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Abstract The liquid phase deposition (LPD) method was
successfully used for preparing V-doped TiO, thin film
photocatalysts. In this simple and easily-controlled process,
V-doped anatase TiO, thin films were directly deposited on
a soda lime glass substrate placed in an aqueous solution
containing Ti- and V-fluoro complex ions, followed by
annealing. The thin films were analyzed by XRD, XPS,
UV-vis. V** jons were introduced into the lattice of TiO,
through in-situ substituting Ti**. The absorption edge of
V-doped TiO, films shifted to visible light region. The
highly efficient photocatalytic activity was verified by
the decomposition of methylene blue under visible light
irradiation.

Keywords Titanium dioxide thin films - Liquid phase
deposition - Vanadium - Visible light photocatalytic
activity - Methylene blue

1 Introduction

A titanium dioxide (TiO,) photocatalyst has gained more
and more importance in the past decades due to its excel-
lent capability of degrading a large variety of environ-
mental contaminants such as organics, bacteria, viruses
[1, 2], especially following the discovery of the photoin-
duced water-splitting on TiO, [3]. However, the wide-
spread application of TiO, as a photocatalyst has been
cumbered with its wide band gap (3.2 eV for anatase
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TiO,). This requires ultraviolet (UV) irradiation for pho-
tocatalytic activity. UV light accounts for a small fraction
(~5%) of the sun rays on the surface of the earth comparing
with visible light. So, shifting the absorption edge of a
TiO, photocatalyst from UV to the visible spectral range
can provide the groundwork to the development of TiO,
catalysts with visible light (vis-) photocatalytic activity.
Several attempts have been made to develop vis-photo-
catalytic TiO, catalysts [1, 4-7]. Doping of TiO, with
transition metal ions is one of the important approaches [7—
9]. Of the transition metals for doping (V, Cr, Mo, Fe, etc.),
V has been one of the frequent topics of investigation be-
cause of conspicuous absorption in the visible region [10—
14]. The methods for preparing V-doped TiO, catalysts
are: a sol-gel method, a metal ion-implantation method, a
coprecipitation method, and other methods [10-16].
Among these methods, a coprecipitation method and a sol—
gel method are widely employed due to being low-cost and
easy to execute. A coprecipitation method is often used for
preparing V-doped TiO, powders [15, 16]. A sol-gel
method is frequently used for depositing the V-doped TiO,
films [11-13]. However, easily-hydrolyzed organic mate-
rials, such as titanium isopropoxide [11, 12], are used as
starting materials in sol-gel techniques. This makes the sol-
gel process hard-controlled.

Since the liquid phase deposition (LPD) method was
reported by Kawahara et al. as a novel wet method for
preparing a variety of metals oxides [17], it has been used
to deposit silica films [18] and non-silica films such as
titania [19], and vanadia [20]. In this process, metal oxide
thin films or hydroxide thin films are directly deposited on
a substrate that is placed in an aqueous solution containing
corresponding metal-fluoro complex ions. The films are
formed through the hydrolysis reaction of metal-fluoro
complex ions. The hydrolysis equilibrium will be shifted



A Novel Method for Preparing V-doped Titania Thin Film Photocatalysts 255

towards the metal oxide if the concentration of the
hydrogen fluoride is decreased by addition of the fluorine
scavengers, such as boric acid or aluminum [17-20]. The
LPD method is a very simple and easy-controlled process
for fabricating thin films and does not require special
equipments, such as sputtering equipments. Since the
formation of oxide films occurs in aqueous solutions of
metal-fluoro complex, which are the typical homogeneous
mixing system, homogeneous composite thin films can be
readily prepared by the LPD methods. S. Deki et al. have
deposited rare earth-doped Titanium dioxide thin films on
glass and Si wafer substrates through the LPD process
[21].

