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TiO2 and Sn-doped TiO2 materials were prepared by sol–gel method using titanium and tin alkoxides at
different Sn concentration (0.1 mol%, 0.5 mol%, 1 mol%, 3 mol% and 5 mol%). Samples were characterized
by thermo gravimetric analyzer with differential scanning calorimeter (TGA–DSC), X-ray Rietveld refine-
ment, N2 adsorption (BET), transmission electron microscopy (TEM), UV–vis spectroscopies technology
and Raman spectroscopy. Only anatase phase was observed in pure TiO2, whereas anatase and brookite
were obtained in Sn-doped TiO2 samples. Sn dopant acts as a promoter in phase transformation of TiO2.
The Rietveld refinements method was used to determine the relative weight of anatase and brookite, and
crystallite size as a function of Sn concentration after calcination of samples at 673 K. It was also demon-
strated the incorporation of Sn4+ into the anatase TiO2 structure. Sn4+ inhibits the growth of TiO2 crystal-
lite size, which leads to an increase of the specific surface area of TiO2. From XRD analysis, the solid
solution limit of Sn4+ into TiO2 is 5 mol% Sn. The photocatalytic activity on Sn4+ doped TiO2 was deter-
mined for the 2,4-dichlorophenoxyacetic acid reaction. The maximum in activity was attributed to the
coexistence of anatase and brookite phases in the appropriate ratio and crystallite size.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Titanium dioxide (TiO2) is an n-type semiconductor, which can
be found in any of its three polymorphs: anatase, brookite, and
rutile. TiO2 is widely used in various scientific and technological
fields due to properties such as non-toxicity, chemical stability,
low cost and optical properties. All these TiO2 properties can be
applied in different areas of research such as: development of solar
cells [1], production of sensors [2], thin films [3], hydrogen produc-
tion and photocatalysis [4]. However, the use of TiO2 in photocat-
alytic process exhibits a rapid recombination of the electron–hole
after the photo excitation of TiO2, which leads to a decrease in
the photodegradation activity of recalcitrant organic compounds.
Some alternatives that improve the above-mentioned problem
consist in the modification of TiO2 by metal doping using Ce [5],
Sn [3,6,7], Nd [8], Sc and V [9], non-metal doping using N
[10,11], C [12], S [13], B [14] and also co-doping with C–N [15],
S–Gd [16] and Gd, N, C, and P quaternary doped-TiO2 [4]. Likewise,
coupling with another metal oxide such as Fe2O3, WO3, ZnO, SnO2

and the incorporation of precious metals generate the desired
effect [17]. The TiO2 photocatalytic properties improvement can
also be achieved by doping with SnO2. This oxide has a very impor-
tant role in photocatalytic applications since it contributes to a sig-
nificant increase in the production of hydroxyl radicals [6], which
impact on the photocatalytic activity. Another point in favor of
doping with SnO2 is that the ionic radii of Sn4+ and Ti4+ are very
similar (0.690 Å and 0.605 Å, respectively), which means that Ti4+

can be replaced by Sn4+ in the crystal structure of TiO2 [18,19]. In
the literature several methods of synthesis are reported for Sn4+

doped TiO2 using several precursors, i.e.: the PCVD
(plasma-enhanced chemical vapor deposition) method (which uses
TiCl4 and SnCl4 for thin films formation [20]), sol–gel method (for
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the production of thin films using different precursors such as tita-
nium (IV)-n-butoxide and tin (II) ethyl hexanate [6], titanium (IV)
isopropoxide and SnCl4�5H2O [7]), and also hydrothermal [21] and
co-precipitation methods. However, the sol–gel method presents
significant advantages, which include the synthesis of materials
at low temperatures, low cost, and the formation of materials with
an arrangement clearly defined that can be controlled by the type
of precursors used. Many variables can directly influence on the
final properties of the synthesized material such as the addition
of surfactants, the type of solvent, the acidity or basicity of the
medium and the amount of water added. This paper intends to
determine the effect on the structural properties of TiO2 due to
the substitution of Ti4+ by Sn4+ ions. TiO2 samples, were synthe-
sized by the sol–gel method, using titanium (IV) isopropoxide
and tin (IV) tert-butoxide as precursors. Additional characteriza-
tion, includes the study of the influence of the Sn4+ concentration
in the TiO2–SnO2 series photocatalysts for the 2,4-dichlophenoxy-
acetic acid degradation.
2. Experimental

