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a b s t r a c t

Y2O3-doped TiO2 films were prepared on glass substrates by means of pulsed DC reactive magnetron sput-
tering method using titanium and yttrium mixed target. XPS results showed that the films were composed
of fully oxidation states of the two elements, Y2O3–TiO2 composite oxides. The existence of yttrium inhib-
ccepted 24 June 2009
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ited the crystal growth of TiO2 in the films and Y2O3 mainly presented in its amorphous state in the films.
UV–vis transmittance of the films decreased whereas their reflectance increased slightly. Yttrium doping
had detrimental effect on photocatalytic activity of the TiO2 films. Photocatalytic degradation efficiency
of methyl orange solution declined along with increasing yttrium concentration.

© 2009 Elsevier B.V. All rights reserved.
hotocatalytic activity
egradation

. Introduction

TiO2 has showed many good aspects such as high activity, low
ost and stable and has been applied to a variety of environmental
roblems as a main photocatalyst especially in water and air purifi-
ation. Besides the originated discovery of photo-splitting of water
nder UV and solar irradiations, its application has been extended
o various environmental pollution treatments. As a very popular
esearch area, surface modification methods such as noble metal
oping [1,2], composite semiconductors and transition metal dop-

ng [3–5] have aroused much attention in improving photocatalytic
ctivity of TiO2.

Although nano-sized TiO2 particles with large surface area have
igh photocatalytic activity, it is hard to separate small particles

rom the slurry after water treatment. TiO2 film has gradually
ecome a research focus in this field. Several kinds of deposition
ethods can be used to immobilize TiO2 films onto different kinds

f supporters [6–8]. Magnetron sputtering is an interesting method

or preparing TiO2 film because it is an industrial process applicable
o large-area deposition, and high quality TiO2 films can be achieved
ven at low substrate temperatures [9,10].
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Rare earth metal doping is an effective method to enhance pho-
tocatalytic activity [11–13]. It is reported that the optimal doping
concentration is around 0.5%. At the same time, some kinds of
rare earth metals have no contribution in improving photocatalytic
activity [14].

In our previous studies, we have prepared metal-doped TiO2
films through reactive magnetron sputtering using mixed titanium
and doping metal target, instead of alloy target. Fe- and Cu-doped
TiO2 films have been prepared by using this method [15,16]. In this
paper, yttrium-doped TiO2 films were prepared on glass substrates
by means of DC reactive magnetron sputtering method using Y–Ti
mixed target. Structural and photocatalytic properties of the films
were investigated.

2. Experimental

2.1. Preparation of TiO2 film

The TiO2 thin films were deposited on microscope glass slides
(75 mm × 25 mm × 1.5 mm) by means of DC magnetron sputtering
system (SBH-5115D). The DC power supplies were Advanced Energy
Pinnacle 6 kW and MDX Sparc-LE 20 that were set at the active
arc-handling mode.
The target was titanium with a purity of 99.9% and surface area
of 125 mm × 378 mm. Thin yttrium pieces with purity of 99.9% were
fixed on the titanium target using screws made of pure titanium.
The substrates of microscope glass slides were fixed on the anode
that was made of 2 mm thick steel plate. Substrate temperature was

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:metalzhang@yahoo.com.cn
dx.doi.org/10.1016/j.cej.2009.06.039
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Table 1
Yttrium concentration in the TiO2 films.

the surface of the deposited TiO2 film. A main doublet composed
of two symmetric peaks situates at Eb (Ti 2p3/2) = 458.4 eV and Eb
(Ti 2p1/2) = 464.2 eV is assigned to Ti4+ [19]. The doped yttrium has
minor influence on titanium oxidation state of the deposited film.
4 W. Zhang et al. / Chemical Eng

etermined using a thermocouple detector on the steel plate. The
istance between target and substrate was 150 mm. After the cham-
er was evacuated to a vacuum lower than 1.2 × 10−3 Pa, argon was

ntroduced into the chamber and discharge began at a constant cur-
ent of 2.5 A. After the discharge colour changed from pink to blue
nd the discharge voltage maintained at a low value, oxygen was
ntroduced into the chamber. The argon and oxygen flow rates were
4.15 and 7.45 ml/min, respectively. All of the films were deposited
or 5 h and the substrate temperature was below 130 ◦C. An aver-
ge film thickness of 160 nm per hour was achieved at a constant
ischarge current of 2.5 A.

.2. Film characterization

The crystalline structure was measured using X-ray diffraction
XRD) with a Cu K� source and the grain size was calculated using
cherrer’s formula. The yttrium concentration was measured by
lectron probe microanalysis (EPMA). The surface morphology of
he film was observed by scanning electron microscope (SEM).
he samples for SEM imaging were coated with a thin layer of
old film to avoid charging. The film composition and titanium
xidation state were determined using X-ray photoelectron spec-
roscopy (XPS). The optical transmission and reflectance spectra
f the films were measured at room temperature in air using a
himadzu UV-265 spectrophotometer and a DMR-22 spectropho-
ometer, respectively. The thickness of the films was calculated
sing Swanepoel’s method [17] through UV–vis transmission spec-
ra.

