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a b s t r a c t

Different structures and morphologies of SnO2 containing various amounts of ZnO were synthesized
via a hydrothermal method (without any template), characterized by scanning electron microscopy and
powder X-ray diffraction, and used for photocatalytic degradation of Congo red. The results revealed
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that using different ratios of Zn /Sn affects the phase and morphology of the Zn2xSn1−xO2 compounds.
This type of tailoring the morphology of SnO2 nanoparticles, ZnO doped SnO2 porous structure, ZnSnO3

flower-like, and Zn2SnO4 octahedrals was possible, by varying the Zn+2/Sn+2 ratio of 0, 1/10, 1/5 and 1/1,
respectively. The formation mechanism of these products was proposed. Zn2SnO4 with octahedral mor-
phology exhibited a significant enhancement of photocatalytic activity toward degrading Congo red, as
compared to other samples. This could be attributed to enhanced oxygen vacancies and crystallite defects

f Zn+2
formed by substitution o

. Introduction

In recent years, heterogeneous photocatalysis has received
ncreasing attention for environmental applications such as air
urification, water disinfection, hazardous remediation and water
urification [1–3]. The high photocatalytic degradation of semicon-
uctors, such as TiO2 and ZnO has attracted extensive attention
f many researchers [4,5]. In such semiconductors, photogen-
rated carriers (electrons and holes) could tunnel to a reaction
edium and participate in chemical reactions. The high degree

f recombination of these carriers decreased greatly their photo-
atalytic efficiency. Clearly, a wider separation of the electron and
he holes increases the efficiency of photocatalyst. Furthermore,
xygen vacancies and defects strongly influence photocatalytic
eactions [6]. Fortunately, utilization of multifunctional materi-
ls could increase the charge separation and oxygen vacancies
nd extend the energy range of photooxidation [7]. By far, many
esearch groups have carried out the photocatalytic activity exper-

ments of various coupled semiconductors [8–11]. Among the
oupled semiconductors, ZnO and SnO2, well-known n-type semi-
onductors, have been considered due to their highly sensitive gas
ensing and excellent optical properties [12–15].

∗ Corresponding authors. Tel.: +98 2182883442; fax: +98 2182883455.
E-mail addresses: azam a f@yahoo.com (A.A. Firooz),

ahjouba@modares.ac.ir (A.R. Mahjoub).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.09.052
in the lattice of SnO2, revealed in photoluminescence measurements.
© 2010 Elsevier B.V. All rights reserved.

In this paper, we demonstrate a facile hydrothermal method
for synthesizing various Zn2xSn1−xO2 structures and morphologies
by changing the Zn+2/Sn+2 ratios. Zn2SnO4 with octahedral mor-
phology showed enhanced photocatalytic efficiency for degrading
Congo red.

2. Experimental

2.1. Hydrothermal synthesis

All chemicals (analytical grade) were purchased from Merck
and used as received without further purification. In this paper,
the samples were synthesized by using a hydrothermal method.
Experimental details were as follows: firstly, SnCl2·2H2O (3 mmol)
was dissolved in 20 mL of distilled water. Secondly, 20 mL NaOH
(1 M) solution was slowly dropped into the above solution under
magnetic stirring. Thirdly, the solution containing ZnCl2 (0.3,
0.6 or 3 mmol) was introduced to the above solution drop by
drop under stirring. Lastly, the white slurry was transferred
into a 200 mL Teflon-lined stainless autoclave. The autoclave

◦
was sealed and maintained in a furnace at 200 C for 48 h and
then passively cooled down to room temperature. The obtained
white precipitate was filtered off, washed several times in dis-
tilled water and absolute ethanol, and dried in air at room
temperature.

dx.doi.org/10.1016/j.cej.2010.09.052
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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Fig. 1. XRD patterns of samples (the marked peaks are at

.2. Characterizations

The products were characterized using scanning electron
icroscopy (SEM) of a Holland Philips XL30 microscope. To protect

amples from charging by the electron beam, during observation,
he samples were coated with the thin gold film. XRD patterns
f these products were recorded in ambient air using a Holland
hilips Xpert X-ray powder diffraction (XRD) (Cu K�, � = 1.5406 Å),
t scanning speed of 0.2◦/min from 20◦ to 80◦ (2�).

