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Abstract In this study, preparation of Sn doped

(0–30 mol % Sn) TiO2 dip-coated thin films on glazed

porcelain substrates via sol–gel process have been inves-

tigated. The effects of Sn content on the structural, optical,

and photo-catalytic properties of applied thin films have

been studied by X-ray diffraction (XRD), Raman spec-

troscopy, scanning electron microscopy (SEM), field

emission SEM (FE-SEM), and high resolution transmission

electron microscopy (HR-TEM). Surface topography and

surface chemical state of thin films were examined by

atomic force microscope (AFM) and X-ray photoelectron

spectroscopy (XPS). XRD patterns showed an increase in

peak intensities of the rutile crystalline phase by increasing

the Sn dopant. The prepared Sn-doped TiO2 photo-catalyst

films showed optical absorption edge in the visible light

area and exhibited excellent photo-catalytic ability for

degradation of methylene blue solution under UV irradia-

tion. The result shows that doping an appropriate amount of

Sn can effectively improve the photo-catalytic activity of

TiO2 thin films, and the optimum dopant amount is found

to be 15 mol%. The Sn4? dopants substituted Ti4? in the

lattice of TiO2 and increased surface oxygen vacancies and

the surface hydroxyl groups. TEM results showed small

increase in planar spacing (was detected by HR-TEM

caused by Sn dopants in titania based crystals).

Keywords Thin film � TiO2 � Sol–Gel � Sn dopant �
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1 Introduction

The titanium dioxide has been widely used in the field of

pollutant degradation and environment protection since

photo-catalytic function of titania was discovered in 1972

[1, 2]. The titanium dioxide has the advantage of not only

high photo-catalytic activity, but also good acid resistance,

low cost, and no toxicity, which makes the titanium dioxide

become one of the best photo-catalytic agents [3, 4].

TiO2 can catalytically decompose a large number of

organic and inorganic pollutants under illumination of UV

light [5–7]. However, depending on the structural form, the

photo-catalytic activity of TiO2 has been found to vary.

Recently, most of the investigations have been focused

on preparing TiO2 catalysts that can be activated by Vis-

light because there is much more energy produced by the

sunlight in the visible lights regime compared to the UV

spectrum [8–10]. For this purpose, doping or combining

TiO2 with various metals (Au, Pt, Ir) or non-metal ions has

been considered [11, 12]. The photo-catalytic activity of

TiO2 has been found to vary with its structural form and is

reportedly higher in the anatase form compared to the rutile

phase structure [13].
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Lin et al. [14] and Maruska and Ghosh [15] have related

the higher photoactivity of anatase TiO2 (Eg = 3.2 eV) to

its higher Fermi level compared to that of rutile TiO2

(Eg = 3.0 eV). However, high photo-catalytic activity has

been reported with multi-phased mesoporous TiO2, con-

sisting of anatase and rutile [16, 17]. Thus, more investi-

gations seem necessary to understand the effect of metal

ion doping on the structural and optical properties of TiO2.

There are some studies on metal ion doping of TiO2 and

it has been found that the anatase to rutile phase transfor-

mation is affected to a varying extent, and so is its photo-

catalytic activity. The choice of the doping type may play a

crucial role in the crystalline structure and the stable phase

of TiO2 thin films. The metal ions which are found to

inhibit the anatase to rutile phase transformation are Si

[18], W, Nb, Ta, Cr [19], while the metal ions which are

reported to promote the phase transformation are Ni, Co,

Mn, Fe, Cu [20], V [19] and Ag [21].

Few papers are dedicated to the investigation of Sn

doped titania films as photo-catalysts [9, 14, 22]. Moreover,

there is a discrepancy in the literature about the crystalline

stability of TiO2–SnO2 system. It is claimed that the SnO2

in TiO2–SnO2 binary oxides stabilizes the anatase phase

[23, 24]. In contrast, other authors have proved that the Sn

promotes the phase transformation from anatase to rutile

phase structure [25, 26].

In the present work, we are discussing preparation of a

novel aqueous and economically beneficial method. Here

Sn has been selected as an additive to increase the photo-

catalytic activity of thin films at the visible light wave

lengths. The thin films were applied by sol–gel dip-coating

process. Developing more stable rutile phase TiO2 thin

films at low temperature was achieved in this study.

