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a  b  s  t  r  a  c  t

Nanocrystalline  ZnSb2O6 with  small  particles  size  and  large  BET  specific  area  (131.4  m2/g)  was  success-
fully  prepared  via  a facile  hydrothermal  method  directly  from  Sb2O5 and  was  fully  characterized  by  X-ray
diffraction  (XRD),  N2-sorption  BET  surface  area,  UV–vis  diffuse  reflectance  spectroscopy  (DRS),  scanning
electron  microscopy  (SEM),  transmission  electron  microscopy  (TEM),  and  high-resolution  transmission
electron  microscopy  (HRTEM).  The  as-prepared  ZnSb2O6 showed  photocatalytic  activity  for  the  degra-
eywords:
ntimonate
ydrothermal
hotocatalysis
lectronic structure

dation  of  typical  dyes  rhodamine  B  (RhB)  and  methyl  orange  (MO)  in the  aqueous  solution  under  UV
irradiations.  The  electronic  structure  of  ZnSb2O6 was  studied  by density  functional  theory  (DFT).  The
different  photocatalytic  performance  between  ZnSb2O6 and  Sr2Sb2O7, another  ternary  antimonate  photo-
catalyst,  can  be explained  in  terms  of  their  different  electronic  structures  and  different  crystal  structures.
ensity functional theory

. Introduction

Semiconductor-based photocatalytic oxidation has been estab-
ished to be one of the most promising technologies for the
nvironment remediation and has been employed in the treatment
f all kinds of organic contaminants [1–3]. The effective application
f photocatalysis in environmental remediation requires that the
hotocatalysts should have high photocatalytic efficiency. There-
ore, during the past decade, a tremendous effort has been devoted
o the development of new photocatalysts [4–11]. In addition to

etal and non-metal ions doped TiO2, single-phase-oxide-based
hotocatalysts consist of both d0 and d10 central cations as well as a
eries of sulfides have been developed so far. However, some photo-
atalysts lack the long-term stability, while some show low activity,
r require rigorous synthetic condition. The development of a new
hotocatalyst with high performance is still a great challenge in
hotocatalysis so far.

Recently, we and others have found that some metal oxides con-
ist of central ion of Sb5+, like M2Sb2O7 (M = Sr2+ and Ca2+) [12,13],
bSb2O6 [14], BiSbO4 [15,16] and MSb2O6 (M = Ca, Sr and Ba) [17]
howed photocatalytic activity for the degradation of benzene and
rganic dyes. All these antimonate-based photocatalysts contain

istorted Sb–O polyhedra in their structure and imply that dis-
orted Sb–O polyhedra may  be the photocatalytic active. It would
e interesting to explore the photocatalytic performance of other

∗ Corresponding author. Fax: +86 591 83779105.
E-mail address: zhaohuili1969@yahoo.com (Z. Li).
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ternary antimonates with distorted Sb–O polyhedra and to eluci-
date the influence of the incorporated second metal ions on their
photocatalytic activity.

ZnSb2O6 is another ternary antimonate which crystallizes in
a tetragonal structure. The structure of ZnSb2O6 is built up from
two edge-sharing SbO6 octahedra (along c axis), sharing their cor-
ners with two other SbO6 octahedra. Zn atoms are placed in the
interstitials of SbO6 octahedra. SbO6 octahedra in ZnSb2O6 are dis-
torted with three different Sb–O bonds (1.995, 1.998 and 2.011 Å).
The existence of distorted SbO6 octahedra in ZnSb2O6 stimulates
us to study its photocatalytic performance. However, the only
reported synthetic method for ZnSb2O6 is the solid state reac-
tion method. It is generally known that products obtained via the
solid state process are not favorable for the photocatalytic reac-
tion since they usually contain undesirable phase and are usually
inhomogeneous due to the high temperature sintering process. Soft
chemical methods, such as hydrothermal/solvothermal method
have been demonstrated to be effective methods in the preparation
of nanocrystalline metal oxides with large specific surface area. Our
previous study has found that nanocrystalline Sr2Sb2O7 prepared
from Sb2O5 via a hydrothermal method possesses high specific area
and shows higher photocatalytic activity as compared to Sr2Sb2O7
prepared via a traditional solid state reaction [13]. It would be
interesting to see whether such a facile hydrothermal method can
also be applied to the preparation of other nanocrystalline ternary

antimonates, such as ZnSb2O6.

