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phase transformation and photocatalytic activity of
Sn-doped TiO2 nanomaterials
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Sn-doped TiO2 nanomaterials with different amounts of Sn (1, 2.5, 5, 10, and 15 at%) were prepared by a sol–

gel method and characterized by XRD, TG, DTA, EDS, XPS, DRS, SEM, BET, and PL. The photocatalytic

activity of the prepared samples was investigated by measuring the degradation of rhodamine B in

aqueous solution under UV light. The experimental results indicate that doping with Sn promotes phase

transformation from anatase to rutile. The photocatalytic activity of TiO2 is influenced by both the heat

treatment temperature and the Sn doping concentration. 1% Sn–TiO2 exhibits the highest degradation

rate at 350 �C and 5% Sn–TiO2 exhibits the best photocatalytic activity at 500 �C and 650 �C. The
enhancement of the photocatalytic activity can be ascribed to a larger surface area and a better

hydration ability, as well as less recombination of the photogenerated pairs.
Introduction

Following industrial development, water pollutants have
become a serious environmental problem in the last few
decades. In terms of the methods used for waste water treat-
ment, using photocatalysts for decomposing harmful organic
pollutants into CO2 and H2O is one of the most promising
strategies. There are several candidate photocatalysts that have
been applied to water treatment.1–4 Among them, TiO2 has been
extensively studied owing to its high oxidation, non-toxicity, low
cost, and chemical stability.5–7 However, pure TiO2 is severely
restricted in application due to its low solar energy utilization
on account of its large bandgap and the fast recombination of
photogenerated electrons and holes.8,9 Among the several
strategies designed to improve the photocatalytic activity of
TiO2, ion doping is a convenient and effective approach.10–15

Among numerous elements, Sn has been reported to be an
effective doping resource and is widely used for enhancing the
photocatalytic properties of TiO2.16–22 Sn doping can promote
the photocatalytic activity of TiO2 due to the fact that Sn4+ ions
and Ti4+ ions have similar radii. Sn4+ ions are able to enter into
TiO2 lattices and create electron traps, resulting in the
enhancement of the separation of photogenerated pairs.23,24 In
addition, the SnO2 band is 3.6 eV and its structure is similar to
rutile TiO2 and, therefore, the recombination of the
du University, Chengdu 610106, China.

ical Engineering, Chengdu University of
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photogenerated pairs can be inhibited effectively, owing to the
combination of TiO2 and SnO2.25

The Sn dopant content plays a key role in the photocatalytic
activity of TiO2 since there is an optimal concentration. The
doping effect cannot be fully exhibited when the doping content
is too low. However, Sn ions form recombination centers for the
photogenerated pairs when the concentration surpasses the
optimal content. Chua et al.26 prepared Sn-doped TiO2 lms via
aerosol assisted chemical vapor deposition and found that the
degradation of stearic acid reached the highest value when the
Sn/Ti atom ratio was 3.8%. Besides this, heat treatment affects
the crystal structure of TiO2 signicantly and thus annealing
temperature is a decisive factor in the photocatalytic perfor-
mance of TiO2. There is usually a transition from an anatase
structure to a rutile structure with increasing annealing
temperature. The anatase/rutile phase transition temperature is
strongly affected by ion doping. The doping of several ions, such
as Nd,27 La,28 Fe,29 et al., raises the temperature. Meanwhile,
doping with Sn reduces the temperature and promotes the
transition from anatase to rutile. Alves et al.21 reported that pure
TiO2, which demonstrated a single anatase structure, presented
excellent photocatalytic activity aer annealing at a temperature
of 650 �C. At the same temperature, 0.5 wt% Sn-doped TiO2,
which consisted of 82.4% anatase and 17.6% rutile, showed the
highest photocatalytic efficiency.

