Applied Catalysis B: Environmental 176 (2015) 160-172

Contents lists available at ScienceDirect

Applied Catalysis B: Environmental

journal homepage: www.elsevier.com/locate/apcatb

Enhanced photocatalytic oxidation of propylene over V-doped TiO, @ CrossMark
photocatalyst: Reaction mechanism between V°>* and
single-electron-trapped oxygen vacancy

Fengzhu Ren?, Haiyan Li"¢, Yuanxu Wang®*, Jianjun Yang"-**

3 Institute for Computational Materials Science, School of Physics and Electronics, Henan University, Kaifeng 475004, China
b Key Laboratory for Special Functional Materials, Henan University, Kaifeng 475004, China
¢ College of Chemistry and Chemical Engineering, Henan University, Kaifeng 475004, China

ARTICLE INFO ABSTRACT

Article history:

Received 21 January 2015

Received in revised form 25 March 2015
Accepted 29 March 2015

Available online 31 March 2015

The novel V-doped TiO;, (V-TiO2[NTA]) samples with different (0-10%) concentration have been suc-
cessfully prepared by a facile solid state sintering method using the nanotubular titanic acid (NTA) as
titanium precursor for the first time, which shows remarkable photocatalytic activity for degradation
of propylene under visible-light irradiation. Based on the density function theory (DFT) calculations in
conjunction with a series of experimental characterization techniques including Raman spectra, TEM,
XPS, ESR, and UV-vis DRS, a new V#* ions formation mechanism by means of the electron trapped at
single-electron-trapped oxygen vacancy (SETOV, V,*) not Ti** has been proposed, and the origin of the
observed remarkable improved photocatalytic activity of the V-TiO,[NTA] samples has also been inves-
tigated. At low concentration, the enhancement of photocatalytic activity for the V-TiO,[NTA] samples
firstly come from the synergistic effect of V and V,* co-doping: a part of V>* is reduced to V4" by V,*
into TiO, lattice, others exist on the surface in the form of V,0s. The incorporation of V4* in TiO; lattice
induces some new states (around the top of the valence band, due to O 2p and V 3d orbitals; around the
bottom of the conduction band, due to Ti 3d, O 2p, and V 3d orbitals) near the edge of the valence and
conduction bands, respectively, causing an effective narrowing of the band gap. The narrowing of gap
is responsible for the red-shifted and increased light-absorption. The presence of V>*/V4* redox couple
facilitates the efficient separation and migration of photo-induced e~ /h* pairs to generate active species.
Secondly, the enhancement of photocatalytic activity with low doping concentration may also be ascribed
to the increased surface area. At high doping concentration, the reasons for the decreased photocatalytic
activity is that the same trapping sites may act as the recombination centers and excess V dopant may
occupy the active sites of surface.
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of 3.2eV (A~380nm) of the anatase crystalline phase, hence,
practically showing photocatalytic activity only under UV-light

