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a  b  s  t  r  a  c  t

A  room  temperature  solid-state  reaction  has  been  used  to  prepare  crystalline  tin-doped  ZnO.  Zinc  nitrate
hexahydrate,  cetyltrimethyl  ammonium  bromide,  stannic  chloride  pentahydrate  and  sodium  hydroxide
with  proper  ratios  were  ground  together.  As-synthesized  samples  were  characterized  by inductively
coupled  plasma  analysis  (ICP),  scanning  electron  microscopy  (SEM)  and  X-ray  powder  diffraction  (XRD);
The products  were  of  different  morphologies,  well  dispersed  and  exhibited  good  crystallinity,  it is  also
eywords:
ow temperature solid state reaction
in-doped ZnO
as response
hotocatalysis

found that  the  growth  direction  and  morphology  of ZnO  depend  on the  amount  of  Sn  doped,  which
is  mainly  caused  by the  difference  in  sizes  between  Zn  and Sn  atoms  as  well  as the  change  of pH  value.
Moreover,  gas  sensing  and  photocatalytic  properties  of  the  obtained  products  were  studied.  The  materials
showed a  high  gas  response  to  ethanol  vapor,  and  the  gas  response  can  reach  a  maximum  of  Ra/Rg =  124.
In addition,  tin-doped  ZnO  materials  exhibited  improved  photocatalytic  performance  toward  methyl
orange  (MO)  solution  under  a current  density  of  0.03  mg  L−1 comparison  with  undoped  ZnO.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Zinc oxide (ZnO) is a well-known, wide bandgap semiconduc-
or (Eg = 3.37 eV at 300 K) and with a large exciton binding energy
60 meV) and has found applications in many devices including:
ltrasonic transducers, piezoelectric transducers, varistors, phos-
hors, catalysts, pigments, photoelectric and UV-absorbers [1–7].
he properties of ZnO can be significantly enhanced by the addi-
ion of metal ions as dopants. ZnO can accommodate several types
f defects and behave as n-type semiconductor due to: oxygen
acancies [8],  zinc vacancies [9],  O interstitials [10], zinc intersti-
ials [11], and more complex defects [12]. In order to minimize
efects, group III, IV and V ions can be doped into ZnO matrix e.g.
he substitution of zinc with magnesium results in an increase in
he bandgap closer to 4.0 eV, whilst still maintaining the wurtzite
tructure. A number of studies have appeared which are mainly
ocused on the doping of ZnO with metal ions including: Fe [13],

i [14], and Mn  [15]. Much of the above work has been devoted to
nderstanding the origin of room temperature ferromagnetism in
uch systems. Relatively little work exists on Cu, Al, or Cd doped

∗ Corresponding authors.
E-mail addresses: hqfan3@163.com (H. Fan), paul.obrien@manchester.ac.uk (P.

’Brien).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.07.049
ZnO materials and their resulting optical or electrical properties
[5,16,17].

Many synthetic techniques have been employed for the prepa-
ration of doped ZnO nanocrystals including: sol–gel processes
[18], co-precipitation [19], aqueous solution deposition [20] and
mechanochemical processing [21]. However, most of these tech-
niques result in either binary products or products contaminated
with the doped metal ion. Several research groups have reported
the growth of SnO2–ZnO composites but reports of doping of ZnO
with tin are rare. Peiteado et al. [22] have attempted to use a co-
precipitation route to obtain tin-doped ZnO materials; however,
the resulting material was  contaminated with the Zn2SnO4 spinel
phase. Luminescent tin-doped ZnO was  prepared by ball milling
followed by calcination at a high temperature (1280 ◦C). Again,
XRD results showed the formation of the ternary spinal phase [23].
Fang et al. have reported the successful growth of tin doped ZnO
nanobelts at 700 ◦C in an argon/oxygen atmosphere mixture [24].
There is hence a need for an economical and facile route for the
preparation of tin-doped ZnO nanocrystals. Herein, we report a
room temperature, solid-state reaction that produces tin-doped
ZnO nanocrystals. The reaction is fast and can be initiated by grind-

ing the reactants at or near room temperature and does not require
calcination at high temperatures [25]. The gas sensing and pho-
tocatalytic properties of the resulting materials have also been
investigated.

dx.doi.org/10.1016/j.jhazmat.2011.07.049
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hqfan3@163.com
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. Experimental details

.1. Preparation of tin-doped ZnO

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), cetyltrimethyl
mmonium bromide (CTAB), stannic chloride pentahydrate
SnCl4·5H2O) and sodium hydroxide (NaOH) were of analytical
rade and were used as received. All the chemical reagents were
urchased from Shanghai Chemical Co. In a typical experiment,
n(NO3)2·6H2O (4.46 g, 1.50 mmol), SnCl4·5H2O (0.053–1.052 g,
.015–0.3 mmol) and NaOH (4.0 g, 10 mmol) were blended together

n an agate mortar and ground for 10 min  at room temperature.
hen, CTAB (1.536 g, 0.42 mmol) was added to the mixture and
round for further 50 min. To remove unreacted reactants and by-
roducts, the white mixture was washed several times in turn with
istilled water and absolute ethanol. The white products were col-

ected by centrifugation and dried at 60 ◦C for 10 h. The details of
he samples are summarized in Table 1.

