation rate
constants are listed in table 1, from which it can be seen
that the Sr-doped ZnO thin film annealed at 500 °Cshows
the highest degradation rate constant.
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Fig. 6. The plots of C/Cyand In(C/Cy) vs reaction time (t)
of the samples

Table 1. The calculated reaction rate constant of the films

Sample | Pure ZnO Sr-doping | Sr-doping | Sr-doping | Sr-doping
500°C 400°C 450°C 500°C 550°C
k (min™) | 0.0076 0.0098 0.0126 0.0155 0.0138

All the above results suggest that annealing the
Sr-doped ZnO thin film at 500 °C is a feasible method for
obtaining porous ZnO thin film with high photocatalytic
activity.
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4. Conclusion

In this work, a facile method for fabrication of porous
ZnO thin films is explored. The results show that for the
Sr-doped porous ZnO thin films, the porosity will change
with the increasing annealing temperature; the sample
annealed at 500 °C possesses the highest porosity. The
feature of the porous structure is that it not only distributes
on the film surface but also nearly throughout the whole
film. As a result, the special porous structure greatly
enhances the specific surface area, making the film contact
more pollutants. Furthermore, the special porous structure
induces more scattering of incident light and increases
light absorption, resulting in more photoinduced carriers.
The photocatalytic degradation of MB demonstrates that
these porous ZnO thin films possess good photocatalytic
performance.
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