2 Experimental procedures

2.1 Preparation of the thin films

The preparation of precursor solution for Sn-doped TiO2

thin films is described as follows: TiO2 and SnO2 sols were

prepared separately. For the preparation of TiO2 sol, tita-

nium (IV) butoxide (TBT = Ti (OC4H9)4, Aldrich) was

selected as titanium source. First, 0.35 mol ethanol (EtOH,

Merck) and 0.04 mol ethyl acetoacetate (EAcAc is as a sol

stabilizer during preparation of sol and also chelating agent

during coating, Merck,) were mixed, and then 0.01 mol

TBT was added by the rate of 1 mL/min to the mixture at

the ambient temperature (25 �C). The solution was con-

tinuously stirred for 45 min, followed by the dropping of

HNO3 as catalyst to the solution until pH = 3. De-ionized

water was added to the solution slowly to initiate hydro-

lysis process. Solution was aged for 24 h in order to

complete all reactions. The chemical composition of the

resultant alkoxide solution was TBT:H2O:HNO3:EAcAc:

EtOH = 1:10:1:4:35 in molar ratio. In order to prepare

SnO2 sol, stannous chloride (SnCl2�2H2O, Merck) was

dissolved in EtOH with molar ratio of SnCl2�2H2O:

EtOH = 1:35 at ambient temperature with continuous

stirring. Solution was aged for 24 h in order to complete all

reactions. Then, mixtures of TiO2 and SnO2 sols were

made with different mol ratios of SnO2 at the ambient

temperature. The mol ratios of Sn in mixtures were 0, 1, 5,

10, 15, 20, 25, 30 mol %. The Sn-doped thin films were

applied on the glazed porcelain substrates with the pre-

pared sol solutions by dipping-withdrawing at room tem-

perature with withdrawal speed of 10 mm/min.

The porcelain composition was Al2O3: 45.12, SiO2:

43.83, BaO: 6.18, K2O: 3.63, Na2O: 0.58, MgO: 0.39, CaO:

0.27 weight percent. Glazed composition contained SiO2:

64.45, Al2O3: 16.56, CaO: 6.07, K2O: 5.1 MgO: 4.36,

Fe2O3: 3.46 weight percent. Porcelain and glaze compo-

sitions were reported by substrate manufacturer with for-

mal report.

Substrate dimensions were 30 9 15 9 1 mm. The sub-

strate were degreased in ethanol and cleaned in de-ionized

water for 15 min and acetone with supersonic wave. The

treated substrate samples were dried at 80 �C for 1 h. In

order to prevent diffusion of porcelain substrate and glaze

elements to final thin film, one interlayer (buffer layer)

SiO2 thin film with withdrawal speed of 10 mm/min was

applied. Silica sol contains tetra ethyl orthosilicate (TEOS,

Merck): EtOH:H2O:HCl with 1:3.8:1:0.01 molar ratios and

calcined at 400 �C for 1 h. Samples were dried at 100 �C

for 1 h after each coating cycle and finally heated at a

rate of 2 �C/min and calcined at 475 �C for 1 h in air

atmosphere.

Substrates were coated with one SiO2 (buffer layer) and

three Sn-doped TiO2 layers.

2.2 Characterization methods

The sol particle size distribution and viscosity were deter-

mined by dynamic light scattering technique (DLS-Horiba-

LB 550). Differential thermal analysis (DTA) and thermo-

gravimetric (TG) were used in order to determine crystalli-

zation temperature with a heating rate of 10 �C/min (STA

1460 equipment). XRD pattern and phase identification of

thin films were recorded using X-ray diffraction analysis

(Philips, MPD-XPERT, k: Cuka = 0.154 nm). The samples

were scanned in the 2h range of 20�–70�. Raman spectra

were conducted on a Renishaw RM1000 spectroscope with

laser light wavelength of 514 nm. Morphology of the thin

films was observed using scanning electron microscopy

(SEM, XL30 Series) with an accelerating voltage of

10–15 kV. Also surface topography of the thin films was
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investigated using non-contact mode atomic force micros-

copy (AFM, Solver P47H Instrument). X-Ray photoelectron

spectroscopy (XPS) spectra were recorded by a PHI 5000C

ESCA spectrometer using Mg Ka radiation (ht =

1253.6 eV). The pressure of the analyzer chamber was

maintained at 5 9 10-8 Pa. Spectra were calibrated with

respect to the C1s peak at 284.6 eV.

