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Abstract

Fe-doped TiO, thin films were prepared in situ on stainless steel substrates by liquid phase deposition, followed by calcination at various
temperatures. It was found that some Fe®* ions were in situ doped into the TiO, thin films. At 400 °C, the film became photoactive due to the
formation of anatase phase. At 500 °C, the film showed the highest photocatalytic activity due to an optimal Fe** ion concentration in the film. At
900 °C, the photocatalytic activity of the films decreased significantly due to the further increase of Fe®* ion concentration, the formation of rutile

phase and the sintering and growth of TiO, crystallites.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Heterogeneous photocatalysts with high activities have
attracted more and more attention in recent years owing to
their environmental applications such as air purification, water
disinfection, hazardous waste remediation, and water purifica-
tion [1-9]. Among various oxide semiconductor photocata-
lysts, titania is the most widely used because of its strong
oxidizing power, nontoxicity and long-term photostability.
However, the application of powdered TiO, in wastewater
treatment is limited since a post-treatment separation is
required to recover the catalyst. Mobile photocatalyst powder
is also not applicable for air purification, as it may contribute to
respirable particles that cause adverse human health problems
[10]. In order to avoid the use of photocatalyst powders, efforts
have been made to coat TiO, thin films on various substrates.

Stainless steel is an essential material in buildings due to its
high mechanical strength and relatively high resistance to
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chemical corrosion. This building material can become self-
cleaning and air-purifying with a layer of TiO, coating.
Stainless steel has been used as a supporting substrate for the
TiO, film photocatalyst prepared by electrophoretic deposition
[11-13], metalorganic chemical vapor deposition (MOCVD)
[14,15] and sol—gel methods [16—19]. However, the above
methods have some disadvantages for industrial applications.
The electrophoretic deposition and MOCVD methods require
special apparatus for the deposition of TiO, films, while the
sol—gel method needs repeated coating in order to get a thick
film. To solve these drawbacks, a liquid phase deposition
(LPD) method has been developed to form titanium dioxide
thin films in recent years [20—23]. In the deposition process,
metal oxide thin films can deposit onto the immersed substrates
via a ligand exchange equilibrium reaction of metal-fluoro-
complex ions and F~ consuming reaction by the addition of F~
scavengers such as boric acid or metal aluminum. The LPD
method is very simple and does not require any special
equipment. Moreover, it can be easily applied to various kinds
of substrates with large surface area or complex shapes.

It is well known that the photocatalytic activity of TiO, thin
film depends strongly on the methods of doping, the amount of
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doping and the calcination temperatures of samples, since they
give a decisive influence on the chemical and physical
properties of TiO, thin film [10,24]. Therefore, it is necessary
to investigate the effects of the doping method, doping content
and calcination temperatures on the surface microstructures,
compositions and photocatalytic activity of the films. In the
present work, we prepared Fe-doped titania thin films on
stainless steel substrates from a (NH,4),TiF¢ aqueous solution
upon addition of boric acid by the LPD method. The as-
prepared TiO, films were then calcined at different tempera-
tures. After that, the photocatalytic activity of the films was
evaluated by the photocatalytic oxidation of nitrogen monoxide
in the gas phase and the photocatalytic discoloration of methyl
orange aqueous solution in the aqueous phase. To the best of
our knowledge, this is the first report showing the influences of
in situ Fe-doped and calcination temperatures on the micro-
structure and photocatalytic activity of TiO, films deposited on
stainless steel substrate via the LPD method. This work may
provide new insights into the preparation of highly photoactive
TiO, thin films.

2. Experimental details
2.1. Preparation of in situ Fe-doped TiO, thin film

The aqueous solutions of ammonium hexafluorotitanate and
boric acid were mixed, stirred and used as the treatment
solution. The concentrations of ammonium hexafluorotitanate
and boric acid in the treatment solution were 0.1 mol L™ ' and
0.3 mol L™, respectively, which are in the concentration range
where transparent films can be obtained [25]. The stainless
steel substrates were immersed vertically into the treatment
solution for 48 h. After the substrates were taken out and rinsed
with distilled water, the TiO, thin films were calcined at 100,
300, 400, 500, 600, 700, 800 and 900 °C in air for 1 h,
respectively.