In the present study, V-doped anatase TiO, thin films,
which are highly vis-photocatalytically active, have been
successfully deposited on a soda lime glass substrate
through the LPD method. The crystallographic structures
of the films were characterized by means of X-ray dif-
fraction (XRD). X-ray photoelectron spectroscopy (XPS)
was utilized to analyze the chemical status of Vanadium in
the V-doped TiO, thin films. The optical properties were
investigated by UV-vis spectrophotometry. The high vis-
photocatalytic activity was detected by the degradation of
methylene blue.

2 Experimental

V-doped TiO, thin films were fabricated using the LPD
method. Ammonium hexafluorotitanate ((NH,4),TiFs) and
boric acid (H;BO3) were separately dissolved in deionized
water. Vanadium (V) oxide was supersaturated in 5%
aqueous solution of hydrofluoric acid. The solution con-
taining 0.2M vanadium ions was obtained. Before the
mixing, three kind of the solutions were kept separately
at room temperature for 10h. The treatment solutions
containing 0.1 M(NHy),TiFg, 0.2 MH3BOs, and various
concentration vanadium ions are prepared by adding the
appropriate amount of ammonium hexafluorotitanate
solution and the vanadium ions solution into the boric acid
solution. For the samples VT001, VT0025, VT005 and
VTO1, the molar ratios (Ry,t;) of V and Ti ions in treatment
solutions are respectively 0.01, 0.025, 0.05, and 0.1. After
mixing, the mixed solution was putted into a teflon beaker
as the treatment solution. Soda lime glass was used as the
substrate. After ultrasonically degreasing and washing, the
substrates were vertically placed in the treatment solution,
and kept at 30 °C for 20 h. Then they were taken out,
washed with deionized water, and dried at 110 °C for 48 h.
After annealing at 400 °C in air for 60 min, V-doped TiO,
films were obtained. For comparison, the undoped TiO,
thin films were prepared by the similar process just without
the addition of V ions.

The XRD patterns of the films were recorded on a
Philips X’pert X-ray diffractometer equipped with a thin
film attachment, operated at 40 kV (Cu-K,, radiation). XPS
measurements were performed on VG MICROLAB MKa.
Magnesium K, radiation was used as the excitation sour-
ce(hv = 1253.6eV). For each sample, Cls, Ols, Ti2p, V2p
peaks were recorded. All the binding energies were cali-
brated by the Cls peak at 285.0 eV of the adventitious
surface carbon. The optical properties were measured at
room temperature by means of an UV-vis spectrophotom-
eter (SHIMADZU, UV2100). UV-vis absorption spectra of
V-doped TiO, films were recorded in the range of
A = 300nm-800nm.

The photo degradation of methylene blue (MB), as one of
the model materials for photocatalytic activity [6, 12, 22],
is used to evaluate the photocatalytic activities of the films.
A 0.005 mmol/L MB solution was formed by dissolved
3.7 mg MB in 2L de-ionized water. An 100 W incandescent
lamp (Philips)without focusing was used as a light source.
The light source was placed above the V-doped TiO, films
in order that the films were irradiated in the normal direc-
tion. The distance between the V-doped TiO, films and the
light source is about 20 cm. The soda lime glass with
V-doped TiO, thin films was placed into 100 mL
0.005 mmol/L MB solution. Before irradiation, the samples
were placed in 0.005 mmol/L MB solution for 30 min at
dark, in order to reach absorption equilibrium. During the
photo degradation, the solution was stirred by a magnetic
stirring apparatus. The decolorization of the solution was
determined by an UV-vis spectrometer using wavelength
661.0 nm.