In order to make TEM foils, the films were removed

from the substrates by water flotation. Droplets of the sol–

gel material were also deposited on plain (un-coated)

copper grids so as to form free-standing films for in situ

hot-stage experiments in the TEM. Conventional TEM

imaging and electron diffraction analysis was carried out

using an EM-2100F-JEOL-Tokyo-Japan with acceleration

voltage of 200 kV.

2.3 Photo-catalytic activity measurement

The photo-catalytic activity was evaluated by monitoring

the degradation of MB solution (5 ppm) under UV illu-

mination. The samples were placed in 20 mL aqueous MB

solution and were kept in dark for 2 h. They were then

irradiated from top using a UV lamp (Philips 8 W,

360 nm). The intensity of the MB characteristic band at

660 nm (I660) in the obtained UV–vis spectrum (Varian

cary 50 spectrophotometer) was used to determine the

concentration of MB in the solution (Ct).

The degradation rate of MB, which represents the photo-

catalytic efficiency of the films, can be determined by

Eq. 1.

dð%Þ ¼ ðC0 � CtÞ=C0 � 100 ð1Þ

where d is degradation rate, Ct is concentration after

radiation and C0 is concentration before radiation [27].

3 Results and discussion

Homogeneous and transparent sols were obtained for all

compositions. Viscosity of all sols was measured at 25 �C.

In all samples, a Newtonian behavior was observed.

Physical properties of sols are presented in Table 1. As

seen, all sols revealed a good stability for more than

25 days. Particle size distribution and mean particle size

(d50) of sols decrease by increasing SnO2 content. Also,

slight increase was observed in viscosity of sols.

TiO2 sol was heated up to 100 �C for 1 h for gel for-

mation. TG-DTA curve of TiO2 gel (titania based precursor

gel) from ambient temperature up to 700 �C is shown in

Fig. 1. The sample lost weight gradually with the increase

of temperature until about 600 �C. After 600 �C the change

in weight was small. The total weight loss was 27.7% with

respect to the original sample weight.

Also, it shows an endothermic peak at 92 �C (50–100 �C)

which is attributed to evaporation of absorbed water and

solvent (EtOH) of the gel. The first exothermic peak at

129 �C (120–140 �C) is probably attributed to combustion

of residual organic component of TBT precursor. It is clear

that titania precursor gel is thermally stable from 140 �C up

to 280 �C. Small exothermic peak at temperature of 298 �C

(290–340 �C) is probably corresponds to combustion of

EAcAc (auto ignition temp. = 295 �C).

There are also two exothermic peaks, first at about

400–470 �C corresponds to the crystallization of anatase

phase of TiO2 and the other at 495 �C (460–520) corre-

sponds to the phase transformation of anatase to rutile of

titania [28, 29].

Figure 2 shows the XRD patterns of Sn-doped TiO2

thin films with different mol ratios of Sn heat treated at

475 �C for 1 h. X-Ray diffraction peak at 25.5� corre-

sponds to characteristic peak of crystal plane (1 0 1) of

anatase, at 27.6� corresponds to characteristic peak of

crystal plane (1 1 0) of rutile in films. According to the

Table 1 Sol properties (T: TiO2, S: Sn content (mol%) (TiO2-x% Sn)

Sol

sample

Particle size

distribution (nm)

Aging

time

(day)

Color Viscosity

d10–d90 (d50) (g = mPa S)

SiO2 7–36 (*17) 25 Colorless 4.38

TiO2 5–39 (*18) 73 Yellow 2.24

SnO2 4–21 (*9) 28 Colorless 4.11

T-1S 3–37 (*18) 65 Yellow 2.76

T-5S 4–35 (*16) 62 Yellow 2.81

T-10S 3–31 (*15) 57 Yellow 2.87

T-15S 4–29 (*13) 48 Pale yellow 2.91

T-20S 3–25 (*12) 41 Pale yellow 2.96

T-25S 5–23 (*10) 36 Pale yellow 3.17

T-30S 2–18 (*9) 32 Pale yellow 3.37

Fig. 1 DTA curve of the gel (titania based precursor gel) from

ambient temperature up to 700 �C (Heating rate = 10 �C/min)
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XRD patterns, the pure TiO2 (T) constituted of pure ana-