In view of the above, both the heat treatment temperature
and doping concentration have important impacts on the
crystal structure and photocatalytic activity of TiO2. Therefore,
in the present work, pure and Sn-doped TiO2 with various
amounts of Sn4+ ions were synthesized via a sol–gel method and
the inuence of the heat treatment temperature and Sn4+
RSC Adv., 2018, 8, 14249–14257 | 14249

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra00766g&domain=pdf&date_stamp=2018-04-16
http://orcid.org/0000-0001-6787-4878
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra00766g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008026


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 1

/1
0/

20
26

 1
1:

21
:0

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
doping concentration on the crystal structure and the photo-
catalytic activity of TiO2 were studied systematically.
Experimental
Preparation of pure and Sn-doped TiO2 nanomaterials

All the TiO2 nanomaterials were prepared via a sol–gel method.
In a typical preparation of pure TiO2, 30 mL tetrabutyl titanate
and 60 mL absolute ethanol were added into a beaker. 6 mL
deionized water, 15 mL acetic acid, and 45 mL absolute ethanol
were added into a pear-shaped funnel. The solution in the pear-
shaped funnel was added to the beaker dropwise with contin-
uous stirring. Aer several hours of aging, the resulting sol
formed a gel. The gel was dried at 80 �C for 12 hours and was
then annealed for 2 hours at 350 �C, 500 �C, and 650 �C,
respectively. Sn-doped TiO2 with atom ratios (Sn/Ti) of 1%,
2.5%, 5%, 10%, and 15% was prepared from appropriate
amounts of SnCl4$5H2O being added into a pear-shaped funnel
whilst the other experimental conditions were kept equal. For
simplicity, X% Sn-doped TiO2 is labelled as X% Sn–TiO2 (X ¼ 1,
2.5, 5, 10, 15).
Characterization

X-ray diffraction (XRD) spectra were recorded with a diffrac-
tometer (DX-2700, China). Thermogravimetric (TG) and differ-
ential thermal analysis (DTA) were performed using a thermal
analyzer (STA409PC, Germany). X-ray photoelectron spectra
(XPS) were recorded using a spectrometer (XSAM800, Britain) to
examine the chemical states. The UV-vis diffused reectance
spectra (DRS) were collected using a spectrophotometer (UV-
3600, Japan). The surface morphologies (SEM) and element
compositions (EDS) were determined using a eld-emission
scanning electron microscope (FEI-Inspect F50, USA) equip-
ped with an energy dispersive X-ray spectrometer. Specic
surface areas were measured using BET theory on the nitrogen
adsorption–desorption data. Photoluminescence (PL) spectra
were obtained using a luminescence spectrometer (F-4600,
Japan) with a 150 W Xenon lamp as an excitation source.
Photocatalytic activity experiments

The photocatalytic activity of the prepared TiO2 nanomaterials
was evaluated from the degradation of rhodamine B (RhB).
300 mL RhB solution (10 mg L�1) and 0.3 g TiO2 sample were
added into a beaker and the suspension was stirred for 30 min
in darkness to establish an adsorption–desorption equilibrium
between the photocatalysts and RhB molecules. A 250 W high-
pressure mercury lamp was employed as a UV light source.
The degradation of RhB was monitored by measuring the
absorbance of the RhB solution at 553 nm. The degradation rate
(D) was calculated by the following equation:

D ¼ (A0 � At)/A0

where A0 and At are the initial absorbance and absorbance at
time “t”, respectively.
14250 | RSC Adv., 2018, 8, 14249–14257
Results and discussion
XRD analysis

The XRD patterns of pure TiO2 and Sn–TiO2 with different
concentrations of Sn, annealed at 350 �C, 500 �C, and 650 �C,
are shown in Fig. 1. In Fig. 1a, the patterns of all the samples are
similar and the peaks can be assigned to the anatase structure.
The width of the peaks is relatively wide and the intensity of the
peaks is weak, which indicates that both pure TiO2 and Sn–TiO2

show poor crystallinity at a temperature of 350 �C.
The peak intensity of pure TiO2 increases and the peak width

narrows as annealing temperature is increased to 500 �C, which
suggests that the crystallinity of TiO2 increases with increasing
temperature. The crystallinity of pure TiO2 annealed at 350 �C is
determined to be 23.7%, while it is 74.5% for pure TiO2

annealed at 500 �C. There is no peak for the rutile structure,
which suggests that 500 �C is insufficient for starting the phase
transformation from anatase to rutile. 1% Sn–TiO2 shows
a similar pattern to pure TiO2. The rutile peaks appear when the
Sn doping concentration reaches 2.5%. The SnO2 peaks can be
detected in the patterns of 10% Sn–TiO2 and 15% Sn–TiO2,
indicating that SnO2 forms in Sn–TiO2 when the Sn content is at
a sufficiently high level.