Average crystallite sizes of products were calculated using
cherrer’s formula: D = 0.9 �/ˇ cos � [13], where D is the diameter
f the nanoparticles, � (Cu K�) = 1.5406 Å and ˇ is the full-width at
alf-maximum of the diffraction lines.

The photoluminescence (PL) spectrum was recorded by apply-
ng a Hitachi (850) fluorescence spectrophotometer at room
emperature.

.3. Evaluation of photocatalytic activity

First, the solution of 5 ppm (w/v) Congo red (C.I. Direct Red 28,
.W. = 696.67 g/mol C32H24N6O6S2·2Na) was prepared by its dis-

olving in distilled water. The photocatalysis experiments were
arried out in beaker containing about 50 mL of Congo red aqueous
olution and about 0.025 g of Zn2xSn1−xO3 compounds as photo-
atalyst. A UV lamp (30W, UV-C, � = 253.7 nm, photon provides
.89 eV, manufactured by Philips, Holland) irradiated perpendic-
larly to the surface of solution and distance between the UV
ource and vessel containing reaction mixture was fixed at 15 cm.
ir was blown into the reaction by an air pump, to maintain the
olution saturated with oxygen during the course of the reaction.
uring irradiation, agitation was maintained by a magnetic stirrer

o keep the suspension homogeneous, the suspension was sampled
fter regular intervals and immediately centrifuged at 3500 rpm for
min to completely remove catalyst particles.

The progress of photocatalytic degradation was monitored by
hemical Oxygen Demand (COD) analysis which was measured
y the dichromate reflux method [16]. The concentration of the
olution samples was measured by UV–vis spectrophotometer

Shimadzu UV 2100).

Absorption peaks corresponding to Congo red appeared at 497,
47 and 237 nm. The concentration of dye in each degraded sample
as determined at �max = 497 nm, using a calibration curve. By this
ethod conversion percent of Congo red azo dye can be obtained in
ed to SnO2 phase), along with their crystallite sizes (CS).

different intervals. The degree of photodecolorization (X) is given
by:

X = (C0 − C)/C0 (1)

In where, C0 is the initial concentration of dye and C is the con-
centration of dye at different times.

3. Results and discussion

XRD patterns of the samples are shown in Fig. 1a–d. According
to the JCPDS file no. 41-1445, all XRD peaks in Fig. 1a and 1b for
SnO2 and ZnO doped SnO2 (Zn+2/Sn+2 = 1/10), respectively, fit well
the tetragonal rutile structure of SnO2 with no peak of ZnO crys-
talline phase or impurities. It seems that the substitution of Zn2+

into tetravalent tin increase the crystal polarity due to the similar
ionic radius and different charges. So, when small quantities of zinc
ions were incorporated into the crystal lattice of tin dioxide, doped
SnO2 crystal will have some polarity due to the diversity of the crys-
tal texture of ZnO and SnO2 [17]. Therefore, regarding to dramatic
enhancement of the peak intensity of (1 0 1) plane relative to (1 0 0)
plane, zinc ions in SnO2 may guide SnO2 nanocrystals growth along
(1 0 1) orientation.

The calculated crystallite sizes of the samples by the Scherrer’s
formula were shown in Fig. 1. The data shows that the crystallite
size increases with the addition of Zn+2.

When the molar ratio of Zn+2/Sn+2 increased to 1/5 (Fig. 1c),
another phase, ZnSnO3 (JCPDS file No. 11-0274), besides the rutile
phase of SnO2 crystals was observed in its XRD pattern. Also, when
the molar ratio of Zn+2/Sn+2 was further increased to 1/1, Zn2SnO4
(JCPDS file No. 14-0381) was obtained (see Fig. 1d).