tase phase. No characteristic peaks of SnO2 were observed

in Sn-doped TiO2 thin films up to 25% Sn (T-25%S),

which suggests the incorporation of Sn4? into the TiO2

lattice [30]. As seen, T-30% Sn was consisted of high

percentage of SnO2 phases. So, we deleted this composi-

tion from this study. The diffraction peaks of rutile crys-

tallites appeared in X-ray profiles with increasing Sn

dopant in thin films. The addition of Sn has a promoting

effect on the transformation of anatase to rutile crystalline

phase [31, 32], due to the rutile like structure of SnO2-

cassiterite phase. It is also found that the peak position of

(1 0 1) anatase and (1 1 0) rutile planes shift to a smaller

diffraction angle with increasing Sn content in TiO2 thin

films. This may results from the exchange of Ti with Sn in

the TiO2 lattice.

Also, Since the electronegativity and ionic radius of

Sn4? ion (1.8, 0.71�A) approach those of Ti4? ion (1.5,

0.6�A) in TiO2 [33] it is expected that the Sn4? ions will

replace lattice Ti4? ions and thus occupy lattice Ti4?

positions in the doping reactive process. The ionic radius

of the doping Sn4? ion is larger than that of the lattice

Ti4? ion. This will induce a distortion of the lattice

and increment the lattice parameters and cell volume of

Sn-doped TiO2 thin films compared with those of pure

TiO2.

The average crystallite size of thin films (D) was

determined from the XRD patterns, according to the

Scherrer equation (2) [34]

D ¼ kk=b cos h ð2Þ

where k is a constant (shape factor, about 0.9), k the X-ray

wavelength (0.154 nm), b the full width at half maximum

(FWHM) of the diffraction peak and h is the diffraction

angle. The values of b and h of anatase and rutile phases

were taken from anatase (1 0 1) and rutile (1 1 0) planes

diffraction lines, respectively. The amount of rutile in the

samples was calculated using the following equation [35]

XR ¼ ð1þ 0:8IA=IRÞ�1 ð3Þ

where XR is the mass fraction of rutile in the samples, and

IA and IR are the X-ray integrated intensities of (1 0 1)

reflection of the anatase and (1 1 0) reflection of rutile,

respectively. The diffraction peaks of crystal planes (101),

(200) and (105) of Anatase phase in XRD patterns were

selected to determine the lattice parameters of the TiO2 and

Sn-doped TiO2 thin films. The lattice parameters were

obtained by using the Eq. 4 [34]

ðBragg’s lawÞ : 2dðhklÞ sin h ¼ k

1
�

dðhklÞ
� �2¼ ðh=aÞ2 þ ðk=bÞ2 þ ðl=cÞ2

ð4Þ

where d(hkl) is the distance between the crystal planes of

(hkl); k is the wavelength of X-ray used in the experiment;

h is the diffraction angle of the crystal plane (hkl); hkl is the

crystal plane index; and a, b, and c are lattice parameters

(in Anatase form, a = b = c).

The characteristic of Sn-doped TiO2 thin films after

thermal treatment at 475 �C is reported at Table 2. By

increasing Sn dopant, transformation of anatase to rutile

phase was promoted, the amount of rutile phase structure

was increased, and a gradual decrease in the crystalline size

was detected. The decrease in crystal size can be attributed

to the presence of Sn–O–Ti in the Sn-doped TiO2 thin films

which inhibits the growth of crystal grains [36].

Also, the lattice parameters and cell volume of the TiO2

and Sn-doped TiO2 thin films are summarized in Table 2. It

is obvious that the lattice parameters and cell volume of the
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Fig. 2 XRD patterns of dip-coated pure (T) and Sn-doped TiO2 thin

films (T-x mol% Sn) with different Sn mol%, calcined at 475 �C on

porcelain substrates (A Anatase, R Rutile, S SnO2)

Table 2 The characteristic of Sn-doped TiO2 dip-coated films after

thermal treatment at 475 �C

Sample

code

%A %R Crystallite size

(nm)

a = b c Cell

volume

dA dR (�A) (�A) (�A3)