2.2. Characterization

Infrared absorption spectra were recorded with a Fourier
transform infrared spectroscopy (FTIR) spectrometer (Nialet-
60SXB, American) using KBr disks containing powdered
samples of the films obtained by scratching the films off the
substrates. The X-ray diffraction (XRD) patterns obtained on a
Bruker D8 Advance X-ray diffractometer using Cu-Ka
radiation at a scan rate of 0.05° 20-S™ ' were used to determine
the identity of crystalline phase and the crystallite size. The
accelerating voltage and the applied current were 40 kV and 40
mA, respectively. The surface morphologies and thickness of
TiO, thin films were observed using scanning electron
microscopy (SEM) (type JSM-5610LV) with an accelerating
voltage of 20 kV. Photoluminescence spectra (PL) were
obtained at room temperature on a SHIMADZU RF-5301 PC
spectrometer using a 300 nm excitation light. X-ray photo-
electron spectroscopy (XPS) measurements were performed on
a Kratos XSAMS800 XPS system equipped with two ultrahigh-
vacuum (UHV) chambers. The pressure in the chambers during

the experiments was about 10”7 Pa and an Mg-Ka X-ray
source was used. The analyzer was operated at 20 eV pass
energy for high-resolution spectra and 50 eV for survey
spectra. All the binding energies were referenced to the Cls
peak at 284.8 ¢V of the surface adventitious carbon.

2.3. Photocatalytic oxidation of NO in a gas phase

The evaluation of photocatalytic activity of the thin films in
the gas phase was performed by measuring the photodegradation
of NO, which was fed to a laboratory-scale continuous flow
photoreactor. The inlet concentration of NO is 200 ppb. The
detailed experimental setup and process have been reported
elsewhere [26,27]. A reactor with a volume of 18.6 L (20.1
Hx442 L x21 W cm) and surface coated with a teflon film
(BYTAC Type AF-21) was used for this study. A 6 W 365 nm
UV lamp (Cole-Parmer Instrument Co. USA) was used as light
source and its intensity was determined with a UV meter
(Spectroline DRC-100X). The UV lamp was horizontally placed
at the upper part of the reactor, 14 cm from both ends. The UV
intensity measured in all experiments was 600 pW/cm?. The
TiO, film sample was supported by a teflon film and fixed
horizontally at a vertical distance of 5 cm away from the UV
lamp. Stainless steel sampling ports and teflon tubing were used
to connect the reactor and the analytical instruments. A zero air
generator (Thermo Environmental Inc., Model 111) was used to
supply the air stream. The desired humidity of the flow was
controlled by passing the zero air stream through a humidifica-
tion chamber. The reactant stream and the zero air streams were
pre-mixed in a gas blender (Advanced Pollution Instrumentation
Inc., Model 700) and a mass flow controller controlled the
desired flow. After the inlet and the outlet concentration of the
target pollutants achieved equilibrium (30 min), the UV lamp
was turned on and initiated the reaction. The concentration of
NO was continuously measured by a Chemiluminescence NO
analyzer (Thermo Environmental Instruments Inc. Model 42c),
which monitored NO, NO,, and NO, with a sampling rate of 0.7
L/min. The photocatalytic activity of Fe-doped TiO, thin film
was characterized by the removal rate of NO. The removal (%)
was calculated as follows [26]:

removal (%)

initial concentration — final concentration
= fi x 100%

(1)

where initial concentration is the inlet NO concentration and
final concentration is the outlet NO concentration measured at
120 min after the UV lamp was turned on.

initial concentration

2.4. Photocatalytic discoloration of methyl orange in an
aqueous phase

The photocatalytic activity of the Fe-doped TiO, thin films
was evaluated by the photocatalytic discoloration of methyl
orange solution at ambient temperature. Experimental details
were as follows: Fe-doped thin films were settled in a 25 mL
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methyl orange solution with a concentration of 1.53 x 10>
mol L™ in a glass cell (16 L x6 W x3 H cm). The area of
the film used for each experiment was kept at 80 cm® A 15
W 365 nm UV lamp (Cole-Parmer Instrument Co.) was used
as the light source. One face of the thin films was irradiated
along the normal direction. The average light intensity
striking on the film was about 112 pW cm™ 2, as measured
by a UV meter with the peak intensity of 365 nm. The
concentration of methyl orange was determined by UV-visible
spectrometry. As the concentration of methyl orange solution
was low, its photocatalytic discoloration process is a pseudo-
first-order reaction, which kinetics can be expressed as: In(cq/
c)=kt, where k is the apparent rate constant and ¢, and ¢ are
the methyl orange concentrations at =0 and ¢=t, respectively
[24].

