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ABSTRACT

V-doped TiO, (V-TiO;) nanoparticles were prepared by a simple one-step flame spray pyrolysis (FSP)
technique. The obtained samples were characterized by X-ray diffraction (XRD), transmission electron
microscopy (TEM), electron paramagnetic resonance (EPR) spectra, UV-vis absorption spectroscopy, and
nitrogen adsorption-desorption methods. Benefiting from the short residence time and high quenching
rate during the flame spray process, V4* ions are successfully incorporated into the crystal lattice of TiO,. It
reveals that V doping favors the primary particle size growth as well as the increase of rutile content in the
products. The photocatalytic activity of the V-TiO, samples under UV and visible light irradiation were
evaluate by the photocatalytic degradation of methylene blue (MB) and 2,4-dichlorophenol (2,4-DCP),
respectively. It was found that V doping enhances the photocalytic activity under both UV and visible
light irradiation. Especially, under visible light irradiation, the degradation rate of 2,4-dichlorophenol
over 1%V-TiO; is two times higher than that over undoped TiO,. The photocatalytic mechanisms for

V-TiO, samples under UV and visible light irradiation were tentatively discussed.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Industry development is pervasively connected with the dis-
posal of a large number of various toxic pollutants, which are
harmful to the environment, hazardous to human health, and dif-
ficult to degrade by natural means [1]. During recent decades,
applying TiO, photocatalyst to completely mineralize organic con-
taminants in wastewater and air has received much research
attention owing to its favorable physical/chemical properties, low-
cost, chemical stability, and non-toxicity [2-4]. However, because
of the wide band gap of TiO,, only a small UV fraction of solar light
(3-5%) can be used to initiate photochemical reaction, resulting
in a loss of energy efficiency [5,6]. Therefore, the effective utiliza-
tion of visible light becomes one of the most important subjects for
developing the future generation of TiO,-based photocatalysts.

Doping with transition metals such as Fe, V, Mo, Co and Cr is
one of the most effective approaches for synthesizing visible light-
active photocatalysts [7-14]. It has been considered that the metal
ions incorporated into TiO, crystal lattice can modify the electron
properties of TiO,, extending its light absorption in the visible light
region [12,13]. As one of the typical transition metals, V has been
frequently investigated because it can lead to conspicuous absorp-
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tion in the visible region [11-18]. Up to now, many methods such
as sol-gel [19], coprecipitation [20,21], wet impregnation [21], lig-
uid phase deposition [18], and ion-implantation methods [13,14]
have been established for synthesizing V-TiO, catalysts. Among
these preparation techniques, sol-gel and coprecipitation require
further heat treatment to induce crystallization. However, the high-
temperature post-treatment and long-period heating may result
in phase separation of the dopant metal ions as respective metal
oxides. Such metal oxides can act as an electron-hole recombina-
tion center, resulting in the decrease of photocatalytic activity [22].
For the impregnation method, the substitution of metal ions for
oxygen is unlikely to occur in bulk TiO, crystallites, perhaps only
on the surface [23]. In the case of liquid phase deposition, a very
long aging time is often unavoidable for obtaining a certain amount
of sample. lon-implantation method has the disadvantage of using
complicated and expensive facilities.

In contrast to wet methods that need multiple processing steps
and long processing times, flame synthesis, especially flame spray
pyrolysis (FSP), is a versatile one-step process for synthesizing a
variety of nanoparticles [24-26]. In this process, chemical reac-
tions of precursor compounds are driven by a flame, resulting in
the formation of clusters, which further grow to nanometer-sized
particles by coagulation and sintering [25]. It has been reported
that materials prepared by FSP often exhibit high surface area and
thermal stability [27-29], both of which are desirable properties for
the design of heterogeneous catalysts. In recent years, FSP has been
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used for the synthesis of photocatalysts such as TiO, [30], Pt-TiO,
[31],Ag-Zn0 [32], Fe-TiO, [33], M0O3/TiO, [34], which often show
excellent photocatalytic activity compared with the photocatalysts
synthesized by other methods. Lately, FSP was also used to pre-
pare V,05/TiO, (V05 supported on TiO, surface) catalyst, which
exhibit high catalytic activity for o-xylene oxidation [35]. However,
to the best of knowledge, the study involving photocatalytic activ-
ity of V-doped TiO, nanoparticles prepared by FSP has never been
reported.