1. Introduction

Semiconductor photocatalysis has been considered to be a
promising technique for solving current more and more serious
energy and environmental problem [1-3]. Many researchers have
proved that semiconducting TiO, is an excellent photocatalyst to
remedy energy sources and environment because of its strong
oxidizing power, non-toxicity, and it can eliminate effectively
pollutants in atmosphere and water [4-7]. However, it requires
ultraviolet (UV) radiation whose energy exceeds the band gap
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irradiation that accounts for only a small fraction of the solar
energy. Many research groups proposed that the absorption edge of
TiO, had been extended to the visible-light region by doping with
transition metals and/or non-metals [8-14]. Nevertheless, only a
slight shift to the visible light region can be resulted from the low
content of the dopant species and thermal instability was posed
with increasing the content of these dopant species [11,12]. Some
photocatalysts are capable of extending the absorption edge to
visible light, they do not warrant enhances visible light photocat-
alytic activity in a certain region of solar light [13,14]. Therefore,
it is highly desirable for the design and construction of effective
photocatalyst with strong absorption, high thermal stability, and
facilitating the separation and transfer of the photogenerated car-
riers to develop efficient photocatalysts.
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More recently, a novel anatase TiO,, containing a large amount
of the intrinsic defects: single-electron-trapped oxygen vacancy
(SETOV, denoted as V,*), was obtained by our group via heating
nanotubular titanic acid (NTA) under high temperature conditions.
Although the novel V,°-TiO, not only extends distinctly photo-
response to visible-light region but also has excellent stability, this
novel TiO, has not any photocatalytic activity under visible light
irradiation [15-17]. However, compared with the corresponding
sample obtained using P25 as Ti source under the same condition,
V,°*-TiO, possessing high photocatalytic activity and excellent sta-
bility can be achieved upon doping or modifying NTA using other
elements and/or compounds, such as Pt, N, Ag, and AgCO3 [18-25].
Vanadium ions doped TiO, has been one of the frequent topics of
the investigation, because it can apparently extend the light absorp-
tion of TiO, into visible light region and increases carrier lifetime
[8,26-32]. It seems one of the best alternatives to improve visible
light absorption and photocatalytic activity under visible light illu-
mination by the doping NTA using vanadium, which is attributed
to the following reasons: (i) V ions with different valence state
(V3*-Vv>*), which contains the ability to transfer among V3*-V>*
under reducing and oxidizing conditions. For example, V4* ions can
be easily formed through the reduction of V>* trapping one elec-
tron from V,* when NTA was dehydrated at different temperature
in air. (i) V4* ions are easier to substituting for Ti** in the TiO, crys-
tal lattice because that the ion radii of V4* (0.72 A) compared with
V5* (0.68 A) is much closer to that of Ti#* (0.74A) and the tetrag-
onal crystal structure of VO, is similar to that of TiO,, which is
responsible for increased visible light absorption and photogener-
ated electrons (e~) and holes (h*)[33-44]. (iii) The photogenerated
e~ and h* can be trapped, be migrated to and be released in the sur-
face of TiO, by V4" ions, which play a role of charge transfer species.
V>* jons were difficult to enter the lattice of TiO,, which were apt
to form V,0s in the surface and were responsible for e~ and h* sep-
aration [35,36,41-44]. Subsequently, these photogenerated e~ and
h* can be accepted by the adsorbed O, and surface hydroxyl group
(OH™), and then transform O, and OH™ into superoxide radicals
(*027) and hydroxyl radical (*OH) active species, respectively.

Motivated by the previous successful applications of the dop-
ing or modifying NTA, the current work focuses on the design
and synthesized V-doped TiO, (V-TiO,[NTA]) photocatalyst using
NTA as TiO, precursor. Firstly, we calculated the formation ener-
gies (Eform) of Vo*-doped TiO; (Vo°-TiO3), V+V,* co-doped TiO,
(V+V,*-TiOy) and V +V,2* co-doped TiO, (V +V,2*-TiO; ) based on
the density function theory (DFT) calculation. The results show that
V +V,2*-TiO, is more-favorable energetically. Secondly, we synthe-
sized V-TiO,[NTA] photocatalyst using NTA as TiO, precursor and
the photocatalytic activities of as-achieved V-TiO,[NTA] samples
in visible light region were quantitatively evaluated by monitoring
photocatalytic oxidation of propylene (C3Hg). Propylene is one of
the most important chemicals. When it is used to synthesize other
compounds, it may spread into air, which will endanger people’s
health and will produce an inflammable and explosive gas mixture.
Therefore, it is valuable to explore the degradation of propylene
by catalysis. In addition, the degradation products of C3Hg are very
simple (only CO, +H,0), which is beneficial for evaluating the pho-
tocatalytic efficiency of V-doped TiO,. The result reveals that the
photocatalytic activity of V-TiO,[NTA] catalysts for the removal
of C3Hg under visible light irradiation is significantly better than
that of the as-prepared NTA, P25 TiO,, N-TiO,[NTA], and V-doped
P25-TiO, (V-P25-TiO,). Finally, through a series of characteriza-
tion techniques including Raman spectra, TEM, XPS and UV-vis and
electronic structures, we propose a new V4* ions formation mech-
anism by means of the electron trapped at SETOV not Ti3* [43,44].
The incorporation of V4* in TiO, bulk lattice induces some new
hybrid states near the edge of the valence and conduction bands,
respectively, causing an effective narrowing of the band gap. The

narrowing of gap is responsible for the red-shifted and increased
light-absorption. The presence of surface V°* /bulk V4* redox couple
facilitates the efficient separation and migration of photogener-
ated e~ /h* pairs to generate active species. These finding establish
the synergistic effect between bulk doping and surface doping for
enhanced photocatalytic activity as a powerful guiding principle in
the future design of photocatalysts and other functional materials.