The photocatalytic activity of the TiO2 films was evaluated by
easuring the degradation rate of aqueous methyl orange on the

lms under UV irradiation. In each experiment, a TiO2 film of
5 mm × 25 mm was settled on the bottom of a 100 ml beaker,
hich contained 30 ml aqueous methyl orange. The beaker was

mmersed into a thermostatic bath at 30 ◦C. A 125 W high-pressure
ercury lamp was suspended 13.5 cm above the TiO2 films. The

verage intensity of UV irradiation was 4.5 mW/cm2 by measuring
ith a UV irradiation meter (Model UV-A), whose wavelength range

nd peak wavelength were 320–400 and 365 nm, respectively. Air
as pumped into the solution at the flow rate of 100 ml/min in

rder to supply oxygen for the degradation and stir the solution.
ethyl orange concentration during irradiation was measured by

himadzu UV-265 spectrophotometer, and the initial concentration
as 20 mg/l.

. Results and discussion

.1. Film preparation

The mixed target used in this paper has its special advantage. The
oncentration of yttrium doped into the TiO2 films can be controlled
imply by adjusting the size of yttrium pieces fixed on the titanium
arget. However, an alloy target made from titanium and yttrium
as a fixed Ti/Y ratio and can only be used to prepare yttrium-doped
iO2 with a specified yttrium concentration.

In order to prepare a series of TiO2 samples containing different
ercentage of yttrium, pure yttrium pieces were fixed on the tita-
ium target and sputtered in mixed argon and oxygen gases. After

xygen flow rate reached the threshold, the target was covered with
itanium oxides and yttrium oxides. In order to prepare Y-doped
iO2 film, titanium oxides and yttrium oxides should be sputtered
nto the substrate simultaneously during magnetron sputtering
rocess.

Table 1 shows yttrium concentration in the TiO2 films deposited
or 5 h under discharge current of 2.5 A. All the doped films exhib-
Sample D E F G H I J K

Y piece area/mm2 1295 720 360 260 120 60 45 30
Y/(Y + Ti)/at.% 11.28 10.02 6.79 3.23 1.74 1.51 0.71 0.38

ited similar physical appearance as compared to pure TiO2 film
which is transparent and colorless.

As shown in Fig. 1, while working at constant argon flow rate
and discharge current, the discharge voltage increased when oxy-
gen flow rate increased from zero up to the threshold, indicating
the narrowing of the metal area being sputtered. When oxygen flow
rate reached the threshold, an abrupt increase of discharge voltage
occurred, due to full coverage of oxide on the target. After that, the
target voltage decreased to a stable value in the compound sput-
tering mode. This can be explained by an increase of the secondary
electron emission yield because of coverage of the target by oxides
[18]. The threshold of oxygen flow rate remained constant when
yttrium piece area increased from 30 to 1295 mm2. However, dis-
charge voltage had apparent difference with different yttrium piece
area.

Oxygen partial pressure is a function that may influence the
discharge parameters such as plasma potential, discharge voltage,
deposition rate, and ion composition of the discharge. A mixture of
metallic Ti and titanium oxides is deposited on the substrate before
the threshold. Only after the oxygen flow rate reaches the thresh-
old, a uniform transparent TiO2 thin film can form on the substrate.
For this reason, the TiO2 films were prepared at an oxygen flow rate
0.7 ml/min higher than its threshold in this paper.

3.2. Film characterization

Fig. 2 shows the XPS survey spectra for the surface of the
deposited pure and Y-doped TiO2 films. The deposited pure TiO2
film contains Ti and O elements, and the Y-doped TiO2 films also
contain yttrium element. The C 1s peak is due to the adsorbed
carbon. The photoelectron peak for Ti 2p can be seen at a bind-
ing energy (Eb) of 458 eV, so does O 1s at Eb = 530.3 eV, C 1s at
Eb = 284 eV, and Y 3d at Eb = 158.3 eV.

Fig. 3 shows the XPS spectra of Ti 2p, Y 2p and O 1s regions for
Fig. 1. Discharge voltage at different oxygen flow rates during reactive magnetron
sputtering.
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Fig. 2. XPS survey spectrum of the Y-doped TiO2 film.

he binding energies of Ti 2p region for Y-doped samples are almost
he same as compared to that of pure TiO2 films. Only Ti4+ was found
n the pure and Y-doped TiO2 film deposited in the compound mode
fter oxygen flow rate surpasses the threshold. Y2O3 is character-
zed by the peak at the binding energy of 158.3 eV in the XPS spectra
f Y 3d for the surface of Y-doped TiO2 films [20,21]. Oxygen is in
he form of O2− in the deposited films that can be seen from its
PS spectrum [22]. As for the circumstances in the chamber as well
s the low deposition temperature, the yttrium oxide deposited on
he substrate in the combined conditions was in the fully oxidized
tate of Y2O3. Metal Y was not found in the deposited Y-doped TiO2
lms.