.2. Characterization

The phase structure and purity of the as synthesized nanocrys-
als were examined by X-ray diffraction (XRD, Holland Philips
’pert X-ray diffractometer with Cu-K  ̨ radiation, � = 1.5406 Å)
t 40 kV, 30 mA  over the 2� range 20–80◦. Lattice parameters of
anocrystals were calculated according to the formula:

in2 � = 4�2

3a2

[
h2 + hk + k2 + l2

(4c/3a)2

]
(1)

The surface morphology and size of the different amount of tin-
oped ZnO nanocrystals were studied by field-emission scanning
lectron microscopy (FE-SEM, Zeiss, Germany, supra 55 micro-
cope with an accelerating voltage of 20 kV). Inductively coupled
lasma analysis was performed on an inductively coupled plasma
tomic emission spectroscopy (ICP-AES, Fisons Horizon, Perkin-
lmer Optima 5300 dual). The specific surface area of all the
amples was determined using nitrogen adsorption apparatus
Beckman Coulter SA 3100, BET method).

.3. Gas sensing property measurements

Gas sensor preparation and measurements were carried out
y the previously reported method [26]. Measurements on gas
esponse were performed with a static state test system (WS-30A,

insen Electronics Co. Ltd., Zhengzhou, China).

.4. Photocatalytic measurements

The experiment was carried out with 150 mL  Pyrex glass reser-
oir. The structure of photoreactor used is similar to that in previous
eport [27]. Methyl orange (MO) in aqueous solution was  used as
 model contamination to characterize photocatalytic activity at
oom temperature. Various amounts of the tin-doped ZnO cata-
yst were placed in a 150 mL  MO (2.0 × 10−5 mol  L−1) solution. The
uspension was continuously stirred for 30 min  in the dark before

able 1
alculated lattice parameters (a) and (c) of undoped and tin-doped ZnO obtained from ro

Sample no. Tin added (wt%) ICP results (wt%) 

S0 0 0 

S1 1%  <0.3% 

S2  3% <0.3% 

S3 5%  0.83% 

S4  20% 1.02% 
Fig. 1. XRD patterns of undoped and with different amount of tin-doped ZnO
obtained from room temperature. Standard ZnO pattern (ICCD NO. 36-1451) is given
for  comparison.

irradiation was  commenced to allow equilibration at tin-doped
ZnO surface. During the irradiation the photoreactor was  stirred to
maintain a homogeneous suspension. The decolorized solution was
subjected to spectra measurement for various times intervals after
centrifugation. A blank experiment was performed taking MO solu-
tion without photocatalyst to know the extent of decolorization
of MO  due to 125-W high-pressure mercury lamp (photochemical
reactors LTD., Model NO. 3110) alone. This lamp can give maximum
wavelength of UVB is � ≥ 315 nm.

2.5. Absorbance measurements

The absorbance of dye solution before and after irradiation
was  measured at different times. Measurements were carried out
using Thermo Spectronic Helios UVB v4.55 spectrophotometer in
the photon energy range of wavelength from 350 to 600 nm and
with aid of quartz curvettes (Helma) with path length of 1 cm.
The percentage of decolorization was calculated from the following
formula:

De% =
[

1 − At

A0

]
× 100 (2)

where At is the absorbance after time t and A0 is the dye initial
concentration before decolorization.

3. Results and discussion

3.1. Microstructure and morphology observations

A low temperature solid state reaction has been carried out for
the preparation of tin-doped ZnO crystals. X-ray powder diffraction
(XRD) patterns of undoped and tin-doped ZnO crystals revealed the

presence of only wurtzitic material (ICDD NO. 36-1451) (see Fig. 1).
No other phases such as the often seen Zn(OH)2, SnO2 or Zn2SnO4
were detected. The diffraction peaks of tin doped ZnO shifted to
lower angles, suggesting that the unit cell expands to accommodate

om temperature.