2. Experimental methods and computational details
2.1. Synthesis of nanotube titanic acid (H>Ti;O4(OH),, NTA)

The preparation procedure of NTA was described as follows: an
appropriate amount of Degussa P25-TiO, powder was added into
certain concentrations of NaOH aqueous solution (10 mol/L) under
continuous stirring for 30 min to achieve uniform dispersion. The
resultant mixture was transferred into an autoclave to carry out
hydrothermal reaction at 120 °C for 24 h. After cooling to room tem-
perature, removing the supernatant, the obtained white precipitate
was washed deionized water repeatedly to a pH of ca. 7-8, and then
dipped with HCl solution (0.1 mol/L) for 7 h under magnetic stirring
for performing enough ion exchange between Na* and H*. Subse-
quently, as-achieved precipitate was washed again with deionized
water many times to remove Cl~ and at room temperature under
vacuum. The resultant product was NTA.

2.2. Preparation of V-doped TiO5 (V,*)

An amount of 1g the above prepared NTA powder was added
into 15mL of aqueous solution of hydrogen peroxide (2wt%)
and then known amounts of ammonia metavanadate solution
(NH4VO03, 0.01 mol/L), acting as the source of V, added dropwise
into NTA suspension (with molar ratios of V/Ti= 0%, 0.1%, 0.3%, 0.5%,
1%, 2%, 5%, and 10%) under continuous stirring. The obtained mix-
ture was stirred at 40 °C for 4 h to allow uniform disperse, followed
by vacuum distillation at 50°C. The obtained uniform mixture of
solid phase was dried overnight at 80°C under vacuum and then
further heated in air at 400°C for 4h to form V-TiO, (V,*) with
different V doping content denoted as x%V-TiO,[NTA] (400). The
sample of the different heat treatment temperature with 1% V dop-
ing level was also prepared by annealing at 300, 500, 600, 700, and
800°C in air for 4 h, respectively, to further investigate the effect of
calcination temperatures on the physical and chemical properties
of the as-prepared catalysts and the obtained photocatalysts were
denoted as 1%V-TiO[NTA] (300-800).

2.3. Structural characterization of catalysts

Powder XRD patterns for as-obtained photocatalysts were
recorded with a Bruker D8 advance diffractometer. A transmission
electron microscope (TEM), JEOL JEM-2010 with accelerating volt-
age 200 kV, was applied to observe the morphology of catalysts. All
UV-vis diffuse reflectance spectroscopic (DRS) experiments were
carried out on a Shimadzu U-4100 spectrometer and a CARY5000
spectrometer using BaSOy4 as a standard. The catalysts of X-ray pho-
toelectron spectroscopy data were obtained through a Kratos AXIS
Ultra spectrometer using monochromatized Al-Ko (hv = 1486.6 eV)
radiation as excitation source. The binding energies were ref-
erenced to C 1s line at 284.8 eV from adventitious carbon. The
Brunauer-Emmett-Teller (BET) specific surface area of the samples
were determined by using nitrogen adsorption with surface area
analyzer (Quadrasorb SI-4). Electron spin resonance (ESR) spectra
were recorded on a Bruker E500 spectrometer at room temperature
in ambient air (without supplied vacuum).
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Fig. 1. Calculated formation energy for the V,*-TiOy, V +V,*-TiO3, and V +V,2*-TiO,
as a function of the chemical potential of Ti and O.