3. Results and discussion
3.1. FTIR spectroscopy

FTIR spectra of the TiO, thin films are shown in Fig. 1. A
broad absorption peak at 400—700 cm ™~ ' wavelength ranges is
clearly visible. This is attributed to Ti—O stretching and Ti—
O-Ti bridging stretching modes [28]. The absorption peak at
910 cm™ ! is due to the vibration of Ti—F bond [29]. The peaks
at 1419 cm™ ' and at 1638 cm ' can be ascribed to the
bending vibrations of N—H bonds and O—H bonds, respec-
tively [30,31]. A broad band is observed at 2800—3800 cm ™
wavelength ranges, which is assigned to the stretching modes
of O—H bonds and of N—H bonds [31,32]. The FTIR spectra
of the sample dried at 100 °C reveals that the Ti—O, Ti—F, N—
H, O—H groups exist in the as-prepared sample. Since the
LPD process was performed in an aqueous solution system,
the samples easily adsorbed water molecules, NH; and F~
ions in the treatment solution. With increasing calcination
temperature, the intensities of peaks related to the O—H, N—H,
and Ti—F groups gradually decreased and the N—H and Ti—F
groups then disappeared completely at 500 °C, while the
intensities of peak related to Ti—O group increased. It has
been shown that the removal of N-H, Ti—-F and O-H
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Fig. 1. Infrared spectra of TiO, powder calcined at 100, 300, 500, 700 and
900 °C.
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Fig. 2. XRD patterns of Fe-doped TiO, thin films calcined at 400, 500, 700 and
900 °C.

groups promoted the rearrangement of Ti—O network and
enhanced the crystallization of titania. When calcination
temperature was over 500 °C, there were also some small
vibration bands related to the O—H bonds, which was caused
by the chemically adsorbed water of Ti—OH. This meant that
the chemisorbed water was not completely removed even at
900 °C.

3.2. XRD study

XRD was used to investigate the phase structures of the
TiO, films. When calcination temperature was below 400
°C, there was no diffraction peak (not shown here). This
was due to the fact that the thin films were amorphous. Fig.
2 shows the XRD patterns of the Fe-doped TiO, thin films
calcined at 400, 500, 700, and 900 °C. At 400 °C, a weak
diffraction peak at 20=25.3° was observed. This suggested
that the phase transformation temperature from amorphous
to anatase in the thin films was ca. 400 °C. With increasing
calcination temperature, the peak intensity of anatase
increased and the width of (101) peak of anatase became
narrower. This was due to the enhancement of crystallization
and the growth of crystallites. At 900 °C, the rutile phase
began to form and became the predominant crystallite phase.
Therefore, the phase transformation temperature of anatase
to rutile was ca. 900 °C for the Fe-doped TiO, thin films
prepared by the LPD method. Such a transformation
temperature was higher than that of the samples prepared
by the sol—gel method (ca. 700 °C) [9,24]. The higher
phase transformation temperature from anatase to rutile can
be ascribed to the formation of Ti—O—Fe bonds in the thin
film (as discussed below). The Fe—O species at the interface
of TiO, crystallites inhibited the formation of the rutile
phase by preventing the nucleation that was necessary for
the phase transformation to rutile. Therefore, it was
necessary to provide greater heat to promote the phase
transformation of anatase to rutile. The similar results were
observed in the TiO, thin films deposited on the fused
quartz by the LPD method [6].
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3.3. SEM analysis