In this manuscript, we reported the synthesis of nanocrystalline
ZnSb2O6 with small particle size and large BET specific surface area
from Sb2O5 via a facile hydrothermal method. The photocatalytic

dx.doi.org/10.1016/j.molcata.2011.08.023
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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W.  Liu et al. / Journal of Molecular Catalysis A: Chemical 349 (2011) 80– 85 81

F s. (�

p

a
(
t
s
(
s
a
p
e
d

2

2

f
p
S
(
t
s
s
m
d
T
t
w
a

2

D

ig. 1. (a) XRD patterns of the samples prepared at 180 ◦C for 48 h with different pH
H  1; (d) UV-DRS of ZnSb2O6 prepared at pH 1.

ctivity for the degradation of typical dyes such as rhodamine B
RhB) and methyl orange (MO) over the as-prepared nanocrys-
alline ZnSb2O6 was for the first time revealed. The electronic
tructure of ZnSb2O6 was studied by the density functional theory
DFT). Although the as-prepared ZnSb2O6 shows a larger specific
urface area, its photocatalytic activity is lower as compared to
nother ternary antimonate photocatalyst Sr2Sb2O7. The different
hotocatalytic performance between ZnSb2O6 and Sr2Sb2O7 can be
xplained in terms of their different electronic structures and their
ifferent crystal structures.

. Experimental

.1. Syntheses

All of the reagents were of analytical grade and used without
urther purification. Nanocrystalline ZnSb2O6 samples were pre-
ared by a hydrothermal method using Zn(CH3COO)2·2H2O and
b2O5 as starting materials. In a typical procedure, Sb2O5 powder
0.9705 g, 3.0 mmol) was added to 8 mL  aqueous solution con-
aining Zn(CH3COO)2·2H2O (0.6585 g, 3.0 mmol) under vigorous
tirring. The pH of the resulting mixture was adjusted by nitric acid
olution or sodium hydrate solution under vigorous stirring. The
ixture was loaded into a 23 mL  Teflon-lined autoclave, filled with

e-ionized water up to 70% of the total volume and sealed tightly.
he autoclaves were kept at 180 ◦C for 48 h. After cooling to room
emperature, the precipitate was collected, washed with distilled
ater and absolute ethanol for several times, and then dried in air

t 80 ◦C.
.2. Characterizations

X-ray diffraction (XRD) patterns were collected on a Bruker
8 Advance X-ray diffractometer with CuK� radiation. The accel-
) ZnSb2O6; (�) Sb6O13; (b) and (c) TEM and HRTEM images of ZnSb2O6 prepared at

erating voltage and the applied current were 40 kV and 40 mA,
respectively. Data were recorded at a scanning rate of 0.004◦ 2�
s−1 in the 2� range of 10–70◦. It was used to identify the phase
present and their crystallite size. The crystallite size was calcu-
lated from X-ray line broadening analysis by Scherer equation:
D = 0.89�/  ̌ cos �, where D is the crystal size in nm,  � is the CuK�

wavelength (0.15406 nm),  ̌ is the half-width of the peak in rad, and
� is the corresponding diffraction angle. The specific surface area of
the samples was  measured by nitrogen sorption at 77 K on ASAP
2020 instrument and calculated by the BET method. UV–visible
absorption spectra (UV-DRS) of the powders were obtained for
the dry-pressed disk samples using a UV–visible spectrophotome-
ter (Cary 500 Scan Spectrophotometers, Varian, USA). BaSO4 was
used as a reflectance standard in the UV–visible diffuse reflectance
experiment. The transmission electron microscopy (TEM) and
high resolution transmission electron microscopy (HRTEM) images
were measured by JEOL model JEM 2010 EX instrument at the accel-
erating voltage of 200 kV. The powder particles were supported on
a carbon film coated on a 3 mm diameter fine-mesh copper grid. A
suspension of the sample in ethanol was sonicated and a drop was
dripped on the support film. Morphology of the sample was  char-
acterized by field emission scanning electron microscopy (SEM)
(JSM-6700F).

