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Preparation of V-doped TiQ, Photocatalysts
by the Solution Combustion Method and Their
Visible Light Photocatalysis Activities
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(State Key Laboratory of Materials Processing and Die and Mould Technology, Huazhong University of Science and Technology, Wuhan
430074, China)

Abstract: A series of nanocrystalline V-doped (0.0-3.0 at.%) TiO, catalysts have been successfully
prepared by the one-step solution combustion method using urea as a fuel. The obtained powders were
characterized by XRD, SEM, Raman, XPS and UV-Vis DRS. The effects of V doping concentration on the phase
structure and photocatalytic properties were investigated. XRD, Raman, and XPS show that V doping diffuses
into TiO, crystal lattice mainly in the form of V** and causes a phase transition from anatase to rutile. V doping
can widen the light absorption range of TiO,, with the absorption threshold wavelength shifting from 425 to 625
nm. The photocatalytic activity of V-doped TiO, powders were evaluated by the photocatalytic degradation of
methyl orange (MO) under visible light irradiation. It is found that V doping enhances the photocatalytic activity
under visible light irradiation and the optimal degradation rate of MO is about 95.8% with 1.0 at% V-doped

TiO

P
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1 Introduction

Titanium oxide (TiO,), one of the most popular
photocatalysts, is widely used in antimicrobial,
deodorization, air and water purification owing to its
photostability, non-toxicity, low cost, redox efficiency,
and availability'*. However, more widespread
applications of TiO, as photocatalysts are limited
because of its relatively wide band gap (3.2 eV) and
low photo-quantum yield value. To overcome these
two shortcomings, many attempts have been made for
practical applications™ *.

It is generally accepted that metal ion doping
can bring about defects in the lattice or improve the
crystallinity of the catalysts, which can increase the
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photocatalytic efficiency'®. A number of different
transition metal ions including Cu®’, Mn>, V>, Ce**
and Sn*" have been attempted to dope in TiO, to
create a batho-chromic shift of the band gap energy.
Among those dopants, V ion is one of the most
frequent research topics, because V ionic radius is
almost the same as Ti ion’s and thus can be easily
doped in TiO, to increase the carrier lifetime and
extend the absorption range”"'”. Anpo''* prepared
V-doped TiO, photocatalysts through ion implantation.
This physically doped catalysts are much more
photoefficient than those prepared using traditional
chemical techniques. Zhou'"”' synthesized V-doped
TiO, nanoparticles by sol-gel method using Ti(OBu),
as a precursor. The absorption threshold wavelength is
red shifted from 380 to about 650 nm.

The photocatalytic activity of photocatalysts can
be affected by the synthesis methods and experimental

14 Many wet chemical methods, like sol-gel
13,15] [12,16]

conditions

technique'™"”, ion-implantation methods and liquid
phase deposition'” have been applied for obtaining
V-doped TiO, catalysts. However, these techniques
require long-period post-treatment or costly reagents.

Solution combustion synthesis is one of the simplest
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and the most cost-effective synthesis routes for the
preparation of nanocrystalline powders because in
combustion synthesis, the thermal energy required for
the reaction to occur is provided by the reaction itself,
instead of the external source. We have successfully
synthesized TiO, powders with different anatase/rutile
ratios by this method. No further calcining process is
required to promote phase formation. In this paper, a
series of V-doped (0.0-3.0 at%) TiO, catalysts were
synthesized by the solution combustion method in a
single step. The effects of V doping concentration on
the phase structure and photocatalytic properties were
investigated.

2 Experimental

2.1 Catalyst preparation

V-doped TiO, powders were prepared by the
solution combustion method using urea (CO(NH,),,
AR) as a fuel. Tetrabutyl titanate (Ti(C,H,0),, 98%)
and ammonium metavanadate (NH,VO;, AR) were
used as the starting materials. Firstly, Ti(C,H,0), was
added into distilled water to get a white precipitate. The
precipitate was washed with distilled water and then
dissolved in HNO, to get a clear solution. Secondly,
appropriate amounts of NH,VO, and CO(NH,), were
added into the clear solution and stirred for 10 min to
form a homogeneous solution. Thirdly, the mixture
solution was introduced into a muffle furnace preheated
to 600 °C. Within a few minutes, the solution boiled
and was ignited to produce a self-propagating flame.
Finally, the powder was obtained. To study the effects
of V doping on the phase and photocatalytic properties
of TiO, powders, the molar ratios of V/Ti were adjusted
to 0.1%, 0.3%, 0.5%, 1.0% and 3.0% and named as
V0.1-TiO,, V0.3-TiO,, V0.5-TiO,, V1.0-TiO, and V3.0-
Ti0,, respectively. In addition, an undoped TiO, was
also prepared by the same procedure for comparison.
The reaction in the solution combustion could be given
as below:

3TIO(NO,),+2.5CO(NH,),—
3Ti0,+2.5C0,+5.5N,+14H,0+3.750, (1)

2.2 Catalyst characterization

The phase of the powders was analyzed by the
X-ray diffractometer (Netherlands, X Pert PRO)
with a Cu Ka radiation (A=1.540 6 A) at 40 kV tube
voltage and 40 mA tube current in a 26 ranging
from 10° to 90°. Field emission scanning electron
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microscope (FEI, Sirion 200) was used to investigate
the microstructures of the obtained powders. The
Raman spectra were recorded on a RENISHAW Raman
spectrometer equipped with an optical microscope at
room temperature with an excitation of 632.8 nm laser
light from an Ar+ ion laser. The chemical states of
species were measured by a VG Multilab 2000 X-ray
photoelectron spectroscope (XPS). The ultraviolet-
visible diffuse reflectance spectra (UV-Vis DRS) of
the samples were measured by a spectrophotometer
(Shimadzu UV-2550). The obtained diffuse reflectance
spectra were converted to absorption spectra on the
basis of the Kubelka-Munk theory.
2.3 Photocatalytic experiments

The photocatalytic activities of TiO, powders were
evaluated by the decomposition of methyl orange (MO)
in water. The photocatalytic degradation was performed
in a glass beaker in which 0.2 g TiO, powders were
suspended in 100 mL MO solution (10 mgeL™"). A
high-voltage mercury lamp (500 W) with a maximum
irradiation peak at 417 nm was used as a light source.
A light filter was used to filter UV light whose
wavelength is shorter than 400 nm. Prior to irradiation,
the suspension was magnetically stirred for 30 min in
dark to establish adsorption/degradation equilibrium
for MO. The distance between the liquid surface and
the light source was fixed at 25 cm. After irradiation
for 10 h, 5 mL suspension was taken from the reaction
cell and separated by centrifugation (10 000 rpm,
15 min). The absorption spectrum of the centrifuged
solution was measured on a UV-Vis spectrophotometer
(Shimadzu UV-2550). The concentration of MO was
determined by monitoring the change in the absorbance
at 550 nm.

3 Results and discussion

Fig.1 shows the XRD patterns of undoped and
V-doped TiO, powders. All the samples exhibit TiO,
diffraction peaks containing anatase and rutile and no
characteristic peaks of vanadium oxides are observed.
As presented in Fig.1(b), the peak position of rutile
(110) plane of the V-doped TiO, powders shifts towards
higher diffraction angles gradually with the V doping
concentration increasing. These reveal that V ions have
entered into TiO, crystal lattice to form a homologous
solid solution. The shift of diffraction peaks is
attributed to the substitution of V** for Ti*". The ionic
radius of V°* (0.68 nm) is smaller than that of Ti*"
(0.74 nm). As V*" fills into Ti-site, the distortion of the



Journal of Wuhan University of Technology-Mater. Sci. Ed. Oct. 2014

. - Anatase
< Rutile

. V3.0-Tio,
V1.0-TiO,
V0.5-TiO,
V0.3-TiO,
V0.1-TiO,
Undoped TiO,

Intensity/a u

20 40 60 80
20/(°)

(a)

V0.3-TiO,

Intensity/a u

Undoped TiO,

26 27 28 29
20/(°)
(b)
Fig.1 (a) XRD patterns of undoped and V-doped
TiO,powders; (b) Magnification of XRD patterns
in the 26 ranges from 26° to 29°

crystal lattices induces the lattice constant to decrease,
and then the diffraction peaks shift to higher diffraction
angles.