In the present study, the one-step flame spray pyrolysis tech-
nique was used to prepare V-doped TiO, nanoparticles. The
structural and optical properties of the obtained samples were char-
acterized by XRD, TEM, EPR, UV-vis absorption spectroscopy, and
nitrogen adsorption-desorption methods. The photocatalytic activ-
ities of V-TiO, samples under UV and visible light irradiation were
evaluated by measuring the concentration changes of methylene
blue (MB) and 2,4-dichlorophenol (2,4-DCP), respectively. The pho-
tocatalytic mechanisms for V-TiO, samples under UV and visible
light irradiation were tentatively discussed.

2. Experimental
2.1. Flame synthesis of V-TiO, catalysts

V-TiO, nanoparticles were synthesized using a spray flame
setup consisting of an atomization nozzle surrounded by a
flamelet ring (Fig. 1). Precursor solutions were beforehand pre-
pared by dissolving appropriate amounts of titanium tetrabutoxide
(Ti(OC4Hg-n)4, 98%, Lingfeng Chemical reagent Co., Ltd., China) and
vanadium diacetylacetone (VO(AcAc),, 99%, Jincang Reagent Co.,
China) in anhydrous ethanol (C;H50H, 99.7%, Sinopharm Chem-
ical Reagent Co. Ltd., China). The concentration of titanium was
always 0.5 M, while the V concentration was chosen as 0.25, 0.5,
1.0, 2.0, 3.0 and 5.0, which was the mole percentage of V in the
theoretical TiO, powder. Using a syringe pump, the precursor solu-
tion was delivered to the atomization nozzle (2.5 mL/min), where
it was dispersed into fine droplets by O, (4.5 L/min). The pressure
drop at the nozzle tip was maintained at 1.2 bar. The liquid spray
was ignited by a circular flame of methane (1.0 L/min) and oxygen
(2.4L/min) around the nozzle outlet. Additional oxygen (5L/min)
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Fig. 1. Schematic diagram of flame spray pyrolysis apparatus for preparing V-TiO,
catalysts. The precursor solution is rapidly dispersed by an oxygen stream and ignited
by a methane/oxygen supporting flame.

was provided through the outermost sintered metal ring as sheath
for the supported flame. The visual height of the main flame under
above-mentioned condition was about 6 cm. A Pt-Rh thermocouple
was used to measure the flame temperature in the absence of tita-
nium and vanadium precursor to avoid particle deposition on the
thermocouple. The flame temperatures at 2, 3.5, and 5 cm above the
nozzle were 1800, 1200, and 800 K, respectively. The flame temper-
ature near to the nozzle was not measured to avoid the break of
thermocouple. The synthesized nanoparticles were deposited on
the inner surface of a cylindrical stainless tank and exhaust gases
were extracted using a pump. The obtained samples are designated
as x%V-TiO,, where x is the mole percentage of V in the theoretical
TiO, powder. The production yields for different V-TiO, samples
are near to 80%.

To compare the influence of preparation method on the pho-
tocatalytic activity of V-TiO, catalysts, V-TiO, samples were also
prepared by a modified sol-gel method [19]. VO(AcAc), was dis-
solved in the anhydrous ethanol, while Ti(OC4Hg-n)4 was dissolved
in the mixture of acetic acid and anhydrous ethanol. The molar ratio
of Ti and acetic acid was 1:6. Under continuous stirring, the above
two solutions were mixed and hydrolysis reaction was driven by the
water generated via the esterification of acetic acid and ethanol.
After being stirred for 24 h, the mixture was dried at 150°C and
pulverized to powder. Finally, the obtained powder was calcined at
673 K for 1 h, designated as x%V-TiO,-S.

