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Abstract

Pure and Sr2þ doped ZnO crystallites were successfully synthesized via a microwave hydrothermal method using Zn(NO3)2 � 6H2O and Sr
(NO3)2 � 6H2O as source materials. The phase and microstructure of the as-prepared Zn1�xSrxO crystallites were characterized by X-ray
diffraction (XRD) and scanning electron microscopy (SEM). Ultraviolet–visible spectrum (UV–vis) and photochemical reaction instrument were
used to analyze the photocatalytic properties of the particles. XRD results show that the diffraction peaks of the as-prepared Zn1�xSrxO
crystallites shifted slightly toward lower 2θ angle with the increasing of Sr2þ doping concentration from 0% to 0.3%. The pure ZnO crystallites
with lamellar structure are found transforming to a hexagonal columnar morphology with the increase of Sr2þ doping concentration. UV–vis
analysis shows that the particles have a higher absorption in UV region with a slightly decreased of optical band (Eg) gap. The photocatalytic
activity of Sr2þ doped ZnO crystallites was evaluated by the Rhodamine B (RhB) degradation in aqueous solution under visible-light irradiation.
Compared with the pure ZnO particles, the photocatalytic properties of the Sr2þ doped ZnO crystallites are obviously improved. The
photocatalysis experiment results demonstrate that the 0.1% Sr2þ doped ZnO exhibits the best photocatalytic activity for the degradation of
Rhodamine B.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Zinc oxide (ZnO) is a semiconductor photocatalysis with a
wide direct band gap (3.3 eV) and a high free-excition binding
energy (60 meV) [1,2]. It is known as one of the important
photocatalysts due to its advantages, including the large initial
rates of activities, many active sites with high surface reacti-
vity, low price and environmental safety [3,4]. However, it
also presents some drawbacks like fast recombination rate of
the photogenerated electron–hole pair and a low quantum yield
in the photocatalytic reaction in aqueous solutions, highly
restraining its photocatalytic activity under visible light [5–7].
Recently, how to enhance the photocatalytic activity of ZnO
has drawn much attention from researchers all over the world.
It is accepted that the surface area and lattice defects play
important roles in photocatalytic activities of metal oxide
semiconductors [8–10]. Researchers also found that doping
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is an effective and facile method to improve the photocatalytic
properties because the variation of the surface area, the
incorporation of dopant ions is able to generate lattice defects
and variation of band gap energy [11,12]. Consequently,
doping of transition metals, noble metals and non-metals is a
very expedient way to improve the photocatalytic activity.
Many elements such as Al [9], Ta [13], Cr [14], La [15], Ag
[16] and I [17] have been used as dopants and showed better
photocatalytic performance.
Alkaline earth metal ions can be taken as the candidate

dopants to regulating and controlling the photocatalytic proper-
ties. Venkatachalam et al. [18] found that doping of TiO2

nanoparticles with Mg2þ and Ba2þ produces higher photo-
catalytic activities than those of undoped TiO2 nanoparticles or
commercial TiO2. Nevertheless, the entry of alkaline metal
ions into the TiO2 lattice also results in the creation of
significant lattice defects because of the charge compensation
and the ionic radius mismatch between Mg2þ (or Ba2þ ) and
Ti4þ , which may put huge uncertainties to the origin of
photoactivities. It is well documented that ZnO is superior
ghts reserved.
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semiconductor photocatalysis over TiO2 in producing hydro-
gen peroxide, which allows its uses in efficient photodegrada-
tion of organic dye [19,20]. Hence, alkaline earth metal ions
doped ZnO may also improve its photocatalytic properties
greatly. Qiu et al. [21] prepared Mg2þ doped ZnO samples by
a novel rheological phase reaction route and all Zn1�xMgxO
samples exhibit high photoactivities comparable to pure ZnO
by degrading methylene blue dye solution under UV light
irradiation. Nevertheless, the research of alkaline earth metal
ions doped ZnO to study its photocatalytic activity under
visible-light irradiation has rarely been reported. As one of the
important alkaline-earth metals, strontium is widely used for
many applications including the electronics, metallurgy, che-
mical industry, military industry, optics and some other fields,
it is also believed to be a good potential candidate material
doped ZnO structures.