3 Results and Discussion

XRD measurements were performed for all the samples
before and after annealing at 400 °C in air for 60 min. No
obvious peak was found in the XRD pattern of the as-
prepared V-doped TiO, thin films (not shown). After
annealing at 400 °C for 60 min, the anatase TiO, phase can
be observed in the XRD patterns of all the samples as
shown in Fig. 1. The hump about at the range of 15-35°,
present in all the patterns, is due to soda lime glass as the
substrate. The intensity of the (101) peak of anatase in-
creased with the V amount. This shows that an introduction
of V promotes the growth of anatase TiO,. It has reported
that a small amount of V decreases the crystallization
temperature of the anatase TiO, [22]. No characteristic
peak of vanadium oxides (V,0s and VO,) were showed in
the XRD patterns of the samples obtained from the solu-
tions with Ry,r; less than 0.1, which implies V is incor-
porated in the lattice of anatase TiO, or vanadium oxide is
very small and highly dispersed [22]. For the sample VTO1,
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Fig. 1 XRD patterns of the V-doped TiO, thin films: (a) TiO,, (b)
VTO001, (c) VT0025, (d) VT005, (e)VTO1

two obvious diffraction peaks of VO, (orthorhomobic)
27.4°(400) and 28.3°(040) (PDF No.76-0676), the diffrac-
tion peaks of V,0s (orthorhomobic) are also observed at
17.6°(002) and at 32.3°(211) (PDF No.85-2422). Based on
the characteristics of (101) peak, the crystal size of anatase
TiO, was obtained from the Scherrer’s eq. [23]: d. = K/ /
(Bcos 0), where dc is the size of the crystal, K is the
Scherrer constant of 0.9, A is the wavelength of X-ray
radiation (0.15405 nm), f is the full width at half-maxi-
mum (FWHM) of selected peak, and 0 is the diffraction
angle for the selected peak. The crystal sizes for all the
samples are listed in Table 1. It is obvious that the crystal
size of anatase TiO, increases with the enhancement of V
concentration in treatment solution.

In the aqueous solution of (NH,), TiF, TiFé’ ions
hydrolyze into metal-fluoro complex ions as the following
equilibrium scheme [24]:

[TiFg)*~ 4 nH,0 < [TiFs_,(OH),]*~ + nHF (1)
H3BO; scavenges F from the[TiFg., (OH), 1%, and forms
more stable complex ions, BF4_, as follows [19]:

BO3™ +4F +6H" — BF; + 3H,0 (2)

[Ti(OH)s]*" ions form simultaneously. At the initial stage
of the film growth, the nuclei of TiO, appear due to the

Table 1 Crystal size of anatase TiO, in V-doped TiO, thin films

Sample FWHM Crystal
(degree) size (nm)
TiO, 0.95 8.5
VTO001 0.93 8.7
VTO0025 0.786 10.3
VTO005 0.621 13.1
VTO1 04118 19.7

@ Springer

dehydration reaction between OH™ groups existing on the
surface of the substrate and [Ti(OH)g ]°~ ions near the
substrate, which give rise to chemically-bonding between
the films and substrate. Then, the dehydration reaction
between the [Ti(OH)g ]2* ions from the solution and OH™
groups on the newly-grown TiO,-liquid interface forms the
octahedral structures (TiOé_). The agglomeration of a lot
of TiOé’ octahedra causes the continuous growth of TiO,
films. The as-deposited films are amorphous because of the
rapid aggregation of Ti0§’ octahedra. However, short-
range orderly structures, similar to that in anatase TiO,,
may exist in as-deposited films [25]. After annealing,
amorphous films were converted into anatase films. In the
treatment solution, vanadium mostly exists in the form of
fluoro-oxy complex ions ([VOF,_« (OH),1*™) following the
hydrolysis reaction [20]:

[VOF,]*™" 4 xH,0 < [VOF,_(OH),|*"" + xHF (3)

Similarly, the equilibrium reaction (3) shifts to the right
side because of the reaction (2) between F ions and a
fluorine scavenger (H; BO3). Then, [VO(OH)n]z’“ species
are generated. The dehydration reaction occurs between the
[VO(OH),]*™ species, partially replacing the [Ti(OH)g]*"
species, and the hydroxyl groups on the newly-grown
interface. Vanadium ions occupy some Ti sites of TiO,, and
the V-doped TiO, thin films grow continuously.