2.2. Characterization

The phases and crystallite sizes of the prepared samples were
characterized by X-ray diffraction (XRD), performed on a Rigaku
D/max 2550 VB/PC X-ray diffractometer at room temperature.
The patterns were recorded over the angular range 15-75° (26),
using Cu Ka radiation (A =0.154056 nm) with working voltage and
current of 40kV and 100 mA, respectively. Transmission electron
microscopy (TEM) measurements were performed on a Hitachi
H-800 transmission electron microscopy, operated at an acceler-
ation voltage of 200 kV. The UV-vis absorption spectra of V-TiO,
samples were obtained using a Scan UV-vis-NIR spectropho-
tometer (Varian Cary 500) equipped with an integrating sphere
assembly, using polytetrafluoroethylence as a reference material.
The X-band electron paramagnetic resonance (EPR) spectra were
recorded at 100K using a Bruker EMX-8/2.7 EPR spectrometer.
The Brunauer-Emmett-Teller (BET) specific surface area (Sggr) of
the samples were determined by using nitrogen adsorption in a
Micromeritics ASAP 2010 nitrogen-adsorption apparatus. All the
samples were degassed at 473 K prior to the measurements.

2.3. Photocatalytic activity measurement

Methylene blue and 2,4-dichlorophenol were selected as tar-
get pollutants to evaluate the photocatalytic activities of V-TiO,
samples under UV and visible light irradiation, respectively. Pho-
todegradation reactions were carried out using a home-made setup,
for which alamp was cooled with flowing water in a quartz cylindri-
cal jacket around the lamp, and a fanner was fixed for maintaining
a constant temperature during the photocatalytic reaction. A 300-
W high-pressure Hg lamp and a 1000-W tungsten halogen lamp
equipped with a UV cut-off filters (A >420nm) were used as UV
and visible light sources, respectively. For each test, 0.05 g of cat-
alyst sample was added into an quartz tube containing 50 mL of
20 mg/L MB (or 100 mg/L 2,4-DCP) aqueous solution. Prior to light
irradiation, the suspensions were sonicated for 10 min and stirred
for 30 min in dark to attain the adsorption-desorption equilib-
rium for model pollutant and dissolved oxygen on the surface of
TiO,. At given time interval, about 4 mL suspension was withdrawn,
centrifugated and filtered to remove the remained particles. The
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concentrations of MB (or 2,4-DCP) before and after light irradiation
were determined with a UV-vis spectrophotometer, and the degra-
dation rates of MB (or 2,4-DCP) at different time intervals were
calculated according to the determined absorbance values.

3. Results and discussion
3.1. Structural and textural properties of V-TiO, catalysts

It is well known that metal doping can sometimes change the
crystal structure, particle size, morphology and specific surface area
of TiO,, all of which are important factors that determine the pho-
tocatalytic activity of TiO,. Furthermore, the final photocatalytic
activity of metal-doped TiO, is also relative to the existence states
of metal dopant (in the matrix or on surface of TiO,, chemical state,
and so on), which not only influence the transfers of photo-induced
electrons and holes but also change the light absorption proper-
ties of TiO,. Therefore, the structural and textural properties of
V-TiO,; catalysts were characterized by XRD, TEM, EPR, and nitrogen
adsorption-desorption methods.