2.4. Computational details

The geometry structural optimization and electronic structure
calculations were performed to the defect-free anatase TiO,, Vo*
(i.e.,, SETOV, a singly ionized oxygen vacancy with +1 charge)-
TiO,, V-doped TiO, (V-TiO;), and V+V,2* (a doubly ionized
oxygen vacancy, with +2 charge)-TiO,. The calculations were per-
formed within the spin polarized density functional theory (DFT)
using the Vienna ab initio simulation package (VASP) [45,46].
The general gradient approximation (GGA) [47] in the scheme
of Perdew-Burke-Ernzerhof (PBE) [48] was chosed to describe
the exchange and correlation potential, and the projector aug-
mented wave method (PAW) [49] was used for the core-valence
interactions. The electronic structures of the corresponding opti-
mized geometries was calculated by GGA + U method. To reach an
agreement with the experimental band gap of anatase TiO,, the U
parameter (Uqgr=5.8 eV [50] for the Ti 3d orbit and Ueg=7.0eV [51]
for the V 3d orbit) was used. A 2 x 2 x 2 supercell containing 32 Ti
atoms and 64 O atoms was simulated for anatase TiO,. The V-doped
anatase TiO, was modeled by replacing one titanium atom with Vin
the 96 atoms anatase supercell. A Vo* and V,2* states were created
by removing one oxygen atom from TiO, and V-doped TiO, models.
We used a kinetic energy cutoff of 500 eV to obtain more accurate
results. Several k-point sampling were performed for convergence
tests, and the Brillouin zone k-mesh of 3 x 3 x 1 was used for geom-
etry optimization and electronic property calculations, which was
found to be sufficient to reach convergence for the supercells. To
find the most stable lattice structure, both atomic positions and
lattice parameters were relaxed. When the forces on each atom
was less than 0.02 eV/A and the total energy change was less than
10-7 eV, the iterative process was considered to be convergence.

2.5. Evaluation of photocatalytic activity

The photocatalytic activities of as-prepared catalysts were eval-
uated by the photocatalytic oxidation of gaseous C3Hg under visible
light irradiation. A300 W Xe lamp equipped with a A =420 nm glass
filters to remove UV light was used as a source of visible light. A
flat quartz tube was used as the photocatalysis reactor. To carry
out photocatalytic tests, 30 mg photocatalyst powder was first dis-
persed in a small amount of deionized water and stirred evenly.
And then the obtained suspension was evenly spread on one side
of a roughened glass plate (ca. 7.8 cm?) that was mounted in the
middle of the quartz tube reactor. A water cell was also inserted
between the xenon lamp and reactor to eliminate infrared light
and the distance between them is about 7 cm. The gas mixture of
propylene and air stored in a high-pressure cylinder was used as
feed gas, and the flow rate of the gas was fixed to ca. 150 mL/h. The

concentration of C3Hg was determined using a chromatograph
(Shimadzu GC-9A) equipped with a flame ionization detector (FID),
a GDX-502 column, and a reactor loaded with Ni catalyst for the
methanization of CO,. Prior to light irradiation, the coated glass
plate was kept in the dark for ca. 2h to achieve the absorp-
tion/desorption equilibrium of C3Hg on the photocatalyst surfaces.
The photo-oxidation removal rate of C3Hg over various photocat-
alysts was calculated as (Cy — C)/Cy x 100%, where Cy refers to the
initial concentration of feed gas C3Hg (600 ppmv, ~12 pmol) and C
refers to the concentration of C3Hg measured upon the completion
of its photocatalyzed oxidation.

3. Results and discussion
3.1. Formation Energy

In thermodynamic equilibrium, the formation energy (E{,,a)
of defect o with a charge ¢ in TiO, is given by expression
[52] B} o = Eq.o — Erio, + Nakta + q(Er + Ey + AV),where El, , is the
total energy of supercell containing the defect a in charge state q,
Erio, is the total energy of a TiO; perfect crystal in the same super-
cell, iy is the chemical potential of o element. n, is the number of
atoms removed during the defect formation from the host crystal,
and its sign is positive and vice versa. Er is the Fermi energy and
Ey is the valence-band maximum of the host crystal. AV aligns the
reference potential in one defect supercell with that in the bulk. For
Vo*-TiO5, V+V,*-TiO5, and V +V,2*-TiO, systems, their formation

energies (E{/O'—Tioz , E{, RYSEVR and E{/ V2 _TiO, )were calculated by
following Eqgs. (1)-(3), respectively:
E] +_1i0, = Eve_Ti0, — Erio, + i + (Er + Er; + AV) (1)