It is observed that both anatase and rutile peaks appear in
the pattern of pure TiO2 at 650 �C, which means that phase
transition from anatase to rutile occurs with increasing
temperature. The anatase structure peaks become weaker in the
Sn–TiO2 patterns, and even disappear when the Sn content is
10% and 15%. There is little SnO2 forming in the 15% Sn–TiO2

sample.
The average crystallite size (D) was calculated by the formula

D ¼ 0.89l/b cos q (ref. 30) (where l is the wavelength of Cu Ka,
b is the full width at half maximum of the XRD peak, and q is the
Bragg diffraction angle) and the mass fraction of anatase (XA)
was calculated by the formula XA ¼ (1 + 1.26(IR/IA))

�1 (ref. 31)
(where IA and IR are the intensities of the anatase (101) plane
and rutile (110) plane) and all the results are shown in Table 1.
The crystallite size of pure TiO2 increases with increasing
temperature. Sn–TiO2 shows a smaller crystallite size compared
to pure TiO2 at the same temperature and the decreasing trend
increases with increasing Sn content.

As shown by the results in Table 1, it is clear that the mass
percentage of rutile increases with increasing Sn content, sug-
gesting that the transition from anatase to rutile is promoted
and the phase transformation temperature is reduced by Sn
doping. There are several explanations for this phenomenon.
Tripathi et al.23 believe that higher surface energy is benecial
for the phase transformation. Anatase of smaller size has
a higher surface energy and higher surface area and, therefore,
it is easier to start the transformation. This viewpoint is still
somewhat disputed. The doping of elements such as La28 and
Ce32 in TiO2 always leads to a reduction in crystallite size.
However, the phase transformation is inhibited and the tran-
sition temperature is evidently enhanced. Ding et al.33 are
convinced that the melting point of MXOY (M is the doping
element) is a key factor in the anatase–rutile phase
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 XRD patterns of pure TiO2 and Sn–TiO2 annealed at 350 �C (a), 500 �C (b), and 650 �C (c).
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transformation. The phase transformation will be promoted if
the melting point of MXOY is lower than that of TiO2 (1640 �C)
and it will be restrained when the melting point of MXOY is
higher than that of TiO2. The melting point of SnO2 is 1127 �C,
which is much lower than TiO2, and thus the addition of Sn
promotes the phase transformation. Besides this, Kumar et al.34

and Merhraz et al.35 hold that the phase structure of SnO2 is
similar to the rutile structure, which is in favor of the formation
of the rutile phase during the phase transition. Consequently,
the phase transformation temperature is reduced. In the
present study, we believe the relatively low melting point of
Table 1 Crystal structure and crystallite size of all the TiO2 nanomateria

Temperature Sample

350 �C Pure TiO2

1% Sn–TiO2

2.5% Sn–TiO2

5% Sn–TiO2

10% Sn–TiO2

15% Sn–TiO2

500 �C Pure TiO2

1% Sn–TiO2

2.5% Sn–TiO2

5% Sn–TiO2

10% Sn–TiO2

15% Sn–TiO2

650 �C Pure TiO2

1% Sn–TiO2

2.5% Sn–TiO2

5% Sn–TiO2

10% Sn–TiO2

15% Sn–TiO2

This journal is © The Royal Society of Chemistry 2018
SnO2 and the structural similarity between SnO2 and TiO2 are
propitious to the transition from anatase to rutile. There has
been considerable research to demonstrate that TiO2 with an
anatase structure or anatase/rutile mix structure exhibits
excellent photocatalytic activity. From the discussion above,
both the heat treatment temperature and Sn doping content
affect the phase structure and further affect the photocatalytic
activity of TiO2. This provides a feasible method to regulate the
phase structure and obtain better photocatalytic activity for
TiO2 via combining a proper heat treatment temperature and
doping amount.
ls