Fig. 2 shows the XRD patterns of undoped TiO, and different
V-TiO, samples. As shown in Fig. 2(a-f), all samples mainly con-
sist of anatase (JCPDS, No. 21-1272) together with minor rutile
(JCPDS No. 21-1276). No characteristic peak attributed to vanadium
oxides (V,05 or V,04) were found in the XRD patterns, implying
that either V was incorporated into the crystal lattice of TiO,, or
vanadium oxide is very small and homogeneously dispersed [19].
Schimmoeller et al. [35] reported that weak reflections correspond-
ing crystalline VO, can be found when V,05 content is higher than
7 wt.% (6.1 at.%). Since the V contents for all V-TiO, samples in this
study are below 5 at.%, it is reasonable that no characteristic peak
attributed to vanadium oxides was found in the XRD patterns.

A: anatase
R: rutile

A(101) , . ; .
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A(200)
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Fig. 2. XRD patterns of (a) undoped TiO,, (b) 0.25%V-TiO2, (c) 0.5%V-TiO,, (d)
1%V-TiO,, (c) 3%V-TiO3, and 5%V-TiO,. The inset is an enlargement of the anatase
(101) peaks for these samples.

Table 1
Physicochemical properties of undoped TiO, and V-TiO, samples.

Sample Phase, content® (nm) and crystallite Sger (M?/g)  dper€ (nm)
size®
Anatase Rutile
Undoped TiO, 89.5% (13.9) 10.5% (18.5) 98.1 15.9
0.25%V-TiO,  89.2%(16.4) 10.8%(26.3) 79.3 19.7
0.50%V-TiO,  88.4%(17.3) 11.6%(26.1) 74.1 21.1
1%V-TiO, 88.2% (18.4) 11.8%(27.3) 66.7 234
3%V-TiO, 87.6%(20.3) 12.4%(27.7) 63.2 24.7
5%V-TiO, 86.6%(20.9) 13.4%(29.6) 57.8 27

2 Determined by XRD using Eq. (1).
b Calculated by Debye-Scherrer formula.
¢ Calculated by Eq. (3).

The inset of Fig. 2 is an enlargement of the anatase (101)
peaks for these samples. A slight shift of anatase (101) peak was
found after V doping (e.g., 26 =25.22° for undoped TiO,, 25.24° for
1%V-Ti0,, 25.28° for 5%V-Ti0;), indicating the decrease of lattice
parameters and the occurrence of lattice distortion in the anatase
structure. The shrinkage of unit cell is due to the incorporation of
V4, whose radius (0.72 A) is smaller than that of Ti** (0.74A) [36].
The phase contents of anatase and rutile in the samples were cal-
culated from the respective peak intensities of anatase (101) and
rutile (11 0) with the following equation [37]:

AR

We = 0.884A, + Ag

(1)
where Wk represents the weight fraction of rutile. A and A are
the integrated intensities of anatase (10 1) and rutile (11 0) peaks,
respectively. As shown in Table 1, the content of rutile slightly
increases with increasing V doping, which is consistent with the
results reported by other investigators [21,38]. This phenomenon
might be relative to the lattice distortion caused by the substi-
tution of the Ti site by V ions, which can decrease the thermal
stability of anatase and favor the phase transition from anatase
to rutile. It is well known that rutile is more thermodynamically
stable than anatase. In addition, the ionic radius of V4* is slightly
smaller than that of Ti**. Therefore, the shrinkage of the unit cell
of V-TiO, is expected to favor the formation of more compactly
packed rutile (ppytiie =4.26 g/cm3, panatase =3.84 g/cm3) [39]. The
average crystallite sizes of anatase and rutile in the samples were
calculated by applying the Debye-Scherrer formula (Eq. (2)) on the
anatase (10 1), and rutile (1 1 0) diffraction peaks and were listed in
Table 1:

KA
D= BcosH

where D is the average crystallite size, K is a constant which is
taken as 0.89 here, A is the wavelength of the X-ray radiation (Cu
Ko =0.154056 nm), 8 is the corrected band broadening (full width
at half-maximum (fwhm)) after subtraction of equipment broaden-
ing, and O is the diffraction angle. As shown in Table 1, the crystalline
size of anatase TiO, increases with increasing V concentration, sim-
ilar to the results reported by other investigators [18,19]. Assuming
that all particles are ideally monodisperse spheres, the average BET-
equivalent particle diameter (dggr) can be calculated by using the
following equation:

_ 6
SBETPTiO,

(2)

dBer (3)
where prjo, is the density of anatase TiO; (3.84 g/cm?3). As shown
in Table 1, for each sample the average primary particle size (dggr)
is slightly larger than the corresponding average crystallite size
of anatase and smaller than that of rutile. Two reasons might be
responsible for this phenomenon. One is because all samples con-
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Fig. 3. TEM images of (a) undoped TiO-, (b) 0.5%V-TiO,, (c) 1%V-TiO,, and (d) 5%V-TiO,.

sist of anatase and rutile (Table 1), the other is probably related to
the agglomeration of monocrystalline primary particles.

Fig. 3 shows the TEM images of undoped TiO,, 0.5%V-TiO,,
1%V-TiO,, and 5%V-TiO,. It was found that all the samples consist of
spherical nanoparticles with broad size distribution (e.g., 5-25 nm
for undoped TiO,, 8-30 nm for 5%V-TiO; ). The nanoparticles syn-
thesized by FSP technique often exhibit spherical morphology and
broad size distribution [33,35]. In FSP process, product particles
are formed by droplet evaporation, combustion, aerosol formation,
coagulation, and sintering [27,40,41]. In the flame, product vapor
condenses into small particles, which can further form bigger par-
ticles by colliding and coalescing with each other. It is obvious that
increasing the residence time of product particles in the fame favors
the increase of primary particle size. Compared with smaller spray
droplets, larger spray droplets evaporate more slowly and have
longerresidence time in the flame, leading to prolonged particle for-
mation. Therefore, the particles derived from small spray droplets
exhibit longer residence time in the flame than those derived
from large spray droplets. As a result, small spray droplets favor
the increase of primary particle size, while, large spray droplets
favor the decrease of primary particle size. To a great extent, the
broad size distribution of the obtained nanoparticles (Fig. 3) results
from the variation of spray droplets in size. In addition, the rea-
son that nanoparticles formed in flame spray show spherical is
due to high surface tension, which was discussed by Miquel et al.
[42].

As a highly sensitive technique for examining paramagnetic
species and the lattice information, EPR spectroscopy was used to
investigate the V-doped TiO;, samples. Fig. 4 shows the EPR spec-
tra of 0.25%V-TiO,, 0.5%V-TiO,, 1%V-TiO,, and 3%V-TiO,. It was
found 0.5%V-TiO,, 1%V-TiO-, and 3%V-TiO, exhibit obvious eight-
component hyperfine structure, indicating that V4* ions have been
incorporated into the crystal lattice of TiO, in the form of substi-
tutional V [43,44]. The paramagnetic V4* ion has the 3d electronic

configuration and an electronic spin S=1/2. The nuclear spin for
the >V isotope is I=7/2. Therefore, the eightfold hyperfine struc-
ture can be attributed to the dipole-dipole interaction between the
magnetic moment of the 51V nucleus and the electronic moment
of the paramagnetic V4* ions. In the case of sample 0.25%V-TiO,,
the eightfold hyperfine structure cannot be clearly identified due
to the low signal intensity. Compared with V°* ion (0.068 nm), the
ion radius of six-coordinated V4* (0.072 nm) is much closer to that
of Ti** (0.074nm) [36], implying that V4" jons are easier to sub-
stitute Ti%* in TiO, lattice than V°* ions. V dopants in TiO, have

7/2 52 3/2 12 1/2 3/2 52 712
T T T T T T 1

T T T
3500 4000 4500

Magnectic field (G)