B} vor_ti0, = Evavo—Tio, — Ev_tio, + Ho + (Ex + By + AV)  (2)

f

Ev+voz+,Ti02 = Ey vy2+_Ti0, — Ev-Tio, + Mo + 2(Er + Ev + AV) (3)

where Eryo,, EVg'—TiOZ' E, RYSEVR and Ev+vé +_Ti0, are the total

energies of TiOy, Vo°*-TiOy, V+Vy*-TiOy, and V+V,2*-TiO, sys-
tems. The p1; and o are the chemical potentials of Ti and O. The
formation energy depends on growth conditions, which may be
varied from Ti- to O-rich. Limited by the thermodynamic stabil-
ity condition for TiO,, Ti and O are variables correlated as 2o +
pri = H(TiO2) = Uriobulk] + 2H0[0,] + AH(TiO2), where AH(TiO3)
is the enthalpy of formation of bulk TiO,. The calculated formation
enthalpy of TiO, is —10.25 eV, which is close to the previous result
—10.3 eV [53]. Thus, under the O-rich limit condition, (g = %Eoz-
i = AH(TiO2) + frijpuik); similarly, under the Ti-rich limit condi-
tion, 1 = Mrifbuik] = Eripuik], #o = 3[AH(TiO2) + ojoy]-

Fig. 1 shows the calculated defect formation energy of the
Vo*-TiO,, V+V,*-TiO;, and V+V,2*-TiO, systems. The calculated
formation energies for the V,°*-TiO, and V,2*-TiO, in the pres-
ence of V doping are 4.27 and —0.84 eV under Ti-rich, respectively.
Under O-rich conditions, the values are 8.19 and 3.08 eV, respec-
tively. From this, we can see that it is energetically more favorable
to form the V +V,*-TiO; and V + V,2*-TiO, systems than to form the
V,*-monodoped TiO, (4.48 and 8.40 eV) whether in the conditions
of Ti-rich or O-rich. This suggests that the V+V,* co-doping is rel-
atively more facilitated than V,* monodoping by the electrostatic
attraction of the two dopants with opposite charge states. A similar
phenomenon is also reported in Ref. [53]. From Fig. 1, we can see
that the V+V,2*-TiO, systems is most-favorable energetically.
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Fig. 2. Comparison of the visible light photocatalytic activity of P25-TiO,, as-
prepared NTA, N-TiO;[NTA], 1%V-TiO,[NTA] (500), and 1%V-P25-TiO»(500) for
photocatalytic oxidation of propylene.

3.2. Comparison tests of photocatalytic activity

To demonstrate the remarkable photocatalytic activity of syn-
thesized V-TiO,[NTA] samples, we compare its photocatalytic
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performance with as-prepared NTA, P25-TiO,, N-TiO,[NTA], and
V-P25-TiO,, as shown in Fig. 2. It can be seen that P25-TiO, and
as-prepared NTA have no any photoactivity (almost zero) for photo-
catalytic degradation of propylene. When a small amount of V (1%)
is doped into TiO,, the photocatalytic activity of the obtained sam-
ple 1%V-TiO,[NTA] (500) increases significantly, which is 2 times
higher than that of the N-TiO,[NTA] [34] and V-P25-TiO,.

3.3. X-ray diffraction (XRD) patterns and Raman spectra of the
photocatalysts

Fig. 3 shows X-ray diffraction patterns of V-TiO,[NTA] sam-
ples with different V doping content annealed at 400°C and
1%V-TiO2[NTA] (300-700°C), where the inset is XRD pattern of
as-prepared NTA. The as-prepared NTA has a diffraction peak at
20=8.6°, which is the characteristic peak of tubular structure of
NTA. NTA belongs to orthorhombic system in terms of crystal struc-
ture, which has been well elucidated elsewhere [ 15-25]. The effects
of V. doping concentration on the phase structures of the TiO, pow-
ders are shown in Fig. 3a. All samples exhibit only anatase patterns
at annealing temperature of 400°C. The intensity of diffraction
peak of TiO, (101) plane gradually became weaker as the V
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Fig. 3. X-ray diffraction patterns of (a) x%V-TiO,[NTA] (400) series of samples, (b) 1%V-TiO,[NTA] (annealed at 300-800°C). The inset in (a) is as-prepareded NTA.
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Fig. 5. UV-vis absorption spectra of (a) as-prepared NTA, P25-TiO, and 0%V-TiO,[NTA] (400), (b) V-TiO,[NTA] series of samples (annealed at 400°C), and (c) 1%V-TiO2[NTA]