It is well known that ZnO crystallites can be doped with
different ions through the hydrothermal method. Although the
preparation of the doped ZnO has good optical performance
via this method, but the conventional hydrothermal method
usually costs long time and has more difficulties in technique
[22–24]. Microwave-assisted hydrothermal (M–H) has been
considered to be one of significant methods to prepare doped
metal oxide crystallites in recent years. Microwaves energy has
been demonstrated to enhance organic chemical reaction,
increasing the net rate early in the heating process. This
method could be attributed to the difficulties in controlling the
simultaneous growth of the crystal and recombination of
interparticles by the microwave heating [25–27].

In the present work, we try to use a novel micro-
wave hydrothermal approach to prepare Sr2þ doped ZnO
(Zn1�xSrxO) crystallites and try to reveal their photocatalytic
activity under visible-light irradiation.

2. Experimental

2.1. Source materials

The starting materials used in this experiment were analy-
tical without further purification. Zinc nitrate hexahydrate (Zn
(NO3)2 � 6H2O) (analytical grade, Guangdong Guangghua Sci-
Tech Co., Ltd.) and strontium nitrate (Sr(NO3)2) (analytical
grade, Sinopharm Chemical Reagent Co., Ltd.) were used as
zinc and strontium sources, respectively. Sodium hydroxide
(NaOH) (analytical grade) was purchased from Tianjing
Hengxin Chemical Reagent Co., Ltd. Ethanol absolute (Tianj-
ing Fuyu Industry of fine chemical Co., Ltd.).

2.2. Preparation of pure ZnO and Sr2þ doped ZnO

A typical synthesis route was as follows: firstly, 30 mL
NaOH (3.2 mol/L) solution was slowly added into 30 mL Zn
(NO3)2 � 6H2O (1.6 mol/L) solution, the Zn(OH)2 precipitation
was obtained. This solution was then transferred to a Teflon-
lined autoclave of 50 mL capacity to be put into a MDS-10
Microwave Hydrothermal System (Shanghai Sineo Microwave
chemistry Co., Ltd.) and heated at 160 1C for 30 min. After the
reaction was terminated and cooled down to room temperature,
the as-prepared white precipitate was collected by filtration and
purified by washing in deionized water and absolute ethyl
alcohol for five times. Finally, the white precipitate was dried
at 60 1C in a drying cabinet for 2 h to obtain the pure ZnO
crystallites.
For the preparation of Sr2þ doped ZnO materials, different

concentrations of Sr(NO3)2 with Sr2þ from 0.1% to 0.3% were
put into 30 mL Zn(NO3)2 � 6H2O (1.6 mol/L) solution sepa-
rately. The rest steps of the preparation remain as the same as
that of pure ZnO crystallites introduced above.

2.3. Characterization

The powder X-ray diffraction patterns of as-prepared
samples were measured with an X-ray diffractometer (XRD,
D/max-2200PC, Rigaku, Japan) with Cu Kα radiation at a
scanning rate of 8 deg min�1 in the 2θ range from 151 to 701.
The surface morphology was observed with a Scanning
Electron Microscopy (SEM, HITACHI Japan). UV–vis spectra
were obtained on a Lambda 950 spectrophotometer (Perkin-
Elmer, USA).