Crystal structure
Crystallite
size/nm

Anatase 15.7
Anatase 12.0
Anatase 13.7
Anatase 11.3
Anatase 10.3
Anatase 10.8
Anatase 19.0
Anatase 15.0
Anatase (84.4 wt%)/rutile (15.6 wt%) 14.6/35.6
Anatase (89.2 wt%)/rutile (10.8 wt%) 13.5/20.8
Anatase (49.7 wt%)/rutile (50.3 wt%) 14.0/15.1
Anatase (61.8 wt%)/rutile (38.2 wt%) 17.6/12.1
Anatase (20.2 wt%)/rutile (79.8 wt%) 25.8/36.9
Anatase (18.2 wt%)/rutile (81.8 wt%) 27.0/42.3
Rutile 35.9
Anatase (6.8 wt%)/rutile (93.2 wt%) 23.7/34.0
Rutile 28.5
Rutile 26.5

RSC Adv., 2018, 8, 14249–14257 | 14251
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TG and DTA analyses

The thermal behavior and weight loss curves of pure TiO2 and
10% Sn–TiO2 are shown in Fig. 2. The TG curves of both
samples are divided into three steps that are attributed
to the evaporation of physically adsorbed water, the
combustion of organic compounds, and dehydroxylation,
respectively.20 However, the total weight loss of 38.91% of
10% Sn–TiO2, especially in the second stage with a weight
loss of 14.32%, is more than that of the pure TiO2 sample,
which indicates higher residual organic species losses in 10%
Sn–TiO2.23

As shown by the DTA curves, the exothermic and endo-
thermic peaks of both samples are caused by the decompo-
sition of physically adsorbed water and organic compounds at
a temperature below 450 �C. Beyond 581 �C, the exothermic
peak in the DTA curve reects the phase transformation from
anatase to rutile TiO2. The exothermic peak of pure TiO2 at
approximately 581 �C can be attributed to both the combus-
tion of organic compounds and the phase transition from
anatase to rutile.7 Meanwhile, it is noticeable that the
exothermic peak of 10% Sn–TiO2 is around 481 �C, which is
lower than 581 �C, suggesting that the phase transformation
temperature of anatase to rutile decreases with Sn doping. It
is obvious that the phase transformation from anatase to
rutile is promoted by Sn addition, which is in agreement with
the XRD analysis in Fig. 1.
Fig. 2 TG and DTA curves for pure TiO2 and 10% Sn–TiO2.

Fig. 3 EDS spectrum of 5% Sn–TiO2 annealed at 500 �C.

14252 | RSC Adv., 2018, 8, 14249–14257
EDS and XPS analyses

Fig. 3 shows the EDS spectrum of 5% Sn–TiO2 annealed at
500 �C. The signals of the elements Ti, O, and Sn appear in the
pattern, which conrms that Sn exists in the TiO2 sample.

To identify the chemical valence states of the existing
elements in TiO2, XPS measurement was carried out and the
results for pure TiO2 and 5% Sn–TiO2 annealed at 500 �C are
shown in Fig. 4. The total spectra of pure TiO2 and 5% Sn–TiO2

are depicted in Fig. 4a, in which the signals of C, Ti, and O can
be detected in pure TiO2. Meanwhile, a peak of Sn 3d appears in
5% Sn–TiO2, which conrms that Sn exists in TiO2 via doping.
The peaks of C 1s can be attributed to oil pollution from the
equipment.

The high-resolution spectra of Ti 2p are shown in Fig. 4b.
There are two peaks of pure TiO2 at 458.33 eV and 463.99 eV,
which are assigned to Ti 2p3/2 and Ti 2p1/2, respectively. The
peak position of Ti 2p3/2 and Ti 2p1/2 suggests that Ti exists as
Ti4+.20,36 Compared to pure TiO2, the Ti 2p of 5% Sn–TiO2

exhibits a slight positive shi, probably derived from the band
bending, which is the consequence of the interaction between
Sn, Ti, and O.37,38