2.3. Photocatalytic activity measurements

The photocatalytic activity of the as-prepared nanocrystalline
ZnSb2O6 was  evaluated by the degradation typical dyes RhB and
MO in an aqueous solution under UV irradiations. Four 4-W UV

lamps with a wavelength centered at 254 nm (Philips, TUV 4W/G4
T5) were used as illuminating source. Aqueous photocatalytic reac-
tions were performed in a quartz tube with 4.6 cm inner diameter
and 17 cm length. 150 mg  of ZnSb2O6 was added into 150 mL of RhB
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Fig. 2. (a) Nitrogen adsorption–desorption isotherm and (b) pore size distribution plot for ZnSb2O6 prepared at pH 1.

Fig. 3. (a) Temporal changes of RhB concentration as monitored by the UV–vis absorption spectra at 554 nm over illuminated ZnSb2O6, illuminated P25 and UV irradiations
only;  (b) temporal absorption spectral patterns of RhB during the photodegradation process over the as-prepared ZnSb2O6; (c) cycling runs in the photocatalytic degradation
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f  RhB over illuminated ZnSb2O6.

olution (10−5 mol/L) and stirred overnight before irradiation to
nsure that adsorption/desorption equilibrium had been reached.
t given irradiation time intervals, 4 mL  of the suspensions were
ollected, centrifuged, and filtered through a Millipore filter to sep-
rate the photocatalyst particles. The degraded solutions of RhB and
O were analyzed by a Varian Cary 500 Scan UV–vis spectropho-

ometer. The absorption peak at 554 nm for RhB was monitored. The
ercentage of degradation is reported as C/C0. C is the absorption
f RhB at each irradiated time interval of the maximum peak of the
bsorption spectrum at wavelength 554 nm.  C0 is the absorption
f the starting concentration when adsorption/desorption equilib-

ium was achieved. The measurement of the photocatalytic activity
f ZnSb2O6 for the degradation of MO  is similar to that of RhB except
hat the initial concentration of MO is 20 ppm. The absorption peak
t 464 nm for MO  was monitored.
2.4. Theoretical calculations

The structural optimizations of ZnSb2O6 and Sr2Sb2O7 were per-
formed by using the projector-augmented wave (PAW) formalism
of DFT, as implemented in the Vienna ab initio simulations pack-
age (VASP) [18–21],  and the Perdew–Burke–Ernzerhof (PBE) type
exchange-correlation was adopted [22]. In the calculations, the cell
shape and the atomic positions were allowed to be relaxed at an
energy cutoff of 400 eV and a 5 × 5 × 5 Monkhorst–Pack k-point
grid.
3. Results and discussion

The XRD patterns of the resultant products through the
hydrothermal process at 180 ◦C for 48 h under different pH value
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re shown in Fig. 1a. It is observed that the pH value plays an impor-
ant role in controlling the composition of the final products. For
H value in the region of 1–7, pure ZnSb2O6 (JCPDS 751037) can
e obtained. When pH value is 9, the resultant product is a mix-
ure of ZnSb2O6 and Sb6O13. When pH value is higher than 12,
nly Sb6O13 can be obtained. This indicates that pure ZnSb2O6 can
nly be obtained under acidic condition. The XRD pattern of the as-
repared ZnSb2O6 sample shows that the peaks are wide, indicating
hat the average crystallite sizes of the ZnSb2O6 samples are small.
he average crystallite sizes calculated from the Scherrer equation
re about 6 nm for ZnSb2O6 sample prepared when pH value is 1.

Unlike Sr2Sb2O7, which are obtained under strong basic condi-
ion, pure ZnSb2O6 can only be obtained under acidic condition. The
nable to obtain ZnSb2O6 under strong basic condition can be well
xplained by the amphoteric nature of the zinc ion. It is generally
nown that under high pH value, Zn ion exists as Zn(OH)4