The XRD patterns of the yttrium-doped and pure TiO2 films are
hown in Fig. 4. Sample J with yttrium concentration of 0.71 at.%
as in the anatase phase. This is in accordance with pure TiO2 film
eposited under the same conditions. Further increase of yttrium
oncentration inhibited the crystal growth in the TiO2 films and the
amples became amorphous while there was no crystalline Y2O3
ormed in the deposited film either. Crystalline titanium oxide could
ot grow in the highly yttrium-doped films.

SEM images for the surface of the Y-doped and pure TiO2 films
re shown in Fig. 5. The surface morphology gradually changed from
ough to flat along with the increase of doped yttrium concentra-
ion. When the amount of doped yttrium was lower than 1.5 at.%,
he surface morphology was similar to that of pure TiO2 film. As
hown in the SEM image of sample K, the film was composed of
ano-particles of TiO2 with nano-sized holes, which could provide
ore surface area for photocatalytic process than flat film or films

omposed of large particles. These particles were mainly composed
f titanium oxide and a small amount of yttrium oxide was well
istributed in the particles. The formation of anatase TiO2 crystals
as increased the surface roughness and thus resulted in the holes
orphology on the surface.

UV–vis transmittance and reflectance spectra of samples D and
are shown in Figs. 6 and 7. When yttrium dopant concentration

n the films increased from 1.51 to 11.28 at.%, UV–vis transmit-
ance went down slightly, whereas, the reflected light increased
bout 3%. The increase of reflectance is mainly due to the retarded
ormation of titanium oxide in the films containing high concentra-
ion of yttrium. The resulted flat surface of the films could reflect

ore irradiation and lead to lower transmission. Yttrium in the
lms cannot make any influence on light absorbance of the films
ecause yttrium oxide has no response in the visible region of
ight spectra and cannot make any contribution to film absorption
ehavior.

Absorption edge of yttrium-doped TiO2 films exhibited blue
hift, as shown in Fig. 6. The absorption edge of sample D slightly
oves to shorter wavelength region compared with sample I.
Fig. 3. XPS spectra of the elements in the Y-doped TiO2 film.

That means photons with higher energy are needed to initiate
electron–hole generation. Thus, the response region of the films
containing high Y2O3 concentration shrinks further to shorter
wavelength region.

3.3. Photocatalytic activity

Fig. 8 shows methyl orange degradation rates during 180 min
irradiation on the yttrium-doped and pure TiO2 films. As can be
seen from the figure, methyl orange degradation rate declined con-
stantly with increasing concentration of doped yttrium. Yttrium

doping exhibited a detrimental effect on photocatalytic activities
of the films. When yttrium concentration exceeded 2 at.%, the pho-
tocatalytic activity of the films decreased apparently. After yttrium
concentration was more than 10 at.%, the films nearly lost their
photocatalytic activities.
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Fig. 4. XRD patterns of the Y-doped and pure TiO2 films.

Fig. 5. SEM images of the Y-doped and pure TiO2 fi
Fig. 6. UV–vis transmittance spectra of the Y-doped TiO2 films.

lms: (a) F, (b) I, (c) J, (d) K and (e) pure TiO2.
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Fig. 7. UV–vis reflectance spectra of the Y-doped TiO2 films.
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ig. 8. Photocatalytic degradation of methyl orange on the Y-doped TiO2 films. (C0

s initial aqueous methyl orange concentration of 20 mg l−1 and C is aqueous methyl
range concentration after 180 min irradiation.)

The decrease of photocatalytic activities of yttrium-doped TiO2
lms was due to two reasons. Firstly, yttrium doping could not

mprove light absorption behavior of the TiO2 films. Secondly, the
xistence of yttrium in the films inhibited TiO2 crystal formation,
nd resulted in lower crystallinity and weaker photocatalytic activ-
ty of the films, because TiO2 films with small particle size has better
hotocatalytic activity than the films containing large particles or

n the amorphous form.

. Conclusions

Yttrium-doped TiO2 films were prepared by means of DC reac-
ive magnetron sputtering using mixed Y–Ti target. Yttrium pieces

ere fixed on the pure titanium target so that yttrium concentra-

ion in the deposited films could be controlled by simply changing
ttrium pieces area. The deposited films are composed of TiO2 and
2O3. Yttrium doping has detrimental effect on TiO2 crystalline

ormation, and the intensity of TiO2 XRD peaks decreases with

[

[

ng Journal 155 (2009) 83–87 87

increasing yttrium concentration. Y2O3 is in its amorphous phase
in the doped TiO2 films.

The doped yttrium cannot enhance light absorption capacities
of the TiO2 films. On the contrary, photocatalytic methyl orange
degradation rate declines with increasing yttrium concentration.
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