2.1. Synthesis of TiO2 and Sn doped TiO2

TiO2 and Sn-doped-titania (TiO2–SnO2) materials were synthesized by the sol–
gel method. 87 mL of titanium (IV) isopropoxide 98+% (Strem Chemicals) were
added to the required amount of tin (IV) tert-butoxide 99% (Aldrich) to have con-
tents of 0.1, 0.5, 1, 3 and 5 mol% of tin. Finally, nitric acid (HNO3) was added to
maintain pH around 3 under solution stirring with a reflux at 343 K during 24 h.
A mixture of alcohol/water (16:8 ratio) was dropwise added to the solution under
vigorous stirring during 4 h and then left in reflux at 343 K for 24 h. The resultant
solid was dried in an oven at 393 K for 12 h. Samples were calcined in air at
673 K for 4 h with a heating ramp of 2 K/min. Pure TiO2 sample was prepared using
the same procedure but without tin precursor. The samples were labeled as T for
TiO2 and SnXT for Sn doped TiO2 samples, where X, is the mol% of tin.
2.2. Characterization

Thermal analysis was performed on a Thermo Gravimetric Analyser with Differ-
ential Scanning Calorimeter (TGA–DSC) TA instruments SDT-Q600 with a heating
rate of 10 K/min and air flow of 60 mL/min.

The X-ray diffractograms of the powders were measured at room temperature
using a Bruker D-8 Advance diffractometer with the Bragg–Brentano h–h geometry,
Cu Ka radiation, a Ni 0.5% Cu Kb filter in the secondary beam, and a one-dimen-
sional position-sensitive silicon strip detector. The diffraction intensity as a func-
tion of 2h angle was measured between 20� and 100�, with a 2h step of
0.020415�, for 96 s per point. Crystalline structures were refined using the Rietveld
method by using a fundamental parameter approach during the refinements, as
implemented in the TOPAS code, version 4.2.

The specific surface area of the samples was measured using the BET method
with nitrogen as adsorbent gas and BJH method was used to obtain the pore size
distribution. The samples were outgassed for 2 h with vacuum to 573 K in a Quanta-
chrome Autosorb-3B equipment.

Raman spectra were recorded in the range of 100–3500 cm�1 using an XRD
Thermo Scientific Raman Microscope equipped with a Nd:YVO4DPSS laser source.
Excitation laser line was at 532 nm and the laser power of 10 mW.

TEM study was performed on an electron microscope of field emission 2010FEG
JEM that operates at 200 kV. The microscope is equipped with a field of Schottky
type emission cannon and a configuration of ultrahigh resolution (UHR)
(Cs = 0.5 mm; Cc 1.1 mm; point to point resolution, 0.19 nm). Samples were pow-
dered in an agate mortar, put in a syringe were vacuum was produced and an aer-
osol was formed and deposited on a carbon covered copper grid. The powder was
sticked on the grid by electrostatic. This method was used to avoid changes on
the structure of the material.

The average size of the particle (ds) for T and Sn1T materials was calculated
using the following equation. ds = Rnidi

3/nidi
2, where di is the diameter measured

directly from the TEM micrograph and ni is the number of particles having di diam-
eter. This analysis was done using the Gatan software and counting at least 150 par-
ticles to have a good approximation of the average particle size. Energy band gap
(Eg) was determined using Kubelka–Munk theory, this analysis was carried out
through the diffuse reflectance spectra using a spectrophotometer Varian model
mark Cary 100 equipped with an integrating sphere. The evolution of the total
organic carbon (TOC) during the evaluation of photocatalytic reaction was followed
using a TOC Analyzer Shimadzu 5000.
Photocatalytic degradation of 2,4-D (2,4-dichlorophenoxyacetic acid) was per-
formed using a light Pen-Ray UV lamp (UVP products, intensity of 4400 lW/cm2

at 254 nm). The lamp is placed inside a quartz tube and consecutively is tucked
inside a homemade reactor which contains 200 mL with 40 ppm of 2,4-D molecule
test and 200 mg of photocatalyst at room temperature. The suspension in the
absence of the light source is bubbled with dry air flow (60 mL/min) for 1 h to
achieve an adsorption–desorption equilibrium between the photocatalyst surface
and the pollutant. Subsequently the suspension is irradiated with UV light for 3 h.
Aliquots of 3 mL were taken every 15 min. The photodegradation rate was deter-
mined using a UV–Vis spectrophotometer Agilent Technologies, model Cary 60,
by following the main band of 2,4-D at 282 nm absorption.
3. Results and discussion