The average crystalline sizes of anatase and rutile
in the samples are calculated by the following Debye-
Scherrer formula based on the anatase (101) and rutile
(110) diffraction peaks:

p-_KAt_
PBcosb

where D is the crystallite size in angstroms, K is a
constant which is taken as 0.89 here, A is the radiation
wavelength (0.154 05 nm for Cu Ka), § is the corrected
band broadending (full width at half-maximum
(FWHM)) after subtraction of equipment broadening
and 6 is the diffraction peak angle. The calculated
values are listed in Table 1. The crystalline sizes of
anatase and rutile increase with V doping concentration,

)

which is similar to the reported results by Gu and

Wu[lS, 17]
The phase contents of anatase and rutile in the
samples can be estimated from the respective XRD

peak intensities using the following Eq. 3",
Iy
Jw= 0.8847, +1, )

where f; is the fraction of rutile in the powder, and 7,
and [ are the X-ray intensities of the anatase (101)
and rutile (110) diffraction peaks, respectively. The
contents of anatase and rutile in the samples are
also shown in Table 1. As presented in Table 1, the
content of rutile increases gradually with increasing V
doping concentration while that of anatase decreases.
This can be explained as following. Rutile is more
thermodynamically stable than anatase. When Ti site
is substituted by V ions, the lattice distortion decreases
the thermal stability of anatase, promoting the phase
transition from anatase to rutile""”. In addition, the ionic
radius of V*" is slightly smaller than that of Ti*". As V*'
fills into Ti-site, the shrinkage of V-doped TiO, crystal
lattices induces the formation of more compactly
packed rutile (p,,;3,=4.26 g/cm’, p,.me=3.84 g/cm’) P,

(a)° ‘ (b
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Fig.‘2 v SEM images ofund(;ped and V-doped TiOzpowderswz
(a) undoped TiO, ; (b) V0.3-TiO, ; (¢) V1.0-TiO, ;
(d) V3.0-TiO,
Fig.2 shows the SEM images of undoped and
V-doped TiO, powders. It is found that all the samples

exhibit agglomeration of fine primary particles which

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

Crystalline size of

Crystalline size of Contents of Contents of

Sample V Content/at% anatase'/nm rutile’ /nm anatase’/% rutile’ £,/ %
Undoped TiO, 0.0 11.4 20.4 45.5 54.5
V0.1-TiO, 0.1 12.2 24.0 443 55.7
V0.3-TiO, 0.3 12.9 25.2 42.6 57.4
V0.5-TiO, 0.5 14.3 26.6 41.4 58.6
V1.0-TiO, 1.0 15.2 28.1 40.8 59.2
V3.0-TiO, 3.0 17.4 31.3 38.1 61.9

*Calculated by Eq. 2; " Calculated by Eq. 3
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are rather small in size (<50 nm) and spherical in shape.
The morphology of the particles exhibits no obvious
changes with the V doping concentration increasing.
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Fig.3 The Raman scattering pattern of V1.0-TiO, powders

Fig.3 shows the Raman pattern of V1.0-TiO,
powders. The observed spectrum can be ascribed to
the mixture of anatase (bands at 645, 512, 395 and 143
cm™') and rutile (bands at 612, 447 and 232 cm”~
"), which is in agreement with the XRD result. Two
unclear peaks at 800 and 928.5 cm™' appeared on
the Raman spectrum of V1.0-TiO, may indicate TiO,
structural deformation after V doping"*. The vibration
peaks related to the V-O compounds are not observed,
indicating no individual V-O phase in the V1.0-TiO,
powders. Combined with the XRD analysis, it can be
considered that V ions have been doped in the TiO,
lattice but not in the form of VOx isolated phase. The

result was in accordance with the literature.
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Fig.4 The Ti2p and V3p high-resolved XPS spectra of V1.0-
TiO, powders

Fig.4(a) shows the XPS spectrum for Ti2p of
V1.0-TiO, powders. The Ti2p peak splits into Ti2ps,
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(458.4 eV) and Ti2p,, (464.1 eV) due to self-orbital
coupling effect. The Ti2p,, peak is wider and more
unsymmetrical than that of pure TiO,, indicating that
the V ion incorporates into the TiO, lattice and results
in Ti,O, formation accompanied by oxygen defects .
The V2p,, XPS spectrum of that V1.0-TiO, powders
is shown in Fig.4(b), which displays that V ions in the
V-doped TiO, powders consist of two chemical states.
They are V>" at 517.2 eV and V*" at 515.7 eV " The
V2p,, cannot be observed because of the influence
of the Ols satellite peak. The presence of V* in the
mixture catalysts may be due to the reduction of V' by
Ti’* generated during the calcination of the catalysts™.
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Fig. 5 UV-Vis absorption spectra of undoped and V-doped
TiO, powders