Since it is well known that the ionic radius of six-
coordinated V** (0. 72 A), than that of V>* (0.68 A), is
closer to that of Ti** in TiO, (0.74 A), it is concluded that
V* jons are easier to substitute Ti** sites in TiO, lattice
than V>* [10, 12]. Many studies have proved the solid
solubility between TiO, and VO, [11, 26]. A. Davidson
et al. demonstrated the substitution of V* ions in TiO,
rutile matrix by an ESR technique [26]. Furthermore, it has
reported that the isolated mono-oxo vanadyl (not V, Os)
centers exist on the surface of TiO, at low coverage
[27, 28]. This indicates the strong dispersion ability of the
surface of TiO, to V ions, which prevents to a certain
extent the formation of pure vanadium oxides phases on the
newly-grown interface of V-doped TiO, thin films in the
LPD process. It may be reasonably deduced that V** is
incorporated into the TiO, thin films by in-situ substituting
Ti** site of TiO, in LPD process, not by forming vanadium
oxides. With the increase of V amount in the V-doped TiO,
films, as the sample VTO1, the majority of V** ions remain
in the TiO, matrix by substituting Ti** site of TiO,, the
excess of V** jons forms the pure VO, (as in Fig. 1). The
appearance of V, Os phase may be ascribed to the oxida-
tion of VO, during the annealing.

The V2p*? XPS spectra of V-doped films are shown in
Fig. 2. The V2p*? peak at ca. 516.6 eV appears for the
sample VTO0O1, which indicates the existence of AVl
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Fig. 2 V2p*? XPS spectra of V-doped TiO, films: (a) VT001, (b)
VT0025, (¢) VT005, (d) VTO1

[12, 28]. With increase of the V ions concentration in the
treatment solution, a slight shift of V2p>? peak was ob-
served toward the higher binding energy side (from
516.6 eV of VT001 to 517.0 eV of VTO1), indicative of the
appearance of V>* species in the film. The chemical states
of vanadium in the V-doped TiO, thin films were analyzed
in detail by the deconvolution using Gaussian mixture peak
fitting. The deconvoluted XPS spectra for V2p*? showed
that the peak of V2p*? in V-doped TiO, consists of two
peaks at 516.6 eV, characteristic of V4+, and at 517.3 eV,
characteristic of V>* [12, 28]. The relative contents of v+,
V>* in the total V ions are listed for all the samples in
Table 2. The result shows that V in the V-doped TiO, films
mostly exists in V** occupying the Ti** site of TiO, lattice.
With the increase of V ions concentration in the treatment
solution, the amount of V>* in the V-doped TiO, films
increases. By XPS spectra and ESR spectra of vanadium
oxide on the titania, Miguel A. Banares et al. found that
below theoretical surface monolayer coverage, V(y) spe-
cies is present on the surface of TiO, due to the strong
interaction with TiO,, which is ascribed to the remarkably
close radii ratio [28]. In LPD process, V* jons in-situ
substitute some Ti**ions of TiO, during the growth of
films in the treatment solution with low V concentration,
and the stable V-doped TiO, thin films were obtained (as
the sample VT001). With the increase of V amount in the
treatment solution, the amount of V** ions occupying Ti**

Table 2 The relative contents of V**, V>* accounting for the total V
ions in V/TiO, films

Sample V*H(at%) V3 (at%)
VTO001 99.2 0.8
VTO0025 95.8 4.2
VTO005 76.3 23.7
VTO1 62.4 37.6

sites of TiO, increases. Meanwhile, small VO, clusters
appear due to the agglomeration of the excess VO species
on the newly-grown interface. These small VO, clusters
are then incorporated into the films. Due to the great
thermal stability of Ti—-O-V linkages [14, 29], V* jons
occupying some Ti*" sites remain in the TiO, lattice during
the annealing. Whereas, the V** ions existing in the form of
VO, clusters are partially oxidized into V* during the
annealing, which causes the increase of V>* jons in
V-doped TiO, thin films (shown in Table 2). With further
increase of V ions concentration in the treatment solution,
highly-dispersed VO, clusters aggregate into larger clusters
with short-range orderly structure. After annealing, the
pure VO, crystals form. During annealing, some of VO,
are oxidized into V,0s because of containing-oxygen
atmosphere, i.e. air. This is supported by the appearance of
VO, and V,0s5 phases in the sample VTOI (as in Fig. 1).