Fig. 3 shows the SEM micrographs of the Fe-doped TiO,
thin films calcined at 100, 300, 500, 700 and 900 °C. The
surface morphologies and roughness of the Fe-doped TiO, thin
films did not change significantly as long as the calcination
temperature was kept below 700 °C. With increasing calcina-
tion temperature, the cracks on the surface of the films become
wider and more cracks were observed. This was caused by the
different thermal expansion coefficient between the TiO, and
the stainless steel substrate. The stainless steel substrate had a
higher coefficient (17 x 10”° °C) of line thermal expansion
than that of TiO, (2.1-2.8 x 10~ ° °C) [18]. The different
thermal expansion coefficients between TiO, and the stainless
steel substrate also caused interfacial stresses between the thin
film and the substrates. During heating or cooling, if the
interfacial stresses were larger than the adhering stresses
between the thin film and the substrate, the film would drop
off from the substrate. In our samples, no such phenomenon
was observed. The strong adhesion between the films and
stainless steel was attributed to the formation of the chemical
bonds of Ti—O—Fe at the interface of TiO, and substrate during
calcination. Hence, heat treatment not only enhanced the
crystallization of TiO, thin films but also improved the
adhesion between the TiO, thin film and the stainless steel

substrate. At 900 °C, the surface morphology of the TiO, thin
film changed significantly. As seen from Fig. 3(e), the width of
cracks increased significantly and the TiO, film was composed
of many large crystallites with a diameter of 200—400 nm. This
was attributed to the fact that the phase transition from anatase
to rutile accelerated the grain growth and sintering of TiO,
crystallites by providing the heat of phase transformation. The
thickness of Fe-doped TiO, thin films calcined at 100, 500, 700
and 900 °C were ca. 400, 320, 250 and 230 nm, respectively,
according to the SEM cross-section observation of the films.

3.4. Photoluminescence spectra

PL emission spectra can be used to investigate the
efficiency of charge carrier trapping, immigration and transfer,
and to understand the fate of photo-generated electrons and
holes in semiconductor since PL emission results from the
recombination of free carriers [33,34]. Fig. 4 shows the room
temperature PL spectra for Fe-doped TiO, thin films calcined
at 100, 300, 500, 700 and 900 °C in the range of 2.3-3.6 eV.
Two main emission peaks appear at about 3.38 and 2.62 eV,
which correspond to the 367 and 473 nm wavelengths,
respectively. The former is ascribed to the emission of band
gap transition [35]. The latter is the emission signal originated
from the charge-transfer transition from Ti®" to oxygen anion

Fig. 3. SEM micrographs of Fe-doped TiO, films calcined at (a) 100, (b) 300, (c) 500, (d) 700 and (e) 900 °C.
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Fig. 4. PL spectra of Fe-doped TiO, thin films calcined at 100, 300, 500, 700
and 900 °C.

in a TIOS~ complex [35,36]. The difference of about 0.76 eV
between the band gap energy (3.38 eV) and the emission
peak energy (2.62 eV) is caused by the Stokes shift due to the
Franck—Condon effect [35,37,38]. The variation of PL
intensity may result from the change of defect states on the
shallow level of film surface [34,39]. Therefore, a lower PL
intensity might show a lower recombination rate of photo-
generated electrons and holes on the shallow level of film
under light irradiation. It can be seen from Fig. 4 that the PL
intensity decreased with increasing calcination temperature.
At 500 °C, the PL intensity reached its lowest value and then
increased at a calcination temperature of higher than 500 °C.
Below 500 °C, the decrease of PL intensity was due to the
decomposition of intermediates (NH,4),TiF_,(OH),, removal
of other impurities, phase transformation of amorphous to
anatase and enhancement of crystallization of anatase, leading
to the decrease of defect sites or recombination centers. At
700 °C, the film showed a higher PL intensity compared with
the sample calcined at 500 °C. Since the phase composition
and surface microstructure (morphology) of the films did not
change significantly, the increase of PL intensity could be
ascribed to the introduction of new defect sites in the sample
due to the immigration of Fe®* from the stainless steel
substrates into the films (as shown in Table 1) [34]. These
results indicated that when the content of Fe*" ions was high,
they became the recombination centers of photogenerated
electrons and holes. At 900 °C, the PL emission intensity of
thin film further increased. This might be due to the increase
of more new defect sites caused by the further increase of the

Table 1
Composition (at.%)* of Fe-doped TiO, thin films calcined at various
temperatures according to XPS analysis

Films (°C) (6] Ti F Fe N
100 66 23 5 1 5
300 70 24 1 1 4
500 70 24 0 2 4
700 69 25 0 3 3
900 73 21 0 4 2

? The errors in the reported values are estimated to be less than 5%.
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Fig. 5. XPS survey spectra for the surface of Fe-doped TiO, films calcined at
(a) 100, (b) 300, (c) 500, (d) 700 and (e) 900 °C.

content of Fe’" ions, the phase transformation of anatase to
rutile and the formation of cracks in the thin film.