T T
2500 3000

Fig. 4. EPR spectra at 100K of (a) 0.5%V-TiO>, (b) 1%V-TiO,, and (c) 3%V-TiO5.
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been determined to preferentially substitute for Ti**, rather than to
access interstitial sites [45]. Furthermore, Some studies have proved
the formation of solid solubility between TiO, and VO, [36,44]. In
our experiment, short residence time coupled with high quenching
rate during the flame synthesis perhaps prevents phase segregation
once V is incorporated into TiO, lattice. It has been mentioned that
the signal intensity of eight-component hyperfine structure is pro-
portional to the intralattice V amount [43,44]. From 1%V-TiO, to
3%V-TiO,, only a slight increase of the signal intensities was found,
implying that not all V ions can be incorporated into the crystal
lattice of TiO, as substitutional V4* when V concentration is too
high. Recently, a theoretical study indicated that V4* could be sta-
bilized into TiO, structure while V°* is likely the major chemical
state at the surface of the material [46]. It also has been reported
that the isolated mono-oxo vanadyl centers exist on the surface
of TiO, at low cover [47,48]. So, part V in sample 3%V-TiO, might
be present in the form of pentavalent V, which does not give ESR
signals. Some investigators found that coverages of at least three
supported monolayers of TiO, are necessary before resolved XRD
spectra are obtained [49]. So, it may be reasonable to think that
vanadium oxides also cannot be detected by XRD when it comprised
of only one or two monolayers.

3.2. Light absorption properties

As mentioned above, doping with transition metals can extend
the light absorption of TiO, into the visible region, resulting in the
enhancement of visible light photocatalytic activity. Fig. 5 shows the
UV-vis absorption spectra of undoped TiO, and different V-TiO,
samples. As shown in Fig. 5, the absorption edge of undoped
TiO, emerges at 394 nm, corresponding to the band-gap energy
of 3.14eV. This value is slightly smaller than the reported value
of anatase (Eg =3.2-3.3 eV) [50], ascribed to the presence of minor
rutile (Eg =3.0 eV) in the sample. Compared with the undoped TiO,
all of the V-TiO, samples exhibit a red-shift of absorption edge and
a significant enhancement of light absorption in the visible light
region. Both of red-shift of absorption edge and light absorption
in the visible light region increase with increasing the V concen-
tration. It has been reported that the red-shift of absorption edge
is attributed to the charge-transfer transition between the d elec-
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Fig. 5. UV-vis absorption spectra of (a) undoped TiO,, (b) 0.25%V-TiO,, (c)
0.5%V-TiO,, (d) 1%V-TiO3, (e) 3%V-TiO,, and (f) 5%V-TiO,.

trons of the dopant and the conduction band (or valence band) of
TiO, [7]. In the case of V-TiO,, the red-shift of absorption edge
should be attributed to the electron transition from the VB (O 2p)
to the tpg level of V 3d orbit because V 3d orbit is located at the bot-
tom of the conduction band of TiO,. It has been pointed that some
metal cations presented in adequate oxidation state can addition-
ally introduce detectable d-d transitions in the UV-vis spectra [51].
So, the light absorption in visible region is partly attributed to the
d-d transition of V, similar to that of Fe [52].

3.3. Photocatalytic activity and mechanism analysis

Fig. 6A shows the degradation curves of MB over different
V-TiO, samples as a function of UV light irradiation time. In Fig. 6A,
Co is the concentration of MB after adsorption-desorption equilib-
rium, while C represents MB concentration at certain time interval.
It was found that the optimal V concentration for attaining the high-
est photocalytic activity is 0.5%. When the V concentration is below
this level, the photocatalytic activity of V-TiO, slightly increases
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0.8
<
o
=2 \
06{ %2 .
Q
o [z
3] S &
Y,
0.4- \
—e—a: Pure TiO;

—e—d: 1%V-TiO2
—o—e: 3%V-TiO2
—x— f: 5% V-TiO2

0.0-— v T T T T
0 2 4 6

Irradiation time (h)