The Ti2p XPS spectra of V-doped films are shown in
Fig. 3. No apparent change of the peak position of Ti2p is
observed for all the samples, and the Ti2p”* peak is
composed of a single one at 458.5 eV, corresponding to
that of the Ti** oxidation state [30]. The shape and position
of Ti2p exclude the obvious presence of the other oxidation
states (Ti3+) [31]. This indicates the chemical status of Ti in
V-doped TiO, films is scarcely influenced by the intro-
duction of V. G. Zhao et al., in their study of the sol-gel
derived V-doped TiO, films, presented that cationic
vacancies formed by Ti** moving to interstitial sites are the
prerequisite to the introduction of V** jons into substitu-
tional sites, and that Ti*" ions are produced during heat-
treatment due to the decomposition of organic compounds
[11]. Different from the sol-gel process, in LPD process
V** ions in-situ substitute Ti** ions on the newly-grown
interface during the growth of film. The absence of
the oxidation state of Ti*" in XPS spectra (as in Fig. 3)
supports the in-situ substitution mechanism for the LPD
process.

Ti2p
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Binding enercy (eV)

Fig. 3 Ti2p XPS spectra of V-doped TiO, films: (a) TiO,, (b)
VTO001, (¢) VT0025, (d) VTO005, (e) VTO1
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Fig. 4 UV-vis absorption spectra of the V-doped TiO, films: (a)
TiO,, (b) VTO001, (¢) VT0025, (d) VT005, (e) VTO1

Figure 4 shows the photon absorbance of incident light
vs. the wavelength for all the samples. It is clear that the
UV-vis absorption spectra of V-doped TiO, thin films ex-
hibit an obvious redshift comparing with the undoped TiO,
films. The absorption edge shifted to a longer wavelength
with the increase of V ions concentration. This indicates
that the band gap of V-doped titanium dioxide films
obviously decrease with the doping level. The band gap of
a semiconductor could be modulated by incorporation of
other semiconductors with different band gap, such as a
mixed semiconductor Ti;_Pb,O, [32]. Similarly, the
introduction of other metal ions can change the electronic
structure of TiO,, and further affect its optical properties
[7, 12]. The overlap of the 3d orbital of V** jons and the
conduction band due to Ti3d of TiO, valence band narrows
the band gap of dopedTiO,, and devotes to the appearance
of enhanced absorbance for the V-doped TiO, thin films in
the visible region [7, 9, 27]. With the increase of V amount,
the band gaps shift from 3.3 eV for the undoped TiO, films
to 2.3 eV for the sample VTO1. The existence of pure V,
Os phases, which was disclosed by the XPS measurements
and the XRD pattern, partially accounts for great narrowing
of the band gap of the sample VTOl, and provides its
obvious absorption even in the whole visible region.

The photocatalytic activity of V-doped TiO, films was
evaluated by the de-colorization of MB solutions under
visible light irradiation. The concentration of MB is
obtained by the linear correlation between absorption and
concentration of MB solution. Figure 5 shows the con-
centration change as the function of irradiation time. The
decrease of the concentration of MB with the increase
irradiation time indicates that the V-doped TiO, films are
photoactlytically active under visible irradiation. The
sample VTO0O1 shows the best vis-photocatalytic activity.
With further increase of V content from VT0025 to VTO1,
the vis-photocatalytic activity gradually weakens. For the
sample VTOI, the vis-photocatalytic activity is scarcely

@ Springer
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Fig. 5 Comparison of the photocatalytic decomposition of MB under
visible light irradiation, catalyzed by (a) TiO,, (b) VTO001, (c)
VTO0025, (d) VT005, and (e) VTO1

detected comparing to undoped TiO, thin films The
detectable degradation rate for the pure TiO, is ascribed to
a small fraction of residue UV irradiation from the ordinary
incandescent lamp [33].