3.5. XPS studies

Fig. 5 shows the XPS survey spectra of the Fe-doped TiO,
thin films calcined at 100, 300, 500, 700 and 900 °C. The Fe-
doped TiO; thin films deposited on stainless steel contained not
only Ti and O elements, but also F, N and Fe. The XPS peak
for Cls at E,=284.8 eV was observed due to the adventitious
hydrocarbon from the XPS instrument itself. The XPS peaks
for F and N came from the residual elements in the precursor
solution. Table 1 shows the composition (at.%) of the Fe-doped
TiO, thin films calcined at various temperatures according to
the XPS analysis. It can be seen that the amount of F and N
elements in the film decreased with increasing calcination
temperature and finally the F element disappeared completely
at 500 °C. Fig. 6 shows the high-resolution XPS spectra of
Fe2p region taken on the surface of the Fe-doped TiO, thin
films calcined at 100, 300, 500, 700 and 900 °C, respectively. It
was found from the binding energies that the peak for Fe2p;,,
in each Fe-doped TiO, film could be attributed to Fe** [14,17].
It is well known that XPS involves surface probe detecting
electrons that are generated from a depth of a few nanometers

Fe2p FF3+

Relative intensity (arb. units)

705 708 711 714 717 720 723 726
Binding energy (eV)

Fig. 6. High-resolution XPS spectra of the Fe2p region of Fe-doped TiO, thin
films calcined at (a) 100, (b) 300, (c¢) 500, (d) 700 and (e) 900 °C.
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on the surface of sample. The thickness of the TiO, thin films
in our experiment was over 200 nm, which was much larger
than the depth that XPS could detect. Moreover, the film
sample calcined at 100 °C was dense according to the previous
SEM observation. Therefore, it could be inferred that the
photoelectron peaks for the Fe2p came from the thin film itself
instead of the surface of the stainless steel substrate. Usually,
it is impossible for the Fe’" to diffuse from stainless steel
substrate into the TiO, thin film at 100 °C. Further experi-
mental observation indicated that the as-prepared sample
before calcination also showed the photoelectron peaks for
the Fe2p in the XPS spectrum. In our experiment, there was no
Fe element in the treatment solution and only a plastic beaker
was used as a container and stainless steel as the substrate.
Therefore, it could be concluded that the Fe element in the as-
prepared films could only come from the stainless steel
substrate. During deposition, the ligand exchange equilibrium
reactions of metal-fluorocomplex ions and the consuming
reaction of F~ ions by boric acid as a F~ scavenger existed in
the same reaction system as follows [40,41]:

[TiFg]*~ + nH,0 == [TiFs_,(OH)n]*~ + nHF. (2)

H;BO; + 4HF = BF, + H;0" + 2H,0. (3)

According to Egs. (2) and (3), HF and H" would be
produced in the treatment solution during deposition. When the
stainless steel substrate was immersed into the treatment
solution, the following reaction would occur:

Fe + 6HF — [FeFe]>~ + 3/2H, + 3H™. (4)

If the surface of the stainless steel has been partly oxidized
before deposition, the following reaction would also occur in
the above reaction system:

Fe,03 + 12HF—2[FeFq)*™ + 3H,0 + 6H™. (5)

Two other reactions could also take place [42]:

[FeFe]>~ + nH,0 == [FeF4_,(OH), >~ + nHF (6)

[FeFs_,(OH),]> + (6 — n)HyO==[Fe(OH),]> + (6 — n)HF.
(7)