Lattice parameter (a) (Å) Lattice parameter (c) (Å)

3.2452 5.1991
3.2524 5.2087
3.2561 5.2135
3.2596 5.2183
3.2618 5.2194
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Fig. 2. SEM images of (a) undoped ZnO and tin-doped ZnO (b) sample S1, (

he tin. This change is expected on tin replacing zinc ions in the
attice, as the ionic radii are 0.69 Å (Sn4+) and 0.60 Å (Zn2+). The
attice parameter changes in samples determined from the XRD
ata and were calculated according to formula (Eq. (1)) and are
iven in Table 1.

The effect of composition on the microstructure and morphol-
gy are shown in Fig. 2. Pure ZnO consisted of large irregular
ggregates of sheets as depicted in Fig. 2a. Upon introduction of
in ions into the ZnO matrix, its morphology became more regu-
ar and the morphology changed from sheets to clusters of rods
Fig. 2b–d). In sample S4, a flake-like morphology was  evident.
n another words, the addition of tin elements to ZnO reduces
he grain size of ZnO obviously. The resulting morphologies as a
unction of different Sn concentrations may  be attributed to com-
ressive stresses arising from the difference in the sizes of the Zn2+

nd Sn4+ ions [28]. Another reason is that different pH values have
n important influence on the morphology of the nanocrystals [29],
he pH value changing with the amount of SnCl4·5H2O added in the
xperiment, which have a big influence on the morphology of ZnO.

ICP analysis showed that the tin concentration in sample S3 was

.83 wt% and 1.02 wt% in sample S4 with respect to the amount
f Zn2+ (see Table 1). Therefore a large fraction of tin was not
ncorporated into the particles. In order to further understand the
bove results, another chemical reaction between SnCl4·4H2O and
ple S2, (d) sample S3 and (e) sample S4 obtained from room temperature.

same amount NaOH was carried out for reference. The XRD results
showed that this reaction may  lead to the formation of hydrolyzed
Na2Sn(OH)6 and Na2SnO3 (Eqs. (3)–(5)),  and hence, less tin is favor-
able for doping.

4NaOH + SnCl4 → Sn(OH)4 + 4NaCl (3)

Sn(OH)4 + 2NaOH → Na2Sn(OH)6 (4)

Na2Sn(OH)6 → Na2SnO3 + 3H2O (5)

3.2. Gas sensing properties

All the samples in this work exhibited n-type conductivity in
the entire working temperature range. The best working temper-
ature for maximum sensitivity was determined for each sample.
The gas sensing characteristics of samples S0 to S4 are shown in
Fig. 3. It is evident that the introduction of tin leads to an increase
in response to ethanol vapor, the sample S4 was observed have
the highest gas response. It can be seen from Fig. 3 that the gas
response of the sensor in air has a double humped distribution

with peaks at 234 and 267 ◦C, which is typical of the performance
of a surface-controlled gas sensor. It is well known that the gas
response is the ratio of the resistances of semiconductor in gas
and in air, and the resistances will exponentially decrease with the
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3.3. Photocatalytic properties
ig. 3. Gas response as a function of different heating temperatures for doped and
ndoped ZnO gas sensor to ethanol vapor.

ncrease of temperature in air, whilst the resistances will take on
ifferent variation characters (camelback or volcano frameworks)
ecause of chemical absorption of various oxygen species on the
urface of the gas sensing materials [30]. The increase in resistance
s caused by the chemical adsorption of oxygen. The behavior is
imilar to the surface chemical properties of SnO2 and high resis-
ance will favor the gas response [31]. The transformation may  be
xpressed as O2(g) + e− ⇔ O−

2 , O−
2 (ad) + e− ⇔ O2−

2 (ad). The maxi-
um  gas response appears at a lower temperature than is the case

f lower doped and undoped samples, and avoid the camelback
henomena. One reason for the fantastic gas response of sam-
le S4 is due to its surface area (9.70 m2/g) which could provide
ore surface reaction sites for adsorption and transportation of gas
olecules, and consequently lead to an increase in electron transfer

etween tested gas and ZnO flakes. Other samples (S0–S3) showed
ower surface areas according to BET results (4.68–6.539 m2/g). The
nhancement in the gas sensing properties may  come from the het-
ro junction in tin-doped ZnO photocatalyst, the hetero-contact
nterface is temperature-dependent [32]. The forward current is
reatly increased with increasing temperature which in favor of
he gas sensing properties.