Fig. 4c shows the high-resolution spectra of the O 1s of pure
TiO2 and 5% Sn–TiO2. The O 1s of pure TiO2 consists of two
peaks, located at 529.94 eV and 532.13 eV, corresponding to
lattice oxygen and surface hydroxyl groups, respectively.25,37,39

Similarly, the O 1s of 5% Sn–TiO2 can also be divided into two
peaks at 529.76 eV and 532.39 eV ascribed to lattice oxygen and
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 The total spectra of pure TiO2 and 5% Sn–TiO2 annealed at 500 �C.
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surface hydroxyl groups. The ratio of surface hydroxyl groups in
pure TiO2 is calculated to be 18.9% and it is 21.3% in 5% Sn–
TiO2. It is obvious that the number of surface hydroxyl groups
increases aer Sn doping, which is conducive to the photo-
catalytic process.25,39

Fig. 4d depicts the high-resolution spectrum of Sn 3d with
two peaks at 486.00 eV and 494.65 eV. These two peaks corre-
spond to Sn 3d5/2 and Sn 3d3/2, respectively, indicating that the
Sn is in the +4 state.20,25
DRS analysis

The inuence of the addition of Sn on the optical properties of
TiO2 is controversial. Several studies report that a red shi
occurs upon Sn doping.16,17,23,40 On the contrary, others have
Fig. 5 (a) UV-vis diffuse reflectance absorption spectra of pure TiO2 and
TiO2.

This journal is © The Royal Society of Chemistry 2018
concluded that the band gap energy of TiO2 increases, thus
presenting a blue shi aer the addition of Sn.19,25 Fig. 5 depicts
the DRS spectra of pure TiO2 and Sn–TiO2 annealed at 500 �C.
The band gap of TiO2 is calculated following the Kubelka–Monk
function:23

(ahn)1/2 ¼ A(hn � Eg),

where a is the absorption coefficient, hn is the photon energy, A
is the proportionality constant, and Eg is the band gap energy.

The band gap energy of pure TiO2 is 3.20 eV, which is in
accordance with the theoretical value. The Sn–TiO2 samples
show a slight blue shi compared to pure TiO2. The band gap
energy of 1% Sn–TiO2, 2.5% Sn–TiO2, 5% Sn–TiO2, 10% Sn–
TiO2, and 15% Sn–TiO2 are determined to be 3.32 eV, 3.27 eV,
Sn–TiO2 annealed at 500 �C. (b) Optical band gap of pure TiO2 and Sn–

RSC Adv., 2018, 8, 14249–14257 | 14253

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra00766g


Table 2 The BET surface area of the pure TiO2 and Sn–TiO2 samples
annealed at 500 �C

Sample
BET surface
area (m2 g�1)

Pure TiO2 2.9
1% Sn–TiO2 13.8
5% Sn–TiO2 54.4
15% Sn–TiO2 61.2
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3.31 eV, 3.28 eV, and 3.27 eV, respectively. Obviously, the blue
shi in the present work is in accordance with Bhange’s and
Zhao’ work.19,25 Since size quantization effects come into play
when the crystallite size is below 10 nm,19 the reason for the
blue shi effect on account of Sn doping should not be ascribed
to size quantization effects because the crystallite size of Sn-
TiO2 is from 13.5 to 17.6 nm. The explanation for the blue
shi is that the ionic radius of Sn4+ is close to that of Ti4+,
and it is possible for Sn4+ ions to substitute Ti4+ ions in TiO2

lattices, changing the electronic structure of TiO2 and forming
new energy levels.19

SEM analysis

Fig. 6 depicts the SEM images of pure TiO2 (a) and 5% Sn–TiO2

(b) annealed at 500 �C. The particles in the pure TiO2 sample
show an irregular shape and large size distribution. The
agglomerated bulks have a diameter in the range of 0.1–3 mm.
By comparison, 5% Sn–TiO2 consists of smaller particles and
exhibits relatively better distribution. The smaller particle size
creates more reaction points, which is benecial for photo-
catalytic degradation.