The ligand-exchange equilibrium reactions (Eqs. (6) and
(7)) shifted to the right when the consuming reaction of F~ ions
(Eq. (3)) occurred by the addition of boric acid. Since the
radius of Fe®* (0.64 A) and Ti** (0.68 A) were similar, the Fe3*
could be incorporated into the lattice of TiO, to form Ti—O—Fe
bonds in the TiO, thin film by the dehydration reactions
between the [FeFs_,(OH),]>~ and [TiFs_,(OH),]*~ ions
during deposition and calcination [43]. Similarly, Fe** could
also be deposited in the thin film when there were some Fe*"
ions in the treatment solution, but the Fe** would be easily
oxidized to Fe*" during calcination in air. Thus, the Fe element
in the TiO, thin films existed mainly in the +3 oxidation state
(Fe’). As shown in Table 1 and Fig. 6, the amount of Fe**
increased significantly when the calcination temperature was
over 500 °C. Zhu et al. [16] and Yu et al. [19] also reported the

presence of Fe in the as-prepared TiO, films deposited on
stainless steel substrate by the sol—gel method at 500 °C. This
was ascribed to the diffusion of Fe element from the stainless
steel into the TiO, thin films. Herein, there also existed the
diffusion phenomenon of Fe element for our samples calcined
at 500 °C or a higher temperature.

3.6. Photocatalytic activities of Fe-doped TiO, thin films

The photocatalytic activity of the Fe-doped TiO, thin films
was evaluated by the photocatalytic degradation of NO in the
gas phase. Fig. 7 shows the photodegradation of 200 ppb NO
for the Fe-doped TiO, thin film calcined at 500 °C. Prior to
UV illumination, the adsorption and desorption had reached
equilibrium. When the UV lamp was turned on, the
photodegradation reaction of NO was initiated. The concen-
tration of NO dropped rapidly in the first 10 min and reached
the lowest value of 76 ppb. After that, the concentration of
NO increased slowly with increasing irradiation time, which
was ascribed to the accumulation of a small amount of HNOj3
on the surface of the films, leading to the deactivation of the
Fe-doped TiO, thin films [26,44]. After 120 min, the
concentration of NO steadily reached a photo-steady-state
concentration of 105 ppb.

Fig. 8 shows the effects of calcination temperatures on the
removal of NO for the Fe-doped TiO, thin films. There was no
photocatalytic activity (or negligible) for the Fe-doped TiO,
thin films obtained at below 400 °C. This was attributed to the
fact that the thin films were composed of amorphous TiO,. At
400 °C, the film showed obvious photocatalytic activity due to
the formation of anatase. With increasing calcination temper-
ature, the photocatalytic activity of thin films increased
obviously and reached a maximum value at 500 °C. Then the
photocatalytic activity decreased steadily with a further
increase in calcination temperature. At 900 °C, the film
showed the lowest photoreaction activity. From 400 to 500
°C, the increase of the photocatalytic activity of the films was
ascribed not only to the enhancement of crystallization of
anatase (as shown in Fig. 2) but also to the increase of the Fe®*
concentration (as shown in Table 1 and Fig. 6). It is well known

2001 Light on 500°C

160 1

120+

80 1

NO concentration (ppb)

40 T T T T T T
0 20 40 60 80 100 120
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Fig. 7. The photodegradation of NO for the Fe-doped TiO, thin film sample
calcined at 500 °C. Residence time 3.72 min, humidity levels 2200 ppmv, 200
ppb NO.
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Fig. 8. The removals of NO for the Fe-doped TiO, thin films calcined at
different calcination temperatures. Residence time 3.72 min, humidity levels
2200 ppmv, 200 ppb NO.

that a small amount of Fe>* ions can act as the trap sites of both
photo-generated holes and electrons and inhibit the hole—
electron recombination [19,45-50]:

TiO, + hv—h* + e charge pair generation (8)
Ti*" +e” - Ti’" (9)
0 +h"—0"~ (10)
Fe** 4 Ti*" - Fe?™ + Ti*" electron trap (11)
Fe’* 4+ 0" —Fe*t 4+ O* hole trap. (12)

From the viewpoint of crystal field theory, Fe*" and Fe** ions
are relatively unstable as compared to Fe** ions, which have
half-filled d orbitals (d°) [19,49]. Therefore, there is a tendency
for the transfer of the trapped charges from Fe*" and Fe*" to the
film surface to initiate the following reactions [19,49]:

Fe** + OH™ —Fe*" + OHehole release (13)

Fe’™ + 0, —>Fe’™ + O, electron release. (14)

Accordingly, the increase of Fe’" dopant concentration in
the film at 500 °C was also responsible for an increase in its
photocatalytic activity.