T 100 – 15.1 – 3.776 9.341 133.162

T-1%S 79.8 20.2 14.2 20.3 3.784 9.030 129.310

T-5%S 69.2 30.8 13.1 17.8 3.785 9.362 134.135

T-10%S 48.1 51.9 12.8 16.4 3.784 10.250 146.757

T-15%S 36.2 63.8 12.1 14.8 3.809 2.199 31.907

T-20%S 15.7 84.3 11.3 14.2 3.786 10.498 150.492

T-25%S 3.8 96.2 10.1 13.3 3.791 10.751 154.509

102 J Sol-Gel Sci Technol (2011) 60:99–107

123



Sn-doped TiO2 thin films increase with increasing amount

of Sn4? substitution for Ti4? in rutile lattice, up to the

nominal 25%, meaning that rutile structure is saturated

with Sn. In T-30%S, there are so many Sn ions to enter

TiO2 lattice, and some Sn atoms are present as SnO2 phase

as shown in Fig. 2. In T-15%S sample a significant change

in tetragonality of titania crystal structure was seen. This

change contains extreme decrease in c-axis length and cell

volume.

Raman spectroscopy was also applied as an additional

characterization method to study the phase transformation

of titania at presence of Sn dopant. The anatase and the

rutile phase have different Raman active modes. The ana-

tase main peaks are at 395 (B1g), 513 (A1g) and 639 cm-1

(Eg) and the rutile peaks are at 447 and 610 cm-1 [37].

Figure 3 indicates the Raman spectra of the undoped

and Sn-doped TiO2 thin films with different Sn dopant

calcined at 475 �C. The Raman spectra of the films doped

with different Sn dopant showed broadening with

increasing Sn content.

In doped samples, mixtures of anatase and rutile phase

were presented. This result is already presented by XRD

studies and is confirmed by the Raman spectroscopy. Sn

did not cause appearance of any additional bands but

increasing Sn dopant has other obvious effects on the fre-

quencies of the fundamental vibrations, like showing a

general shift of vibrational modes to lower frequencies

with increasing Sn dopant.

The surface composition and chemical states of Sn-

doped TiO2 thin films studied by XPS method, are shown

in Fig. 4. It shows the XPS spectra of Ti 2p (a), Sn 3d

(b) and O 1s (c and d). The binding energy of Ti 2p3/2 and

Ti 2p1/2 were observed at approximately 458.5 and

464.6 eV, respectively, indicating that the Ti element

mainly existed as the chemical state of Ti4? [38]. Inter-

estingly, the binding energies of Ti 2p3/2 and Ti 2p1/2

shifted to lower values after the addition of dopant Sn4?

compared to pure TiO2 (Table 3; Fig. 4a). This shift can

prove the existence of Ti with lower valence. The forma-

tion of Ti with lower valence can be attributed to

the existence of oxygen vacancies in the thin film after

doping Sn.

XPS spectra of Sn 3d region are given in Fig. 4b. Two

peaks corresponding to Sn 3d5/2 and Sn 3d3/2 are observed.

The peak position corresponding to Sn 3d5/2 (Table 3) is

located between those of Sn 3d5/2 in SnO2 (486.5 eV) and

Sn 3d5/2 in metallic Sn (485.0 eV), which ascribed to

incorporated Sn4? in the lattice of TiO2 [8].

The XPS spectra of O 1s core level of T-x mol%S

samples are asymmetric (Fig. 4c), indicating that there are

at least two kinds of chemical states. Close to the peak

corresponding to oxygen in TiO2 lattice (OL), the other

peak at higher binding energy can be identified (Fig. 4d) as

Ti–OH resulting from the chemisorbed water (OH) [38,

39]. The results listed in Table 3, indicate further XPS data.

As seen, the amount of surface hydroxyl oxygen and

oxygen vacancies are enhanced by doping Sn4?. The

oxygen vacancies are active groups, which can easily

combine with other atoms or groups and become stable. It

accounts for an increase in the amount of surface hydroxyl

oxygen. Increase in surface hydroxyl is favorable for

photo-catalytic reactions [1]. The hydroxyl content (OL and

OH %) is the ratio of the area of corresponding peak to the

total area of the two O 1s peaks (Table 3).

Figure 5 shows the results of photo-catalytic decompo-

sition of MB solution caused by degradation of MB in

contact with thin films with different Sn content. The

degradation amount of MB increased by increasing Sn

dopant in thin films up to 15 mol% and then decreased at

higher Sn dopant. The maximum degradation is about

73.4% for T-15%S sample. The photo-catalytic activities

of all the doped Thin films are higher than the pure TiO2

film (except 25% Sn).