BET analysis

The surface area of the samples was measured using BET theory
on the nitrogen adsorption–desorption data and the results are
shown in Table 2. The BET surface areas of pure TiO2, 1% Sn–
TiO2, 5% Sn–TiO2, and 15% Sn–TiO2 annealed at 500 �C are 2.9,
13.8, 54.4, and 61.2 m2 g�1, respectively. It is obvious that the
surface area increases tremendously aer adding Sn. A higher
Sn dopant level facilitates the enhancement of the surface area.
The increased surface area can enhance the absorption of the
light source, which contributes to the photocatalytic activity of
TiO2.16

PL analysis

Since photoluminescence (PL) emission is derived from the
recombination of photogenerated electrons and holes, it can
therefore provide accurate data of the recombination and
separation of photogenerated pairs.29,41 The photoluminescence
spectra of pure TiO2 and Sn–TiO2 annealed at 500 �C are shown
Fig. 6 SEM images of pure TiO2 (a) and 5% Sn–TiO2 (b) annealed at 500

14254 | RSC Adv., 2018, 8, 14249–14257
in Fig. 7. The intensity of the emission spectra is observed to
decrease with Sn concentration up to 5%. Sn4+ ions act as a trap
for photogenerated electrons, thus increasing the separation
rate of the photogenerated pairs.17 However, the intensity of the
PL spectrum increases in the 10% Sn–TiO2, which indicates that
further Sn doping content is harmful and increases the
recombination of the photogenerated pairs. Unexpectedly, the
PL spectrum intensity of 15% Sn–TiO2 is lower than that of 10%
Sn–TiO2. Bhange et al.19 hold that the decrease in PL intensity at
high Sn doping levels is derived from the formation of SnO2.
The photogenerated electrons are able to move to the conduc-
tion band of SnO2 from the TiO2 surface, which improves the
separation of the photogenerated pairs.
Photocatalytic activity

The photocatalytic activity of all the prepared samples was
investigated via the decomposition of RhB solution. The
degradation rates of RhB under UV light over pure TiO2 and Sn–
TiO2 heat treated at 350 �C, 500 �C, and 650 �C are shown in
Fig. 8. The prepared TiO2 nanomaterials that were heat treated
at 350 �C show degradation rates of 46.2%, 99.5%, 99.2%,
96.7%, 92.2%, and 85.1% with an Sn dopant concentration of
0%, 1%, 2.5%, 5%, 10%, and 15% aer 180 min. The results
reveal that pure TiO2 shows relatively low photocatalytic activity
at 350 �C. The degradation rate of pure TiO2 annealed at 500 �C
is 62.5%, which is 1.35 times higher than that of pure TiO2

annealed at 350 �C. This enhancement is ascribed to the
increase in the degree of crystallinity with rising temperature.42

The degradation rates of 1% Sn–TiO2, 2.5% Sn–TiO2, 5% Sn–
TiO2, 10% Sn–TiO2, and 15% Sn–TiO2 annealed at 500 �C are
�C.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Photoluminescence spectra of pure TiO2 and Sn–TiO2

annealed at 500 �C.
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92.8%, 95.0%, 96.7%, 95.8%, and 94.7%, respectively. All the
Sn–TiO2 samples show higher degradation rates compared to
that of pure TiO2, which clearly states that the photocatalytic
activity of TiO2 improves signicantly with Sn doping. From the
results of the XRD and BET analyses, it is clear that Sn–TiO2

nanomaterials have a smaller crystallite size and larger surface
area compared to pure TiO2. The increased surface area is in
favor of the photocatalytic reaction process, owing to the pres-
ence of more reaction spots.19 In addition, the lattice expansion
caused by the substitution of Ti4+ ions with Sn4+ ions leads to
the formation of more surface defects. The resulting defects
capture photogenerated electrons and thus suppress the
Fig. 8 Photocatalytic degradation of RhB for pure TiO2 and Sn–TiO2 an