The morphologies of the products were examined by SEM. Fig. 2
shows the typical SEM images of the samples obtained by the
hydrothermal method with different molar ratio of Zn+2/Sn+2. As
shown in Fig. 2a–d, when only Sn+2 was used, SnO2 nanoparticles
were formed. Porous morphology was formed at lower Zn+2/Sn+2

ratio of 1/10. When the molar ratio of Zn+2/Sn+2 was 1/5, a mixture
of SnO2 and ZnSnO3 with a flower-like morphology was obtained.
Finally, with increasing of Zn+2/Sn+2 ratio to 1/1, Zn2SnO4 with mor-

phology of octahedral was observed to form. The results revealed
that the introduction of Zn2+ can play an important role in direct-
ing the growth of SnO2 crystals and formation of different phases
and morphologies. In the initial stage of the hydrothermal reaction,
some complexes such as Sn(OH)6

2−, ZnSn(OH)6, and Zn(OH)4
2− are
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to hydroxylated metabolites, when photogenerated •OH radicals
attacks to them.

As expected from the photocatalytic results, the intensity of
the visible light chromophore band of Congo red (azo-linkage)
Fig. 2. SEM images of samples (a) SnO2 nanoparticles, (b) ZnO dope

ormed in the presence of NaOH [18]. At the same time, with decom-
osition of Sn(OH)6

2−, SnO2 nuclei would form and attach to the
urface of the ZnSn(OH)6 spheres. Furthermore, high temperature
nd high pressure of hydrothermal treatment lead to decompose
f these complexes. As a result, the SnO2 crystal growth process is
ccomplished by decomposition of ZnSn(OH)6 phase. Probably this
rocess can be attributed to the following mechanism [19]:

n2+ + Sn(OH)6
2− ↔ Zn[Sn(OH)6] (2)

n2+ + 4OH− ↔ Zn(OH)4
2− (3)

n(OH)6
2− ↔ SnO2 + 2OH− + 2H2O (4)

xZn[Sn(OH)6] + (1−3x)Sn(OH)6
2− ↔ Zn2xSn(1−x)O2

+ (2−6x)OH− + 2H2O (5)

It is well known that the ionic radius of Zn2+ (0.74 Å) is close
o that of Sn4+ which can easily replace in the lattice of SnO2. On
he other hand, with increasing the molar ratio of Zn+2/Sn+2, other
rystal phases as ZnSnO3 and Zn2SnO4 were obtained. However,
he exact growth mechanism is not clear and needs further inves-
igation.

The photocatalytic activities of SnO2 nanoparticles, ZnO doped
nO2 porous structure, ZnSnO3 flower-like and Zn2SnO4 octahe-

ral were further investigated by the photodegradation of Congo
ed dye under UV irradiation; the results of last three samples are
resented in Fig. 3. The results show that the morphology and phase
f the photocatalyst have obvious influence on the degradation of
he reactive dyestuff.
2 porous structure, (c) ZnSnO3 flower-like, (d) Zn2SnO4 octahedral.

Congo red with N N azo group (Scheme 1) yields gaseous
dinitrogen under photocatalytic conditions [20]. It was strongly
adsorbed on photocatalyst surfaces through the two oxygen atoms
of the sulfonate group of the dye molecules [21]. After UV light
illumination, the intensity of the absorption bands of the dye
in the visible region decreases with increasing time and, finally
disappears, indicating the destruction of its chromophoric struc-
ture in the vicinity of the azo-linkage. This is accompanied by a
parallel decrease of the intensities of the bands in the ultravio-
let region located at 235 and 347 nm, attributed to the benzoic
and naphthalene rings, respectively. These aromatic rings convert
Scheme 1. Structure of Congo red (C.I. Direct Red 28).
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) ZnO doped SnO2 porous structure, (B) ZnSnO3 flower-like, (C) Zn2SnO4 octahedral.
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Fig. 4. Adsorption behavior of the samples in dark conditions.
Fig. 3. Absorbance spectral changes of Congo red solution in the presence of (A

ecreased as a function of time, resulting in decolorization or min-
ralization of the solution, based on UV–vis spectra and COD value.
OD values have been related to the total concentration of organics

n the solution and their decrease reflects the degree of mineraliza-
ion.