This phenomenon is attributed to two reasons stated

below. First, it is due to the increase of surface hydroxyl of

doped thin films [39]. Second, it is because of decrease in

recombination rate of photo-induced carriers in Sn-doped

thin films. The conduction band energy levels for SnO2 and

for TiO2 are different, 0 eV for SnO2 (vs. NHE, pH = 7)

and -0.5 eV for TiO2 (vs. NHE, pH = 7) [40]. Due to this

potential difference, the photo-induced electrons transfer

from the surface of TiO2 to that of SnO2 can take place

easily when Sn is doped into TiO2. On the other hand,

however, if there is too much doped Sn, the relative density

of TiO2 decreases which cause the activity to decrease. In

our case it is around 15 mol% of Sn that makes the photo-

catalytic activity change from increasing to decreasing.

Also the Fermi levels of SnO2 is lower than TiO2, which

leads to the photo-induced electrons transfer from the

conductive band of TiO2 to that of SnO2 on the surface of

TiO2, meanwhile, the raised Fermi level makes the driven
Fig. 3 Raman spectra of Sn-doped TiO2 thin films (T-x mol% S) for

x = 0, 1, 5, 10, 15, 20 and 25 mol% calcined at 475 �C
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force of the photo-induced electrons from TiO2 to SnO2

increase, these factors can also increase the separation ratio

of photo-induced electrons and holes.

Figure 6 shows the UV–vis spectra of the pure TiO2 and

the Sn-doped TiO2 thin films deposited on glazed porcelain

substrates in the wavelength range of 250–600 nm. In this

figure, the absorption edge of Sn-doped TiO2 thin films

shifts towards longer wavelengths with increasing Sn

dopant content. It indicates a decrease in the energy band

gap (inset in Fig. 6). It has been reported that metal doping

could form a dopant energy level within the band gap of

TiO2 [8, 41, 42]. A dopant of Sn4? has also been found to

be located approaching and below the conduction band [8].

Therefore, the red shift of the absorption edge for the Sn-

doped TiO2 should be the result of the electronic transition

from the valance band to the doping energy level. On the

other hand, according to the XRD result, doping of the Sn

accelerated the transformation from anatase to rutile phase

of TiO2, and the rutile phase has a band gap smaller than

Fig. 4 a Ti 2p, b Sn 3d, c O 1s XPS core level spectra of Sn-doped TiO2 samples and d O 1s fitting results for sample T-15%S

Table 3 Surface analysis by XPS spectra for Sn-doped TiO2 thin

films

Sample

code

Binding energy (eV) OL% OH%

Ti 2p3/2 Sn 3d5/2 OL

(Ti–O)

OH

(O–H)

T 459.07 – 530.15 531.48 61.3 38.7

T-1%S 458.86 486.11 529.78 531.43 59.2 40.8

T-5%S 458.53 486.0 529.67 531.39 55.4 44.6

T-10%S 458.48 485.87 529.61 531.37 54.2 45.8.

T-15%S 458.27 485.81 529.47 531.35 51.3 48.7

T-20%S 458.16 485.73 529.41 531.29 52.6 47.4

T-25%S 458.1 485.68 529.28 531.26 53.2 46.8

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100 120

 irradiation time (min)

C
x
/C

0

T

T-1%S

T-5%S

T-10%S

T-15%S

T-20%S

T-25%S

Fig. 5 Photo-catalytic decomposition profile of MB. Over different

Sn-doped TiO2 nanocrystalline thin film calcined at 475 �C for 1 h

104 J Sol-Gel Sci Technol (2011) 60:99–107

123



that of anatase, so this transformation should be another

reason for the red shift.

The reported optical band gap (Eg) in Fig. 6 (inset) has

been calculated using the UV–vis spectra by:

aht ¼ Aðht� EgÞn ð5Þ

where hm is the photon energy, A and n are constants. For

allowed direct transition n = 1/2, direct forbidden transi-

tion n = 3/2 and indirect allowed transition n = 2 [43].

The optical band gap Energy (Eg) is found by extrapolating

the straight line portion of (ahm)1/2 with the abscissa axis

(hm) in the vicinity of the fundamental optical transition for

pure and doped thin films. For Sn dopant more than 5%,

because of the presence of high percent of rutile phase

(shown in Table 2), the band gaps are similar and lower

than rutile phase. These results show that doped thin films

have a higher absorbance at visible light. Also, it was found

that the Eg shows a decrease as the Sn dopant in the films

increased. This behavior is similar to TiO2 films with

implanted tin ions [44].