TGA/DSC curves of TiO2 (T) and TiO2-doped with 1 and 5 mol%
of tin (Sn1T and Sn5T) are shown in Fig. 1, for T, Sn1T and Sn5T
samples. The weight loss for all processes, endothermic and exo-
thermic is approximately 13%, 17% and 29% respectively with
respect to the original value. The loss weigh occurred gradually
to around 773 K. All samples showed two endothermic peaks, in
the temperatures ranges of 300–500 K, 300–470 K and 300–470 K
for the respective catalysts, these correspond to the elimination
of the residual alcohol and water. Also, three exothermic peaks
were observed for all samples. For the T sample the exothermic
peaks are at temperatures of 547 K, 650 K and 737 K, in Sn1T sam-
ple these peaks are at 509 K, 640 K and 732 K and for Sn5T at 511 K,
647 K and 727 K. The first one correspond to volatilization and oxi-
dation of the organic matter present in the xerogel, the second one
to the elimination of hydroxyl groups [22] and/or to the transition
of amorphous material to anatase phase [23] and the third peak
corresponds to the transition from anatase to rutile phase [24].
The continuous weight loss observed in the TiO2 and TiO2 doped
samples is characteristic of the homogeneous materials obtained
by sol–gel method, and correspond to the elimination of the struc-
tural hydroxyl groups [25]. The SnO2 synthesis by sol–gel and the
TGA/DSC analysis was done in order to determine the phase crys-
tallization of SnO2 (graphic not included). The analysis shows an
exothermic peak at 608 K and no weight loss with the increase of
temperature was observed, which is attributed to the crystalliza-
tion of SnO2 [24].

The SnO2 incorporation to TiO2 leads to a decrease in the crys-
tallization temperature from amorphous phase to anatase phase
and accelerates the transition process from anatase phase to rutile
phase [24]. From the information of TGA–DSC analysis on pure
TiO2 and Sn doped TiO2, a temperature of 673 K was selected for
the calcination of the different materials.

The X-ray diffractograms for samples with different Sn4+ con-
centrations, after they were heat treated at 673 K during 4 h with
a heating rate of 2 K/min, are depicted in Fig. 2.

The anatase is the only crystalline phase present in the undoped
TiO2 sample (JCPDS card 21-1272). In all doped samples, even that
containing 0.1% mol of Sn4+, in addition to anatase, brookite (JCPDS
card 29-1360) phase is present. Upper vertical marks on the bot-
tom correspond to anatase phase, whereas the lower ones corre-
spond to brookite. The arrow pointing up is the characteristic
Bragg reflection of brookite, whereas the asterisk corresponds to
the characteristic Bragg reflection of cassiterite (SnO2).

Since the crystallography of anatase and brookite phases are
well known [26,27], these diffractograms were refined by Rietveld
method (Fig. 2), to study the effect of Sn4+ on the crystal properties
of both phases, including cell parameters, crystallite size and rela-
tive concentration of anatase and brookite in the doped samples.
The initial values for the relative coordinates of brookite were
those reported by Meagher and Lager [27]. In Table 1 are shown
the lattice parameters, the crystallite size and the concentration
in weight obtained from the Rietveld refinements for anatase and
brookite as a function of Sn4+ content. The data in Table 1 shows



Fig. 1. TGA–DSC profiles of the thermal evolution for sol–gel samples TiO2 (T), Sn1T, Sn5T.