Many investigations have shown that the photocatalytic
activity of Fe-doped TiO, is strongly dependent on the dopant
concentration, and more Fe*" results in an increase of
recombination rate of photo-generated electrons and holes and
a decrease of photocatalytic activity [45,51]. When the Fe**
concentration exceeded an optimal dopant concentration, the
Fe* ions steadily became the recombination centers of photo-
generated electrons and holes. This was ascribed to the fact that
more Fe*" sites would trap more photo-generated electrons and
holes, but the trapped free carrier pairs easily recombined
through quantum tunneling [52]. Moreover, when the amount of
Fe* was large, there were more Fe®-associated sites in the thin
films, resulting in a shorter transferring distance between the two

activity sites. Therefore, the chance of multiple trappings
increased for a free carrier and the transferring time of free
carriers from the interior to the surface became longer, leading to
the increase of recombination rate. It was clear that the more the
Fe*" in the samples, the easier the reactions of recombination
happen. Maruska and Ghosh [53] attributed the differences in
photocatalytic activity between Fe*/TiO, and Cr**/ TiO;, to the
different diffusion lengths of free carriers. They concluded that
the diffusion length for Fe**/ TiO, was longer than that for Cr**/
TiO,, resulting in a higher photoactivity for the Fe’"/TiO,
sample. Thus, an optimal Fe’" dopant concentration should be
expected to exist in our case. Therefore, it was not surprising that
the sample calcined at 700 °C showed a lower photocatalytic
activity due to the increase of Fe** concentration that exceeded
an optimal Fe®* dopant concentration, although the film
exhibited better crystallization compared to the sample obtained
at 500 °C. At 900 °C, the film showed the lowest photocatalytic
activity. This was attributed to the results of the further increase
of Fe*" concentration, the phase transformation of anatase to
rutile and the sintering and growth of TiO, crystallite [6].

We have reported that the TiO, thin films deposited on fused
quartz and calcined at 700 °C showed the highest photocatalytic
activity for the photocatalytic degradation of methyl orange in
an aqueous solution [6], while the TiO, thin film deposited on
stainless steel and calcined at 500 °C showed the greatest
photodegradation rate for NO in the gas phase. The difference in
photocatalytic activity for the samples deposited on fused quartz
and stainless steel could be ascribed to the influence of Fe
dopant on the photocatalytic activity of the TiO, thin films. To
further evaluate the photocatalytic properties of the Fe-doped
TiO, thin films deposited on the stainless steel, the photo-
degradation of methyl orange was also performed [54]. Fig. 9
shows the relationship between the apparent rate constants of
methyl orange degradation and the calcinations temperature.
Samples calcined below 400 °C were not photocatalytically
active. With increasing calcination temperature, the apparent
rate constant increased. At 500 °C, the photocatalytic activity of
the sample reached a maximum value 0f 9.30 x 10~ % min~'. At
a higher temperature, it steadily decreased and reached a
minimum value of 2.83 x 10~ * min~ ' at 900 °C. It can be seen
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100 200 300 400 500 600 700 800 900
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Fig. 9. The effects of calcination temperatures on apparent rate constant of Fe-

doped TiO, thin films for the photocatalytic discoloration of methyl orange
solution in the aqueous phase.
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from the above results that the Fe-doped TiO, films obtained by
the LPD method showed similar photocatalytic activities for
both nitrogen monoxide in the gas phase and methyl orange in
the aqueous phase. This further confirmed that the sample
calcined at 500 °C possessed the highest photocatalytic activity.

4. Conclusions

In situ Fe-doped titania thin films could be deposited on
stainless steel substrates by a LPD method. The as-prepared Fe-
doped TiO; thin films contained not only Ti and O elements,
but also a small amount of F, N and Fe. The F and N elements
came from the precursor solution and their amounts decreased
with increasing calcinations temperature. The Fe** ions in the
Fe-doped TiO, thin film came from the [FeF6,n(OH)n]3_ ions
formed by a reaction between the treatment solution and the
stainless steel substrate and from the diffusion of Fe element
from the surface of stainless steel substrate into the thin films
during calcination at temperatures > 500 °C.

The photocatalytic activity of the Fe-doped TiO, thin films
depended strongly on the calcination temperature and the Fe
dopant level. At 500 °C, the film exhibited the highest
photocatalytic activity. This was ascribed to the fact that an
optimal Fe*" concentration was obtained in the film, effectively
reducing the recombination of photo-generated free carriers.
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