SEM micrographs of T-15%S thin film, with improved

photo-catalytic activity, are shown in Fig. 7. Thin film

showed intergranular spaces and discontinuities with

slightly defined grains at different magnifications [Fig. 7a

(lower mag.), b (high mag.)]. By increasing Sn dopant

content, surface displays a low porous structure with a

particle size around 100 nm (not shown in this figure). This

figure also shows formation of crack-free thin film on

glazed porcelain substrate.

Figure 7c shows the cross-section image of the prepared

coating capture by FE-SEM. As the figure shows, the

thickness of thin film with 15 mol % Sn is about 150 nm.

Thin film structure shows a parallel columnar like

structure.

Figure 8 shows AFM topography (3D) and surface

roughness of T-15%S sample. It can be seen that thin film

has a columnar-like morphology (Fig. 8a) with a root mean

square (rms) roughness of 14.5 nm with a distribution of

grain size of about 50–70 nm (Fig. 8b). AFM images

indicate that the films are not continuous showing some

surface porosity, which make them adequate for photo-

catalytic applications.

Figure 9 shows the cross-section TEM images of

undoped TiO2 (Fig. 9a) and surface of T-15%S (Fig. 9c).

The electron diffraction (ED) patterns of the selected area

on pure TiO2 sample (inset of Fig. 9a) shows the strong

Debye–Scherrer rings indicating the anatase phase struc-

ture crystallite. Figure 9c shows the strong Debye–Scherrer

rings and complicated bright spots, indicating the

Fig. 6 UV–vis absorption spectra of pure TiO2 and Sn-doped thin

films deposited on glazed porcelain substrate (four coating cycle

times, calcined at 475 �C) with calculated energy band gaps of

samples

Fig. 7 a, b SEM micrographs of T-15%S at different magnification

and c cross-section image of the thin film calcined at 475 �C for 1 h
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coexistence of polycrystalline anatase and rutile crystal-

lites. This agrees with the aforementioned conclusion that

the Sn4? ions doped in TiO2 can promote the formation of

rutile phase structure titania.

Figure 9b, d displays the HRTEM images of undoped

and doped TiO2 thin film, respectively. For anatase struc-

ture, the fringe spacing (d) of (101) crystallographic plane

is determined to be 3.50 Å for undoped TiO2 film (Fig. 9b)

and 3.52 Å for T-15%S (Fig. 9d). This implies that Sn4?

ions are doped into TiO2 lattice in substitutional space in

T-15%S, since the ionic radius of Sn4? (0.71�A) is larger

than that of the lattice Ti4? (0.6�A), a fringe spacing of

3.35 Å corresponding to the (110) planes of rutile TiO2 is

observed in T-15%S (Fig. 9d). All of these are consistent

with the aforementioned XRD results.

4 Conclusion

In this research, Sn-doped TiO2 thin films with photo-cat-

alytic properties have been prepared by a sol–gel dip-

coating method. The thickness of applied thin films on

porcelain substrates was about 150 nm. The photo-catalytic

activity of the doped thin film is higher than that of pure

TiO2 thin films. Sn4? substitution for Ti4? in the TiO2

lattice results in a decrease in the rate of photogenerated

electron–hole recombination that is responsible for the

enhancement in photo-catalytic degradation rate.

The main results of the present study can be summarized

as follows: (1) the band gap of Sn-doped TiO2 thin films

vary continuously from those of pure TiO2 to those of pure

SnO2 with increasing Sn dopant, and (2) Sn substitution for

Fig. 8 a AFM profile image

(1 lm 9 1 lm) of T-15%S and

b surface roughness of the thin

film calcined at 475 �C for 1 h

Fig. 9 TEM and HRTEM

image of undoped TiO2 thin

film (a, b) and T-15%S (c, d)

106 J Sol-Gel Sci Technol (2011) 60:99–107

123



Ti in TiO2 rutile lattice structure increased the oxidation–

reduction potential of the oxide and showed the lowest

indirect energy transition. These effects are believed to

inhibit the photogenerated electron–hole recombination,

and thus endow the enhanced photoactivity for TiO2-x mol%

Sn thin film.
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