Fig. 2. X-ray diffraction patterns of TiO2 and Sn4+-doped TiO2 photocatalysts at
different mol% concentrations of Sn4+, Rietveld refinement. Upper vertical marks on
the bottom correspond to anatase, whereas the lower ones correspond to brookite.
Asterisk corresponds to the characteristic Bragg reflection of cassiterite (SnO2).
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important facts concerning the effect of the addition of Sn4+ into
TiO2. By increasing the amount of Sn4+, there is a significant reduc-
tion (50% of the value compared to the undoped sample) in the
crystallite size of the anatase. At the same time, it is observed an
increase in the weight concentration of brookite. The diminishing
in crystallite size as the Sn4+ concentration increases is due to
the difference between the ionic radius of Ti4+ and that one of
Sn4+. In a six-coordination, like that present in anatase and brook-
ite structures, the ionic radii of Ti4+ and Sn4+ are 0.605 and 0.69 Å,
respectively [19]. This difference which is around 14% in size,
should be introducing a perturbation in the crystal structure of
anatase, in a way that inhibits the growth of the crystallites. Some-
thing similar happens in brookite, because it is also observed a
decrease in crystallite size with increasing Sn4+ concentration
(Table 1). However, it seems to be a solubility limit of the Sn4+ ions
into the TiO2 crystal phases, since at 5 mol% appears the cassierite
phase of SnO2. The slightly increase observed in the a cell parame-
ter of anatase, from 3.78502(12) Å (undoped sample) to
3.7878(12) Å (sample doped with 3 mol% of Sn4+), is an evidence
of the incorporation of the larger Sn ion added, at least partially,
into the anatase crystal cell. The analysis of the probable incorpo-
ration of Sn4+ into brookite crystal cell was not performed, because
many Bragg reflections are overlapped with those ones of anatase.
Furthermore, lower concentration phase and small crystallite size
produce less intense and broad diffraction peaks. All of these fac-
tors make impossible to get a reasonable trend in the lattice
parameters of brookite for any amount of Sn4+ added. Actually,
the cell parameters of brookite were modeled as constants as those
reported [27].

The effect of the incorporation of Sn4+ to the TiO2 structure is
the production of brookite and showing an increase in the relative
weight (%) by the increase of mol% of Sn4+. The reason which favors
the brookite phase is the substitution of Sn4+ by Ti4+ in the different
species of titanium tetrahedral [TiO4] and titanium octahedral
[TiO6] modifying the distortion energy [28]. In the Sn5T, according
to weak signal of XRD analysis for Sn4+ doped TiO2 sample with
5 mol%, the most of Sn is as substitutional mode and the remainder
as SnO2 forming islands on the TiO2 surface.

The Raman spectroscopy of the doping effect of TiO2 with SnO2

can be observed in Fig. 3. The Raman spectra presents well-defined
vibration bands, at 143 cm�1 (Eg), 198 cm�1 (Eg), 399 cm�1 (B1g),
518 cm�1 (B1g) and 640 cm�1 (Eg), which correspond to the six fun-
damental vibration (Eg, B1g, A1g) modes consistent with spatial
group I41/amd (141) of the anatase phase [29]. In the same figure



Table 1
Lattice parameters, crystallite size and weight concentration obtained by Rietveld refinements for anatase and brookite as a function of Sn4+. Numbers in parentheses represent
standard deviations.

Sample Anatase Brookite

Cell parameters (nm) Crystallite size
(nm)

Relative phase
concentration wt (%)

Cell parameter (nm)a Crystallite size
(nm)

Relative phase
concentration wt (%)

a c a b c

T 0.378502(12) 0.950208(35) 28.1(2) 100 – – – – –
Sn0.1T 0.378637(19) 0.949578(55) 23.5(2) 95.2(3) 0.9174 0.5449 0.5138 17.2(17) 4.8(3)
Sn0.5T 0.378628(27) 0.949274(80) 19.5(2) 92.1(4) ‘‘ ‘‘ ‘‘ 14.9(11) 7.9(4)
Sn1T 0.378660(33) 0.949151(98) 17.2(2) 90.7(4) ‘‘ ‘‘ ‘‘ 14.0(9) 9.3(4)
Sn3T 0.37878(12) 0.94884(39) 13.2(2) 89.3(3) ‘‘ ‘‘ ‘‘ 11.2(5) 10.7(3)

a Cell parameters and relative coordinates of ions in the refinement of brookite phase were modeled as constants.