The photogenerated electron-hole pairs afford the pos-
sibility of photo-catalytic activity. By the aerobic mecha-
nism presented by Ollis [6, 34], hydroxyl (OH) radicals are
formed directly by photo-generated electron-hole pairs at
the surface of catalysts under visible light irradiation. OH
radicals decompose and mineralize MB, in contact with the
surface of the V-doped TiO, films, into simple inorganic
minerals (such as CO,, NHI, NOy, SOZ’) [2, 35]. It should
be noted that the enhanced absorption of a catalyst is a
necessary condition for the vis-photoactivity, but not suf-
ficient for that, as was observed in [36]. It is well known
that active species, superoxide (O, ) radicals and hydroxyl
(OH) radicals are indispensable for the photo-decomposi-
tion reactions on the surface of TiO, [1, 2]. Their genera-
tion potentials, on the TiO, surface at pH 7, are
respectively —0.28 eV forO,/O; and +2.27 eV for OH/
H,O [2]. This indicates that the wavelength of irradiation
should be less than a spectral limit (e.g. 486 nm assuming
that one leaves out the energy necessary for photo-gener-
ated carriers to migrate towards the surface of TiO,) of
photocatalytic reaction in order to guarantee the formation
of these photoactive species [37]. Though the outstanding
absorption was observed for the sample VTO1 even in the
range of 1 = 486-800nm (as in Fig. 4),the energy of photo-
generated carriers duo to the irradiation in this region is not
enough for the formation of these photoactive species (O; ",
OH)). Furthermore, it has reported that V,0s is detrimental
to the photo-catalytic activity of V-doped TiO, thin films
[12, 13]. The V,05 phase in films may act as the recom-
bination centers of photo-generated carriers. According to
the XPS analysis, V ions in the sample VT001 exist in V**,
not in V°*, by in situ substituting Ti*" site of TiO, lattice.
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These V** ions enhance the vis-absorption of VT001, and
provide VTOO1 with outstanding vis-photocatalytically
activity. However, the redundant introduction of V ions
gives rise to the increase of V>* amount from the sample
VT0025 to VTO1. Increasing V>* ions may cause the for-
mation of highly-dispersed pure V,0s5 phases, which act as
the recombination centers of photo-generated carriers, and
debase the vis-photocatalytically activity of VTO0025,
VTO005, and VTO1. For the sample VTO1, detectable pure
V,05 phase recombines most of photo-generated carriers,
and few of carriers, with energy enough to generate pho-
toactive species (O, , OH'), can migrate to the surface of
films. Accordingly, no detectable vis-photocatalytic activ-
ity is observed.

4 Conclusions

The V-doped TiO, thin films have been successfully
prepared through the LPD method. In this simple and
easily-controlled process, V-doped anatase TiO, thin films
were directly deposited on a soda lime glass substrate
that is placed in an aqueous solution containing Ti- and
V-fluoro complex ions, after annealing. V-doped TiO,
thin films show outstanding vis-photocatalytic activity
under the irradiation from an ordinary incandescent lamp.
The enhanced vis-photocatalytic activity was attributed to
the modification of the electronic structure of TiO, thin
films through the in-situ substituting Ti** in the TiO,
lattice with V** during the growth of films. Due to be low
cost and very easily-controlled, this novel method is
promising for the preparation of vis-photocatalytically
active TiO, thin films doping with metal elements or
nonmetal elements.
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