2.4. Measurement of photocatalytic activity

Photocatalytic performance test was carried out by employing
BL-GHX-V photocatalytic reactor (Xi'an, BILOBN, Co., Ltd.)
with xenon lamp (1000 W) used as the visible-light source. Fifty
milligrams Zn1�xSrxO powders were added into 50 mL Rhoda-
mine B (RhB) aqueous solution (10 mg/L) and dispersed under
ultrasonic vibration for 10 min. The obtained suspension was
continuously stirred 30 min in darkness to ensure the establish-
ment of an adsorption–desorption equilibrium between the
powder and the RhB molecules. Then the visible light was
turned on to start the photocatalytic reaction. Five milliliters of the
mixture were withdrawn and separated by centrifuging to remove
any suspended solids at intervals of 30 min. The degradation
process was monitored by an UV–vis absorption spectrometer
(measuring the absorption of RhB at 554 nm). From the
adsorption experiments, the percentage of RhB adsorbed on the
catalyst surface was determined from the following equation:

Percentageofadsorption ¼ ðC0�CtÞ=C0 � 100% ð1Þ
Where C0 represents the initial concentration of RhB and Ct

represents the concentration of RhB after ‘t’ minutes of visible
light irradiation.

3. Results and discussion

3.1. XRD patterns of Zn1�xSrxO

In order to investigate the crystal structure lattice parameters of
the Sr2þ doped ZnO crystallites, XRD analysis is used. Fig. 1
shows the XRD patterns of pure ZnO and Sr2þ doped ZnO
crystallites. For the Sr2þ doped ZnO crystallites prepared by the
microwave hydrothermal method, the XRD analysis showed that a
secondary phase occurred in the XRD pattern when the Sr2þ



Fig. 1. (A) XRD patterns of the Zn1�xSrxO powders with different doping
concentrations of Sr2þ , (B) enlarge figure of XRD, (a) [Sr2þ ]¼0%,
(b) [Sr2þ ]¼0.1%, (c) [Sr2þ ]¼0.2%, and (d) [Sr2þ ]¼0.3%.
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content is 0.3% (Fig.1A(d)). The major phase observed in the
XRD pattern is the ZnO hexagonal wurtzite structure according to
the JCPDS standard card number 36-1451 and the secondary phase
observed in the XRD pattern is for ZnSrO2. It shows that the Sr

2þ

doping concentration is excessive at 0.3%. Form the enlarged
patterns given in Fig. 1(B), it can be found that all diffraction peaks
of ZnO slightly shift toward lower 2θ angle, indicating the increase
in crystallites parameters. This may result from the substitute of
Zn2þ (ionic radius is 0.74 Å) by Sr2þ (ionic radius is 2.45 Å),
which can be inferred that the Sr2þ ions have been infiltrated into
the lattice of ZnO crystallites. When the peak intensities of (100)
and (101) planes are compared, it can be further concluded that the
doping of Sr2þ into ZnO crystal structure could also improve the
crystallization of ZnO, which may result in the change of the unit
cell parameter, crystallites size and active defect sites in ZnO [28].

3.2. SEM images of Zn1�xSrxO

SEM surface images of the samples are shown in Fig. 2. As
is shown in the Fig. 2(a), the structure of pure ZnO exhibited a
lamellar-like structure with size ranges from 200 to 300 nm.
This morphology was then found transformed into a granule-
like structure with minimum size lower than 100 nm, which
may cause stronger inner stress and lead to generation of more
defects in the ZnO lattices when the Sr2þ doping concentra-
tion is set to 0.1% (Fig. 2(b)). With the increase of the Sr2þ

doping concentration from 0.2% to 0.3% (Fig. 2(c) and (d)),
the as-prepared ZnO shows a hexagonal columnar morphology
finally. Based on the above observation, it can be concluded
that the morphologies of Sr2þ doped ZnO are significantly
different from the pure ZnO.

3.3. UV–vis absorption spectra and band gap analysis

The UV–vis absorption spectra of the prepared crystallites
are shown in Fig. 3. It can be seen that there exists a strong
absorption edge below 400 nm for all samples. With the
increase of Sr2þ doped content, the absorption edge moves
toward the high wavelength. Another significant and observa-
ble change locates the enhanced absorption in the visible-light
region ranging from 400 to 700 nm for the Sr2þ doped ZnO
(indicated by arrows), when compared with pure ZnO. This
result can be attributed to the charge transfer between the ZnO
valence or conduction band and the Sr2þ ion 5 s level [29].
This also proves that the Sr2þ ions are doped into the lattices
of ZnO, which generates more active defect sites. As a result,
more visible-light is absorbed via these active defect sites,
which may lead to a higher photocatalytic activity of the doped
ZnO crystallites in visible-light regions.
In order to determine the optical band gap energy (Eg) from

the absorption spectra, a Tauc-plot analysis of the variation of
the absorption coefficient (α) is employed by using the
following equation:

α¼ Aðhv�EgÞ1=2=hv ð2Þ
Where Eg is the optical band gap of the samples, v is the light
frequency, h is the Plank constant and A is the proportionality
coefficient [30]. Fig. 4 shows the plots of (αhv)2 versus (hν) for
the Zn1�xSrxO samples. Extrapolations of the linear portions
of the plots onto the energy axis were used to estimate the
values of Eg. Clearly, the band gap decreases slightly with the
increase of Sr2þ doping concentrations. The shift of band gap
may result from the change of ZnO lattice constant which will
lead to the lattice distortion. It can generate more defects in the
ZnO lattice and result in the change in absorption of light and
the photocatalytic performance [31]. In addition, when the
Sr2þ doping concentration reaches 0.1%, the ZnO exhibits the
smallest band gap of 3.174 eV and the corresponding best
absorption ability in visible-light region.

3.4. Photocatalytic activity of Zn1�xSrxO

The photocatalytic activity of the as-prepared products is
detected by the degradation of RhB under visible-light, as is
shown in Fig. 5. The 30 min blank test shows that RhB is
hardly decomposed without visible light irradiation. As can be
seen from the Fig. 5(A), the Sr2þ doping ZnO exhibits higher
photocatalytic activity than that of pure ZnO. When the Sr2þ



Fig. 2. SEM images of the Zn1�xSrxO powders with different doping concentrations of Sr2þ . (a) [Sr2þ ]¼0%, (b) [Sr2þ ]¼0.1%, (c)[Sr2þ ]¼0.2%, and
(d) [Sr2þ ]¼0.3%.

Fig. 3. UV–vis absorption spectra of the as-prepared Zn1�xSrxO powders with
different doping concentrations of Sr2þ .

Fig. 4. The relationship between (αhν)2 and hν of the Zn1�xSrxO powders
with different doping concentrations of Sr2þ .
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doping content exceeds 0.1%, the photocatalytic activity of the
doped crystallites decreases with the increase of Sr2þ doped
concentration. Hence, the order of the photocatalytic activities
of the Sr2þ doped ZnO with different Sr2þ doping concentra-
tions is as follows: 0.1%40.2%40.3%40%. The 0.1%
Sr2þ doped ZnO photocatalyst exhibits the highest photo-
catalytic decolorization efficiency with RhB concentration
reduced by as much as 92% after 180 min irradiation. The
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detailed results of the adsorption spectra during the photo-
catalytic degradation process of 0.1% Sr2þ doped ZnO are
displayed in Fig. 5(B).

The above XRD, SEM and UV–vis absorption spectra
analyses results reveal that when the Sr2þ doping content is
0.1%, compared with the pure ZnO and other Sr2þ doping
content powders, it has the minimum particle size, more lattice
defects, maximum specific surface areas, strongest absorption
Fig. 5. (A) Photocatalytic properties of the Zn1�xSrxO powders with different
doping concentrations of Sr2þ . (B) Visible-light spectral degradation of RhB
by Zn1�xSrxO prepared at the Sr2þ -doping concentration of 0.1%.