Fig. 3. Raman spectra for TiO2 (T) and Sn doped TiO2 samples annealed at 673 K.
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other vibration modes are present at 250 cm�1, 325 cm�1 and
366 cm�1 which are less intense, corresponding to brookite phase
[30]. The Raman spectrum does not detect the main vibration
bands of SnO2 (776 cm�1, 636 cm�1, 547 cm�1 and 490 cm�1)
[31]. This result can be explained by knowing that the largest
amount of Sn4+ is incorporated in the TiO2 lattice and a very small
amount is present as SnO2, which is no detected by this technique.

The adsorption–desorption isotherms of nitrogen for TiO2–SnO2

photocatalysts were determined. The isotherms correspond to type
IV based in the IUPAC classification for mesoporous materials, with
a H1 type hysteresis loop [32]. The specific surface area of tin doped
TiO2 nanomaterials obtained by BET equation is reported in Table 2.
The increase of Sn4+ mol% to TiO2, from 0.1 mol% to 5 mol% leads to
an increase in specific surface area of TiO2 which are comprised
between 66 m2/g and 120 m2/g, compared with pure TiO2

(T = 59 m2/g). These results confirm those found by XRD studies.
The increase in the amount of Sn4+ into TiO2 leads to a reduction
in the crystallite size for the two phases (anatase and brookite)
Table 2
Specific surface area, band gap (Eg) and kinetic parameters for the degradation of 40 ppm

Photocatalyst Surface area (m2 g�1) Eg (eV) aT

T 59 3.22 77
Sn0.1T 66 3.20 66
Sn0.5T 75 3.18 69
Sn1T 87 3.21 81
Sn3T 106 3.19 63
Sn5T 120 3.16 70
Photolysis – – 20

a TOC = Total Organic Compound at 180 minutes.
b C% = Conversion % at 120 minutes.
c Kapp = Apparent constant at 120 minutes.
conducting to an increase of the specific surface area. This is evi-
dence that the Sn4+ plays an important role, by hindering the
growth of TiO2 particles [33]. The inhibition of the growth of ana-
tase and brookite size could be due to the dissimilar boundaries
as it has been reported [34]. Also it is observed that with the addi-
tion of Sn4+ the pore size distribution is shifted toward lower values.
The mean pore diameter for the different samples goes from 34 nm
for pure TiO2 to values between 17.8 nm and 9.5 nm for samples
containing concentrations from 0.1 mol% to 5 mol% of Sn4+ in
TiO2. The decrease of pore diameter goes well with the observation
of the decrease in particle size with the increase of Sn4+ in TiO2.

The TEM images as well as the particle size distribution for two
selected samples, T and Sn1T are shown in Fig. 4. The average par-
ticle for T and Sn1T are 28.4 nm and 13.5 nm respectively. The
nanoparticles prepared by sol gel shown similar shapes but differ-
ent sizes, however it is difficult to distinguish between anatase and
brookite from TEM images. The distribution of particle size for pure
TiO2 nanoparticles exhibits sizes in the range of 15–40 nm, mean-
while for Sn1T sample the distribution is around of 8 nm and
20 nm. The Sn4+ doped TiO2 samples showed lower particles size
distribution due to the presence of Sn4+, the higher the concentra-
tion of Sn4+ the lower is the particle size. These results are consis-
tent with the XRD results.

The Eg values for the photocatalysts doped TiO2 are in the inter-
val of 3.20 eV and 3.16 eV compared to pure TiO2 which has a value
of 3.2 eV as shown in Table 2. The addition of different Sn4+ mol%
modifies optical properties by a slight shifting toward the red
region [35]. Other possible reason for the Eg shift is the presence
of the brookite which is in the 3.1–3.4 eV region, and/or the
decrease of the anatase and brookite particle size with the increase
of Sn4+ [18,36].

The results of the effect of Sn4+ doping TiO2 photocatalyst for the
UV light 2,4-D decomposition are reported in Table 2. The 2,4-D
photodecomposition follows a pseudo-first order kinetics. The con-
version of 2,4-D on T, SnT1 and Sn5T photocatalysts, after 180 min,
are 77%, 93% and 79% respectively. The apparent rate constant was
calculated by plotting Ln (C0/C) as a function of time (min) while the
of 2,4-dichlorophenoxyacetic acid on TiO2 and SnO2–TiO2 photocatalysts.