2− and the
ominant species of Sb(V) exists as Sb(OH)6

−. It would be difficult
or the anionic Zn(OH)4

2− to react with the anionic Sb(OH)6
− to give

nSb2O6 nanoparticles. On the contrary, under acidic condition,
b2O5 exists mainly as (HSb2O6)− [23], which can react with Zn2+

o give ZnSb2O6 nanoparticles. The chemical reactions involved can
e formulated as follows:

b2O5 + H2O → [HSb2O6]− + H+

HSb2O6]− + Zn2+ → ZnSb2O6 + H+

The typical TEM image of ZnSb2O6 prepared at pH value of 1
s shown in Fig. 1b. The as-prepared ZnSb2O6 consists entirely of
mall particles with average size at around 6 nm, which is consis-
ent with the result obtained from Scherrer formula. The HRTEM
mage shows clear lattice fringes (Fig. 1c). The fringes of d = 0.33 nm

atches that of the (2 2 0) plane of ZnSb2O6. The EDS indicates the
resence of Zn, Sb and O. The atomic ratio of Zn and Sb is about
toichiometry 1:2 and indicates that no impurity exists. The UV-
RS spectra of ZnSb2O7 show that the absorption edge locates at
a. 370 nm,  corresponding to a band gap of about 3.3 eV (Fig. 1d).
he N2-sorption isotherm for the as-prepared ZnSb2O6 exhibits
tepwise adsorption and desorption (type IV isotherm), indicative
f a mesoporous solid. The average pore size for the as-prepared
nSb2O6 is 4.0 nm with a narrow distribution of pore size (Fig. 2).

his porosity is originated from the inter-particle porosity as evi-
enced in the TEM image. The BET specific surface area for the
s-prepared ZnSb2O6 is determined to be 131.4 m2/g. Therefore the
ydrothermal method is a practical method in the preparation of
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ig. 5. Band structures of (a) ZnSb2O6 and (b) Sr2Sb2O7, and (c) the joint DOSs (JDOS) of 

nergy zero.
Fig. 4. Temporal changes of MO  concentration as monitored by the UV–vis absorp-
tion spectra at 464 nm on the as-prepared ZnSb2O6 and Sr2Sb2O7.

nanocrystalline ZnSb2O6 with small particles and large BET specific
surface.

The photocatalytic activity of the as-prepared ZnSb2O6 was
evaluated by the degradation of typical dyes RhB and MO  under UV
light irradiations. Temporal changes in the concentration of RhB as
monitored by the maximal absorption in UV–vis spectra at 554 nm
over ZnSb2O6 are shown in Fig. 3a. After having irradiated for about
40 min, about 95% of RhB was  degraded and a complete degrada-
tion of RhB occurred in 60 min. On the contrary, only about 40% of
RhB was  degraded with pure UV irradiations. This indicates that
ZnSb2O6 can degrade RhB effectively. The photocatalytic activity
of the as-prepared nanocrystalline ZnSb2O6 is comparable to the
commercial Degussa P25 (Fig. 3a). The temporal evolutions of the
spectral changes taking place during the photodegradation of RhB
over ZnSb2O6 are shown in Fig. 3b. The shift of the main absorbance
of RhB (at 554 nm)  to a shorter wavelength during the irradiations is
negligible. This indicates a rather facile cleavage of the whole con-
jugated chromophore structure instead of the de-ethylation of RhB
occurs [24]. Besides this, the as-prepared nanocrystalline ZnSb2O6
shows high stability during the photocatalytic reaction and there
is no obvious loss of photocatalytic activity after five runs (Fig. 3c).
ZnSb2O6 also shows photocatalytic activity for the degradation for
MO,  another typical dye (Fig. 4).

Although ZnSb2O6 shows photocatalytic activity for the degra-

dation of dyes, its photocatalytic activity is lower as compared to
Sr2Sb2O7, another ternary p-block semiconductor photocatalyst.
As shown in Fig. 4, an almost complete degradation of MO  was
observed over illuminated Sr2Sb2O7 in 3 h, while only about 78% of

(c) 

R                  Γ                      X
35302520151050

E (eV)

JDOS

Sr2Sb 2O7

ZnSb2O6

two  compounds. In figures (a) and (b), the valence-band maximum is taken as the
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ero.

O was degraded over ZnSb2O6 under similar condition. Consider-
ng the much larger specific surface area of ZnSb2O6 (131.4 m2/g)
s compared to Sr2Sb2O7 (24.8 m2/g), this result is little surpris-
ng. The larger band gap of Sr2Sb2O7 (4.2 eV) compared to ZnSb2O6

3.3 eV) may  contribute to its higher photocatalytic activity, but

ay  not be the sole factor. It is generally believed that both the
lectronic structure and the crystal structure of a semiconductor
ay  influence its photocatalytic activity. Therefore, the electronic
two  compounds. In the figures, the valence-band maximum is taken as the energy

structure of ZnSb2O6 was calculated by the DFT and compared to
that of Sr2Sb2O7.