Fig.5 shows the UV-Vis absorption spectra of
undoped and V-doped TiO, samples. The absorption
edge of undoped TiO, emerges at 425 nm. This value is
slightly higher than the reported value of TiO,, which
may be attributed to the carbon inclusion into the TiO,
giving TiO,_,,C/[ ], during the combustion synthesis
process”’. The band gaps (E,) of all samples are

estimated from the following equation'”:

a(hv) = A(hv—E,)"" @

where « is the absorption coefficient, 4v is the photon
energy, and m =1 for a direct transition between bands.
The values are listed in Table 2. Compared with the
spectrum of pure TiO,, the red shift is clearly observed
in series of V-doped TiO, catalysts. The extent of red
shift depends on the amount of V ions implanted.
The higher the V dopes, the greater the red shift is.
Such a shift allows the V-doped TiO, catalysts to use
visible light irradiation more effectively. When the
amount of V doping reaches 3.0 at%, the absorption
edge of the powders is extended to 625 nm with a
band gap of 1.87 eV. It has been reported that the red-
shift of absorption edge was attributed to the charge-
transfer transition between the d electrons of the
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dopant and the conduction band (or valence band) of
TiO,". In the case of V-doped TiO, powders, the red
shift of absorption edge should be due to the electron
transition from the VB (O 2p) to the #,, level of V 3d
orbit because V 3d orbit is located at the bottom of the
conduction band of TiO,.

Table 2 Physicochemical properties of undoped and
V-doped TiO, samples

V content ~ Absorption  Band gap*
Sample /% edge/nm /eV
Undoped TiO, 0.0 425 2.74
VO0.1-TiO, 0.1 443 2.63
V0.3-TiO, 0.3 460 2.54
V0.5-TiO, 0.5 472 2.47
V1.0-TiO, 1.0 528 2.21
V3.0-TiO, 3.0 625 1.87
‘ Calculated by Eq.(4)
1.0
0.81
-0.6F
S
~ 0.4F
0.2F
OO 1 L 1 1 L 1 J
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Fig.6 Photocatalytic degradation of MO solution
(10 mg * L™") under visible light for 10 h over
undoped and V-doped TiO, powders

Fig.6 shows the photocatalytic degradation of
MO solution (10 mgeL™") under visible light for 10
h over undoped and V-doped TiO, powders. The
photocatalytic activity of samples was evaluated by
measuring the concentration (C/C,) of MO, in which
C, and C represent the initial equilibrium concentration
and reaction concentration of MO, respectively. As
can be seen from Fig.6, limited degradation of MO
is detectable for undoped TiO, sample under visible
light radiation. The photocatalytic activity of the
samples increases sharply with V doping concentration
increasing at the beginning and then decreases slightly,
with the optimum degradation rate of 95.8% at 1.0
at% V doping concentration. This can be explained as
following. An optimum V doping concentration for
V-TiO, decreases the particle size, and thus promotes
adsorption of organic compounds and photons in unit
time and shortens the transition time for electron to
the particle surface. In addition, an optimum V doping
widens the light absorption range to the visible light
region, which results in more photogenerated electron-
hole pairs participating in the degradation of MO under
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visible light radiation. Furthermore, an appropriate
amount of V doping makes the surface barrier higher
and the space charge region narrower, the electron-hole
pairs within the region are efficiently separated by the
large electric field before recombination!"!. However,
when the V doping concentration is high, the excessive
V ions will cover the surface of the composite powders
to hinder the absorption of light and act as electron-
hole traps that promote the recombination of the photo-
induced electron-hole pairs™**.

4 Conclusions

Nanocrystalline V-doped TiO, catalysts have
been fabricated by the one-step solution combustion
method using nitrate as an oxidizer and urea as a fuel.
V ions are successfully incorporated into the TiO,
crystal lattice in the form of V" ions. V doping favors
the primary particle size growth as well as the increase
of rutile content in the products. Due to the excitation
of electrons from the valence band of O 2p to the 3d
orbit of V, V doping widens the light absorption range,
with the absorption threshold wavelength shifting from
425 to about 625 nm. The degradation percentage of
MO after 10 h on V1.0-TiO, powders is about 95.8%,
indicating a good photocatalytic activity of the obtained
V-doped TiO, powders.
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