OC % cKapp � 103 (min�1) t1/2 (min) bC %

9.4 73 77
8.1 85 74
7.4 93 67
16.8 41 93
8.3 83 65
10.5 65 79
1.7 – 29



Fig. 4. The TEM images and particle size distribution measured from the micrographs for T and Sn1T samples.
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values of half time life, t1/2 (min), were determined by the t1/

2 = Ln2/k equation. Where the C0 and C are the concentrations
(mg/L) at initial time t(0) and at a given time t (min) respectively
and k is the first order degradation rate constant (min�1). The kinet-
ics results reported in Table 2 shows that it exist a synergetic effect
in the Sn doped TiO2 nanoparticles for the Sn1T photocatalyst. This
improvement in photocatalytic decomposition activity of 2,4-D is
observed with an optimal concentration of 1 mol% of Sn4+ in TiO2.
The Sn1T photocatalyst show the highest value of conversion of
93%, at the highest rate constant of 16.8 � 10�3 min�1 and the low-
est half time life t1/2 of 41 min. The total organic carbon (TOC) is
81%, corresponding to a notable elimination of the organic pollutant
compound, in agreement with the above-mentioned results. The
behavior of this Sn1T doped sample can be attributed to the coexis-
tence in appropriated proportions of anatase and brookite phases of
TiO2 and with a specific particle size. Indeed, bicrystalline structure
of the anatase and brookite can reduce the recombination of the
photogenerated charge carrier to improve the photocatalytic activ-
ity [37]. On the other hand, the substitution of Sn4+ ions by Ti4+ ions
in TiO2 produce a distortion in the network which leads to struc-
tural defects on the surface, resulting in the presence of unsaturated
surface cations [20] and surface hydroxyl groups. The unsaturated
sites favor the adsorption of the organic molecule on the surface
defects of TiO2–SnO2, where the molecule is oxidized by the photo-
generated holes in the valence band. With the increase of the spe-
cific surface area in tin doped-TiO2 samples, it should be expected
an increase in the number of unsaturated sites and an enhancement
in the photocatalytic activity. However, the activities do not go far
from that showed by the Sn1T which means that a specific type of
sites is required.

It was reported that Sn4+ incorporation leads to an increase in
surface oxygen vacancies on TiO2, which can induce sub-band
levels near the bottom of the conduction band. These sub-bands
capture the photoinduced electrons and enhance the separation
of photoexcited chargers resulting in an improvement in the pho-
tocatalytic activity of TiO2 [35]. Furthermore, the hydroxyl radicals
inhibit the electron–hole recombination. However, high oxygen
vacancies can act as recombination centers and the photoactivity
decreases [38]. This can explain the lower photoactivity for Sn3T
and Sn5T samples. The higher concentration of tin in TiO2 produces
a further lattice deformation and distortion, resulting in more oxy-
gen vacancies and decrease on the photoactivity.
4. Conclusion

Pure TiO2 and Sn-doped TiO2 materials were prepared by sol–
gel method using titanium and tin alkoxides, varying the amounts
of Sn4+ (0.1 mol%, 0.5 mol%, 1 mol%, 3 mol% and 5 mol%). The ana-
tase was the only crystalline structure in the pure TiO2 sample,
whereas anatase and brookite were obtained in Sn-doped TiO2

samples. The Sn4+ ion is incorporated into the crystalline structure
of TiO2. The brookite phase increases whereas the anatase
decreases with the concentration of Sn4+. The Rietveld refinements
method was used to determine the relative weight of anatase and
brookite as a function of Sn concentration and the particle size. The
presence of Sn4+ inhibits the growth of the particles size of anatase
and brookite in TiO2, which leads to an increase of the specific sur-
face area of TiO2. A synergetic effect in the photocatalytic activity
on Sn1T photocatalyst with 1 mol% of Sn4+ for 2,4-D degradation
reaction was observed. The maximum in activity was attributed
to both the coexistence of anatase and brookite phases in the
appropriate ratio and the particle size.
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