The gas response of these materials to gasoline, acetone,
eptane, ammonia, carbon monoxide, ethanol vapor and toluene
t 234 ◦C were probed and the results are shown in Fig. 4. The
as response to ethanol vapor is significantly higher than to the
ther gases and vapors tested, with a magnitude about 54 times
reater to 100 ppm ethanol vapor than that for all the other tested

ases under the same concentration. In all tested gases, the sensor
howed a low response to acetone, ammonia, carbon monoxide,
asoline and toluene, and almost totally insensitive to carbon

ig. 4. Gas responses of tin-doped ZnO gas sensors to different tested gases when
he  heating temperature is 234 ◦C.
Fig. 5. Typical response and recovery curves on cycling between increasing concen-
tration of ethanol vapor and ambient air for different amount of tin-doped ZnO gas
sensors.

monoxide. Selectivity is the ratio of gas response to ethanol vapor
and to other gases, so the selectivity of the sensor is almost 10
times greater for ethanol vapor. Response and selectivity to ethanol
vapor of the sensors can be improved by increasing the content of
tin in the ZnO. The above results indicated that the effect of other
tested gases on the detection of ethanol vapor is limited due to
very low gas response. In other words, the selectivity of the sensor
based on sample S4 was very high and the sensor showed high
anti-interference ability.

Fig. 5 shows typical response and recovery curves on cycling
between increasing concentration of ethanol and ambient air. The
output voltage underwent a drastic ascent on the injection of
ethanol vapor and was  mostly restored to its initial value after the
test gas was released. The results are very interesting since the sys-
tem can readily detect the ethanol vapor concentrations well below
the limit imposed for a breathalyzer (e.g. 200 ppm). The stepwise
increase in output voltage obtained with increasing ethanol con-
centration from air to 1000 ppm ethanol gas in air. It can be seen
that gas sensor exposed to higher ethanol vapor concentration leads
to an output voltage increase. After several cycles of the different
concentration of gas injection, full recovery to the initial output
voltage of the gas sensors was not achieved in 31 s, possibly due to
residual ethanol vapor.
The photocatalytic activity of the tin-doped ZnO photocatalysts
has also been investigated (Fig. 6). Pure ZnO showed poor photo-
catalytic performance to MO solution, which is in good agreement

Fig. 6. Decolorization rate of methyl orange dye for different oxidation processes
by  different photocatalysts.
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Fig. 7. Photocatalytic decolorization of methyl orange solution as a result of differ-
ent amounts of sample S4 photocatalysts under UV-light irradiation for different
time.
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[17] Y.S. Wang, P.J. Thomas, P. O’Brien, Nanocrystalline ZnO with ultraviolet lumi-
ig. 8. UV–vis absorbance spectra of methyl orange solution during photocatalytic
ecolorization using sample S4 at different time intervals.

ith previous reports [33,34].  The tin content is an important factor
o the photocatalytic activity of the doped ZnO material. It is clear
hat the sample S4 displayed higher photocatalytic activity than all
ther samples. The photocatalytic activity of the sample S4 is ∼10
imes than that of pure ZnO. It is known that the fast recombination
ate of the photogenerated electron–hole pairs hinders the decol-
rization of MO.  The tin-doped ZnO nanocrystals may  increase the
hotocatalytic efficiency by increasing the charge separation and
xtending the photoresponding range. In addition, the flake struc-
ures were in favor of the transfer of electrons and holes generated
nside the crystal to the surface, and facilitated the decolorization
f MO  solution [35].

The effect of the loading of photocatalyst on the percentage of
ecolorization of MO  is shown in Fig. 7. It clearly shows that the
ime of the irradiation and the amount of the photocatalyst affect
he decolorization of the MO.  A blank experiment under UV irradia-
ion without the photocatalyst exhibited no obvious decolorization
f the MO solution. It was observed that by increasing photocat-
lyst loading from 10 mg  to 30 mg,  the amount of decolorization
n a given time also increased. This observation may  be caused
y the increase in the number of photons absorbed by photocat-
lyst and/or the number of activated molecules adsorbed on the
hotocatalyst surface with increase in photocatalyst concentration.

A change in the UV–vis diffusion reflectance spectra (DRS) of
he aqueous MO  solution during photocatalytic decolorization
sing the sample S4 is presented in Fig. 8. It is apparent that

he intensity of absorption peak gradually decreases with the
ncreasing irradiation time. After UV irradiation for ca. 11 h, the
ntensity of absorption peak of MO aqueous solution is very weak

[

aterials 193 (2011) 194– 199

and its solution becomes colorless, indicating near to complete
decolorization of MO.

4. Conclusions

A facile solid-state synthesis of tin-doped ZnO at room tem-
perature has been introduced. XRD results showed the formation
of wurtzitic ZnO. No other phases were detected. The amount of
tin added shows a profound effect on morphology which changed
from sheet structures (for pure sample) to flakes (for sample S4).
As-synthesized doped and undoped ZnO crystals were tested and
compared for their photocatalytic activities as well as gas sens-
ing properties. It was  clear that sample S4 showed the highest
gas response (Ra/Rg = 124) to ethanol vapor. The same sample also
showed the highest photocatalytic activity toward methyl orange
(MO) solution.
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