This journal is © The Royal Society of Chemistry 2018
recombination of the photogenerated pairs effectively,17 which
is proven by the PL measurement. Besides this, from the XPS
results, it is found that more surface hydroxyl groups form on
the surface of Sn–TiO2, indicating that the hydration ability and
the adsorption ability of the RhB molecules are enhanced by Sn
doping. Therefore, Sn–TiO2 exhibits a higher photocatalytic
activity than pure TiO2.25 Among the samples heat treated at
350 �C, 1% Sn–TiO2 shows the best photocatalytic activity. A
further increase in the addition of Sn results in a decline in the
photocatalytic activity because the excess Sn4+ ions act as
recombination centers for the photogenerated pairs.41 It is
worth noting that 5% Sn–TiO2 exhibits the best photocatalytic
activity, and 10% Sn–TiO2 and 15% Sn–TiO2 also present high
photocatalytic activity. From the XRD results, it is observed that
rutile TiO2 forms in the 2.5% Sn–TiO2, 5% Sn–TiO2, 10% Sn–
TiO2, and 15% Sn–TiO2 samples. The mixture of anatase and
rutile can promote the transfer of photogenerated electrons,
which prolongs the lifetime of the photogenerated pairs and
thus improves the photocatalytic activity.21,24 SnO2 forms in the
10% Sn–TiO2 and 15% Sn–TiO2 samples and the combination
of SnO2 with TiO2 also has a mixture effect, which is benecial
to the photocatalytic activity.19,25

The degradation rates of pure TiO2, 1% Sn–TiO2, 2.5% Sn–
TiO2, 5% Sn–TiO2, 10% Sn–TiO2, and 15% Sn–TiO2 heat treated
at 650 �C are 37.5%, 51.7%, 51.4%, 85.2%, 74.0%, and 49.0%,
respectively. All the samples show lower photocatalytic activity
compared to those treated at 500 �C, owing to the high rutile
content (Fig. 1c). It is well known that rutile TiO2 exhibits lower
photocatalytic activity because of its poor hydroxylation and
oxygen absorption. As a result, excess rutile leads to lower
photocatalytic activity.24,43
nealed at 350 �C (a), 500 �C (b), and 650 �C (c).
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Fig. 9 First-order reaction rate constant k against reaction time for different photocatalysts annealed at 350 �C (a), 500 �C (b), and 650 �C (c).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 1

/1
0/

20
26

 1
1:

21
:0

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The kinetics of the photocatalytic degradation of RhB can be
described by a rst order kinetics model and the reaction rate
constant k can be calculated from the following equation:44

kt ¼ �ln(Ct/C0)

where t is the reaction time, Ct is the concentration of RhB at t
time, and C0 is the initial concentration. The graphs of ln(Ct/C0)
versus reaction time (t) for all the samples are shown in Fig. 9,
which demonstrate that both the heat treat temperature and Sn
content affect the photocatalytic activity of TiO2 signicantly.
The reaction constant of 1% Sn–TiO2 annealed at 350 �C is
determined to be 0.027 min�1, which is 7.5 times higher than
that of pure TiO2 at 350 �C. The reaction constant of 10% Sn–
TiO2 annealed at 500 �C (0.017 min�1) is 3.4 times higher than
that of pure TiO2 (0.005 min�1) and the reaction constant of 5%
Sn–TiO2 annealed at 650 �C (0.010 min�1) is 5 times higher than
that of pure TiO2 (0.002 min�1) at the same temperature. The
results indicate that the addition of Sn evidently improves the
photocatalytic activity of TiO2, especially when the heat treat-
ment temperatures are 350 �C and 650 �C.
Conclusion

In summary, we reported a simple sol–gel method for the
synthesis of pure TiO2 and Sn–TiO2. The prepared TiO2 nano-
materials were characterized by XRD, TG, DTA, EDS, XPS, DRS,
SEM, BET, and PL. The results reveal that all the samples form
anatase aer calcining at 350 �C, while rutile appears in Sn–
TiO2 with high dopant levels at temperatures up to 500 �C and
14256 | RSC Adv., 2018, 8, 14249–14257
rutile is dominant at 650 �C. The addition of Sn promotes the
phase transformation from anatase to rutile. The photocatalytic
test results show that both the heat treatment temperature and
Sn dopant concentration affect the photocatalytic activity of
TiO2. 1% Sn–TiO2 shows the highest degradation rate at 350 �C
and 5% Sn–TiO2 exhibits the highest degradation rates at 500 �C
and 650 �C.
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