The band structures of ZnSb2O6 and Sr2Sb2O7 are shown in
Fig. 5a and b, respectively. A direct band gap of 0.84 eV is found at

� point for ZnSb2O6, while a larger band gap (1.70 eV) is obtained
for Sr2Sb2O7. Although the predicted band gap difference between
these two  semiconductors (0.86 eV) is consistent with the experi-
mental value (0.9 eV), the calculated band gaps of both ZnSb2O6 and



 Cataly

S
b
d
i
i

p
−
i
b
n
a
2
a
s

f
Z
b
o
t
S
S
e
t
a
m
c
a
t

t
t
c
p
a
A
f
c
c
t

4

p
c
f

[

[

[

[

[

[

[

[

[
[
[
[
[
[

W.  Liu et al. / Journal of Molecular

r2Sb2O7 are smaller than the values of 3.3 eV and 4.2 eV obtained
y UV–vis DRS. The underestimate of the band gap for semicon-
uctors or insulators calculated by the DFT method is due to the

nsufficient cancellation of the self-interaction correction inherent
n the local exchange functional [25,26].

For ZnSb2O6, based on the partial density of states (DOSs) dis-
layed in Fig. 6, the energy bands in the range between −20 and
17 eV are mainly derived from O 2s states, and the �-bonding

nteractions between Sb 5s and O 2p orbitals give rise to the energy
ands appeared in the region from −10 eV to −7 eV. The compo-
ents of VB are somewhat complicated, in which Zn 4s/3d, Sb 5p
nd O 2p states are found. However, in the top of VB, Zn 3d and O
p are the dominant components. For the CB, it is mainly associ-
ted with the �*-antibonding interactions between Sb 5s and O 2p
tates.

For Sr2Sb2O7, besides the value of the band gap, additional dif-
erences in the electronic structures are observed with respect to
nSb2O6. The top of VB is dominated by O 2p states, and the contri-
ution from cation (Sr2+) atoms is small (Fig. 7a). The comparison
f the distributions from Sb states in ZnSb2O6 and Sr2Sb2O7 reveals
hat there are more Sb states in the region near the bottom of CB for
r2Sb2O7 (Fig. 7b). In addition to this, the joint DOSs of ZnSb2O6 and
r2Sb2O7 have also been calculated to study the possibility of the
xcitation of the valence electrons (Fig. 5c). It can be clearly seen
hat more electrons are excited in Sr2Sb2O7 when the energy of the
bsorbed photon is smaller than 17 eV. All these make Sr2Sb2O7 a
ore efficient photocatalyst as compared to ZnSb2O6. The theoreti-

al results indicate that the change of the second metal significantly
ffects both the components and the position of CB and VB in these
ernary antimonates.

Besides their different electronic structures, the different crys-
al structures of ZnSb2O6 and Sr2Sb2O7 may  also contribute to
heir different photocatalytic performance. Recently Huang and
o-workers reported that there exists a correlation between the
acking factor (PF) and photocatalytic activity based on a survey of

 series of inorganic oxides consisting of d10 and d0 cations [17,27].
 calculation reveals a PF value of 66.08% for ZnSb2O6 and 64.36%

or Sr2Sb2O7. We  believe that the lower PF of Sr2Sb2O7 may  also
ontribute to its higher photocatalytic activity since a lower PF is
orrelated with a higher electron–hole separation and transporta-
ion, and would result in better photocatalytic activity.

. Conclusion
In summary, nanocrystalline ZnSb2O6 has been successfully pre-
ared by a facile hydrothermal method. The as-prepared ZnSb2O6
an effectively degrade typical dyes such as MO  and RhB. The dif-
erent photocatalytic performance between ZnSb2O6 and Sr2Sb2O7

[
[
[

[

sis A: Chemical 349 (2011) 80– 85 85

can be explained in terms of their different electronic structures and
different crystal structures. DFT calculations indicate that the incor-
poration of different second metal in these ternary antimonates
may  change their electronic structures and affect their photocat-
alytic activity. The preparations of other ternary antimonates and
the investigations of their photocatalytic activity are still going on
in our laboratory.
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