—A—b: 0.25%V-TiO;z
—v—c: 0.5% V-TiO;
0.2 \0
8

Fig. 6. Concentration changes of (A) MB as a function of UV-irradiation time (min) and (B) 2,4-DCP as a function of visible light irradiation time (h) over different V-TiO,
samples: (a) undoped TiO,, (b) 0.25%V-TiO,, (c) 0.5%V-TiO,, (d) 1%V-TiO,, (e) 3%V-TiO,, and (f) 5%V-TiO,.
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Fig. 7. Schematic diagram to illustrate the mechanism of V doping: (A) photocatalytic degradation of MB under UV light irradiation and (B) photocatalytic degradation of

2,4-DCP under visible light irradiation.

with the increase of V concentration. However, the photocatalytic
activity of V-TiO, rapidly decreases with the increase of V con-
centration when the V doping is more than 0.5%. It is well known
that both of the crystalline structure and specific surface area are
two important factors that influence the photocatalytic activity of
TiO,. However, in this study, only little variation of crystalline struc-
ture was found for different V-TiO, samples. Although the specific
surface area decreases with the increase of V concentration, the
variation of photocatalytic activity is not consistent with the vari-
ation of specific surface area. So, the variation of photocatalytic
activity of different V-TiO, samples cannot be mainly assigned to
the influences of crystalline structure and specific surface area. It
has been reported that metal dopants can influence the photocat-
alytic activity of TiO, by acting as electron (or hole) traps and by
altering the recombination rate of electron/hole pairs [7]. On the
basis of this theory and the above experimental results, the pho-
tocatalytic degradation processes were proposed and elucidated in
Fig. 7A and Egs. (4)-(9). Because the energy level for V4*/V3* lies
below the conduction band edge of TiO, and the energy level for
V4* [V>* lies above the valence band edge [7], V4" ions, acting as both
electron and hole traps, can turn into V3* and V°* ions by trapping
photogenerated electrons and holes, respectively (Egs. (4) and (5)).
Subsequently, the trapped electrons and holes are released (Egs. (6)
and (7)) and migrate to the surface of TiO,. By accepting an elec-
tron, the adsorbed O, on the surface of TiO, is reduced to O, (Eq.
(8)), while surface hydroxyl group translates into hydroxyl radical
(OH*) by accepting a hole (Eq. (9)). Both of O~ and OH* can further
degrade MB. As a result, the introduction of appropriate amount
of V4* ions in TiO, lattice can restrain the recombination rate of
photogenerated electrons and holes, enhancing the photocatalytic
activity of TiO,. However, when the concentration of V4* ions is too
high, V4* ions can act as the recombination centers of photogener-
ated electrons and holes, resulting in the decrease of photocatalytic
activity. In this study, the optimal V concentration is 0.5%. Above
this level, V4* jons steadily become the recombination centers of
photogenerated electrons and holes, evidently decreasing the pho-
tocatalytic activity of TiO,:

VA e L 3+
V4 LRt o V5+
V3+ L VA e
V5+_) v4++h+

V3t + 05 (ads) — \axs +0y~

V>* 4 OH™ (ads) — V4* +*OH (ads) 9)