When the photocatalysts were applied in the dark condition
or 30 min, the concentrations of Congo red in the case of ZnO
oped SnO2 decreased remarkably, which is due to the adsorption
f dye molecule on the surface of photocatalyst, and then desorp-
ion Congo red was occurred after 45 and 95 min UV irradiation
Fig. 3A). The absorbance of many dye molecules on the surface
f this photocatalyst can be attributed to its special morphology.
n contrast, Congo red molecules could not be adsorbed on SnO2
anoparticles and Zn2SnO4 photocatalysts under the dark condi-
ion. ZnSnO3 photocatalyst adsorbs about 10% of dye molecules.
ig. 4 shows adsorption behavior of the samples in dark condi-
ions. In the presence of Zn2SnO4 and light, the degradation of dye
ncreases quickly with irradiation time in comparison with other
hotocatalysts (Fig. 5).

It is well known that Zn2SnO4 with spinel-type structure is an
-type semiconductor with oxygen deficiency Zn2SnO4−X struc-
ure deficient [19]. So the increased activity of Zn2SnO4 for dye

olecules degradation can be attributed to the presence of a large
ontent of oxygen vacancies in this photocatalyst. When Zn2SnO4

s in equilibrium with O2, the defect reactions take places as follows
22]:

OO
x ↔ 2 VO

•• + 4e + O2↑ (6) Fig. 5. Photocatalytic results of the samples after UV light irradiations.
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Fig. 6. The PL sp

In where, OO
x is lattice oxygen and VO

•• is oxygen vacancies
ith double positive charges.

When oxygen vacancies are formed and the density of reactive
H− becomes higher, photocatalytic reaction is facilitated. After UV

rradiation, the particles produce high-energy electron–hole pairs
ccording to the following reaction:

n2SnO4 + h� → Zn2SnO4
∗(eCB

− + hVB
+) (7)

where, eCB
− is produced electron in conductive band and hVB

+

s produced hole in valance band.
These electron–hole pairs react with water and dissolve oxygen

o produce •OH free radicals with high chemical activity, and react
ith the dyes molecule adsorbed on the surface of Zn2SnO4 photo-

atalyst. Thus the dyes molecule will be photodegradated because
he oxidation–reduction reaction happens.

The PL spectrum of these samples was measured at room tem-
erature and the excitation wavelength was 380 nm. As shown in
ig. 6, there is a strong peak at about 410–420 nm in all samples.
weak shoulder at about 470 nm is also observed for Zn2SnO4. In

omparison with other reports [23], these observed peaks might
esult from other luminescence centers, such as oxygen vacan-
ies and crystal defects. A broad green emission band centered
t 560 nm is observed in the spectrum of the SnO2 nanoparticles,
nO doped SnO2 and ZnSnO3 and that centered at 535 nm is also
bserved in the spectrum of Zn2SnO4. Compared with standard
eak of SnO2 powder at 575 nm [24], the peak position of Zn2SnO4
as a blue shift of approximately 40 nm, while the peak positions
f the SnO2 nanoparticles, ZnO doped SnO2 and ZnSnO3 shows a
lue shift of approximately 15 nm. It is well known that the mor-
hology, size and nature of materials have a great influence on the
L properties. These PL peaks and their blue shift may be related to
rystalline defects during the growth course, substitution of Zn+2

n the lattice of SnO2 and the nature of phase.
Also, Zn2SnO4 shows an orange-yellow band at about 603 nm

hat is similar with that of the reported Zn2SnO4 microcrystal
23]. This result indicates that besides oxygen-vacancy emission,
here may be other luminescence centers in Zn2SnO4 due to the
nteractions between oxygen vacancies and interstitial tin or zinc
acancies, and result in the specific PL signals of Zn2SnO4. Thus,
igh photocatalytic activity of Zn2SnO4 can be attributed to the

arge content of oxygen vacancies and crystalline defects.
. Conclusion

In summary, SnO2 nanoparticles, ZnO doped SnO2 porous struc-
ure, ZnSnO3 flower-like and Zn2SnO4 octahedral structures were

[

[

[
[

of the samples.

successfully synthesized by a simple template-free hydrothermal
method. Morphologies and phases of the nanostructures obtained
are strongly affected by the molar ratio of Zn2+ and Sn2+. Among
the various morphologies and phases, Zn2SnO4 octahedral shows
the highest photocatalytic activity for degradation of Congo red.
PL spectrum of this sample shows that there are oxygen vacan-
cies and crystalline defects that may be responsible for the high
photocatalytic activity of Zn2SnO4 photocatalyst.
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