Fig. 6. Schematic representation of photoca
in the visible-light region and smallest band gap. These
characteristics are beneficial for the improvement of photo-
catalytic activity. When the Sr2þ doped concentration further
increased, better crystallization with increased particle size will
lead to small specific surface area with narrowed absorption in
the visible-light region and decreased active and valid defects
for photodegradation. In addition, excessive Sr2þ ions may
lead to the recombination of photogenerated electrons and
holes, decreasing the photocatalytic activity of ZnO [32–38].
To further understand how the defects improve the photo-

catalytic properties, the corresponding photocatalytic process
needs discussing, which is represented in Fig. 6. When light
with energy higher or equal to the band gap energy is
irradiated to the semiconductor surface, a photo excited
valence band electron is promoted to the conduction band,
leaving behind a hole in the valence band to create electron–
hole pairs. Then the defects benefit the efficient separation of
the generation of the (e�/hþ ) pairs, which can lead to the
formation of hydroxyl radicals (dOH) and superoxide radical
anions (O2

�). These radicals are the oxidizing species in the
photocatalytic oxidation processes. During the photocatalytic
process, the hydroxyl radical is recognized to be the most
powerful oxidizing species which can attack organic pollutants
at or near the surface of photocatalyst and make them into
water and carbon dioxide. High charge separation rate is
beneficial to form hydroxyl radical, which favors the decolor-
ization of RhB. Based on the discussion mentioned above, it
can be concluded that more active defect sites may provide
much help to improve products' photocatalytic properties.
In this study, the Langmuir–Hinshelwood (L–H) model is

used to describe the heterogeneous photocatalytic reaction
between the Zn1�xSrxO crystallites and the RhB solution. The
L–H kinetic equation is as follows [39]:

r¼ kK½C�=ð1þK½C�Þ ð3Þ

Where r is the degration rate for RhB, K is the adsorption
coefficient for RhB on the surface of the Zn1�xSrxO crystal-
lites, k is the surface pseudo-first-order rate constant and C
is the concentration of the RhB solution. If the adsorption
coefficient on the surface of the Zn1�xSrxO crystallites is too
small, so that 1»K[C], and the L–H kinetic equation reduce to
talytic reaction in Zn1�xSrxO powders.



Fig. 7. Relationship between ln(C0/Ct) and visible-light irradiation time of Zn1�xSrxO powders with different doping concentration of Sr2þ . (a) [Sr2þ ]¼0%,
(b) [Sr2þ ]¼0.1%, (c)[Sr2þ ]¼0.2%, and (d) [Sr2þ ]¼0.3%.

Table 1
Parameter and linear kinetic equation of photocatalytic reaction.

Sr2þ (mol%) Kc First-order kinetic equation R2

0 0.01151 0.01151tþ0.00113 0.94453
0.1 0.05918 0.05918tþ0.00301 0.98468
0.2 0.03731 0.03731tþ0.0032 0.95748
0.3 0.02377 0.02377tþ0.00235 0.94389
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the following simple first-order kinetic law:

lnðC0=CtÞ ¼Kct ð4Þ
Where Kc is the rate constant, C0 and Ct represent initial
equilibrium concentration of RhB and the reaction concentra-
tion of RhB, respectively.

Then the straight lines can be got by using regression fitting
techniques, and their slopes correspond to the first-order
kinetic rate constant (Kc), as is shown in Fig. 7. The calculated
Kc, the corresponding first-order kinetic equation and the R2

values are summarized in Table 1.
The fastest degradation rate for the decomposition of the

RhB solution is obtained from the 0.1% Sr2þ doped ZnO
crystallites when the ZnO crystallites were prepared by the
microwave hydrothermal method. This can be explained by the
more active centers of the powders.

4. Conclusion

ZnO crystallites were successfully doped with different
amounts of Sr2þ via a microwave hydrothermal method.
Results show that the increasing the doping concentration of
Sr2þ led to the increase of ZnO crystal lattice with morphol-
ogy change from lamellar-like into a hexagonal columnar
structure. UV–vis results further present that these ZnO
crystallites exhibit higher absorptions in visible-light region
with decreased optical band gaps when increasing the Sr2þ

doping concentration. Moreover, the Sr2þ doped ZnO crystal-
lites are found to have enhanced photocatalytic activity than
pure ZnO under visible-light irradiation. Our research suggests
that Sr2þ doped ZnO crystallite may be a potential candidate
for the practical application in photocatalytic degradation of
organic contaminant.
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