Dyes can be degraded under visible light irradiation via
two competitive processes: a photocatalytic process and a self-
photosensitized process. Thus, it is very difficult to tell apart the
two processes when dyes were employed, which is unfavorable
for the study of degradation mechanism. Here, we selected 2,4-
dichlorophenol which has no absorption in the visible region as
target pollutant to evaluate the photocatalytic activity of V-TiO,
under visible light irradiation. Fig. 6B shows the degradation curves
of 2,4-DCP over different V-TiO, samples as a function of visible
light irradiation time. It was found that the photocatalytic activity
of the V-TiO, samples increases with increasing V concentration
at the beginning, and then has downtrend with further increasing
V concentration. Under visible light irradiation, the optimal dop-
ing level of V4* ions is 1%. It is noteworthy that V doping enhances
the photocatalytic activity more evidently under visible light irra-
diation compared to that under UV light irradiation. For instance,
under UV light irradiation for 1 h, the optimal degradation rate of
MB over 0.5%V-TiO, is only 8% higher than that over undoped TiO,,
while under visible light irradiation for 4 h, the degradation rate of
2,4-DCP over 1%V-TiO, is two times higher than that over undoped
TiO,. This result implies that the photoactive enhancement mech-
anisms under UV and visible light irradiation are different. As
illustrated in Fig. 7B, the excitation behavior of V-TiO, under vis-
ible irradiation might be related to V 3d orbital. Due to the fact
that the tyg level of V 3d orbital lies a little below the conduc-
tion band edge of TiO, [51], electrons can be excited form the
valence band of TiO; to the tpg level of V 3d orbital under visi-
ble light irradiation, and further migrate to adsorbed O, to form
0,~. Meanwhile, holes migrate to surface hydroxyl group to pro-
duce hydroxyl radicals (*OH). Thus, 2,4-DCP was degraded under
visible light irradiation. Although red-shift of absorption edge and
light absorption in the visible light region increase with increasing
the V concentration, it does not mean that the photocatalytic activ-
ity under visible light irradiation always increases with the increase
of V concentration. On the contrary, too high V concentration can
lead to the decrease of photocatalytic activity. This phenomenon
might be related to several reasons. Firstly, when the concentration
of V#* jons is too high, they can become the recombination cen-
ters of photogenerated electrons and holes, similar to that under
UV light irradiation. Secondly, the specific surface area decreases
with the increase of V concentration, while low specific surface
areais always unfavorable for obtaining high photocatalytic activity.
Finally, excess V dopant might form low cover on the TiO, surface,
which not only influences the penetration of light but also reduces
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the contact area between TiO; and organic pollutant. As a result,
excess V concentration leads to the decrease of photocatalytic activ-
ity.

The photocatalytic activities of V-TiO, catalysts prepared by
sol-gel method were also measured. It was found that V-TiO,
catalysts prepared by FSP exhibit evidently higher photocatalytic
activity than the samples prepared by sol-gel method under
both UV and visible light irradiation. For instance, under visible
light irradiation for 4h, the optimal degradation rates of 2,4-
DCP over FSP-made V-TiO, (1%V-TiO,) and sol-gel-made V-TiO,
(2%V-Ti0,-S) were 62% and 45%, respectively. Further study is cur-
rently under way to elucidate the effect of preparation method on
photocatalytic activity.

4. Conclusions

By a simple one-step flame spray pyrolysis technique, V-TiO,
nanoparticles have been synthesized successfully. It reveals that
all V-TiO, samples consist of anatase and rutile, and V doping
favors the primary particle size growth together with the increase
of rutile content. Benefiting from the short residence time and
high quenching rate during the flame spray process, V dopant has
been successfully incorporated into the crystal lattice of TiO; in
the form of V4* ion. Although V doping can enhance the photo-
catalytic activity under both UV and visible light irradiation, the
improvement of photocatalytic activity under visible light irradia-
tion is more evident than that under UV light irradiation, e.g., under
UV light irradiation for 1 h, the optimal degradation rate of MB over
0.5%V-TiO, is only 8% higher than that over undoped TiO,, while
under visible light irradiation for 4 h, the degradation rate of 2,4-
DCP over 1%V-TiO, is two times higher than that over undoped
TiO,. Under UV light irradiation, appropriate amount of V doping
can decrease the recombination of photogenerated electrons and
holes, resulting in the enhancement of photocatalytic activity. Due
to the excitation of electrons from the valence band of O 2p to the
3d orbit of V, V doping can shift the light absorption of TiO; into the
visible light region, resulting in the evident enhancement of photo-
catalytic activity under visible light irradiation. In summary, flame
spray pyrolysis is promising technique for the preparation of metal-
doped TiO, photocatalysts with high visible light photocatalytic
activity.
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