(annealed at 300-800°C).

concentration increased. It indicates that the larger the amount
of V doping is, the poorer the crystallization of the TiO, pow-
ders is, and the smaller the crystallite size of TiO, is. No obvious
diffraction peaks corresponding to vanadium oxides (such as V,05
and/or VO,) were observed according to XRD pattern, indicat-
ing that either V is incorporated into the crystal lattice of TiO,
or vanadium oxide is very small and homogeneously dispersed.
However, V doping concentration increasing to 5%, the obvious
decrease of the peak intensity of anatase can be observed, which
might be related to the existence of surface V,05. The amount
and the crystallites size of V,05 or VO, were too low and little
to be detected by XRD technique, as well as these oxides were
yet not detected by XRD for their high dispersion in the sample,
but it can be seen additional peaks corresponding to V,05 in the
high V doping concentration [36,42,54] by means of Raman tech-
nique. It is well known that Raman spectroscopy can detect even
minor amount of material phase. To further determine whether
the vanadium oxides exist, we analyze Raman spectra of sam-
ples with different V doping content, as shown in Fig. 4. Indeed,
when the concentration of V doping increases to 5%, it begins
to produce additional Raman peaks corresponding to V,05 phase
(Fig. 4a). The inset in Fig. 4a is the magnified Raman patterns from
120 to 170 cm~1. It can be seen that (10 1) plane diffraction peak
slightly shifts toward the right. The shift of the diffraction peak

may be ascribed to the fact that V4* ions are doped into TiO,, lattice,
substituting for Ti** ions, and forming the V—O—Ti bond because the
ion radius of V4* (0.72 A) and Ti%* (0.74A) are very close [34-37].
At the same time, the rutile phase is not observed, even in the case
of 10% V doping level, which indicates that using NTA as the tita-
nium source to synthesize V-TiO,[NTA] may preserve the stability
of anatase phase to some extent.

Figs.3b and 4b show XRD and Raman pattern of the samples
with 1% V modification level calcined at different temperatures,
respectively. It can be seen that the calcination temperatures have
an obviously influence on the crystallization of the sample. At
T <600°C, 1%V-TiO,[NTA] samples only possess pure anatase phase
of TiO,. The sample calcined at 700 °C shows a mixcrystal structure
with anatase as the major phase and rutile as the minor phase.
Whereas the sample calcined at 800°C is opposite, rutile TiO, as
the major phase exists. Depending on the method of preparation,
titanium precursor, and the presence of suitable dopant oxides, tita-
nia can undergo a phase transformation from the low-temperature
anatase phase to rutile above 450°C and is seen to extend to as
high as 1000°C [55]. Yang et al. reported that doping vanadium
oxide within TiO, would have a stabilizing effect on the Ti—O bond
because the more electropositive V4* and/or V>* will render its
electronic concentration to 02~ so that it can use this increased
concentration of electrons to strengthen the bonding between the
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less electropositive Ti#* ions [35]. This stabilization of Ti—O bond
will in turn retard the anatase-rutile transformation temperature
because the anatase-rutile transformation needs the breakage of
Ti—O bonds. To further demonstrate the effect of annealing tem-
perature on the formation of V,05 and/or VO, the samples with
1% V modification level calcined at different temperatures were
also given Raman spectra measurement, as illustrated in Fig. 4b. In
the range 300-700 °C of annealing temperature, no obvious peaks
corresponding to V,05 and/or VO, are detected, indicating that
annealing temperature has no effect on the formation of vanadium
oxide. Of course, this may also be related to the low concentration
of V doping (1 mol%).

3.4. UV-vis diffuse reflectance spectra (UV-vis DRS)

The UV-vis optical absorption spectra obtained by the dif-
fuse reflectance of as-prepared NTA, P25-TiO, and V,*-TiO;
(0%V-TiO;[NTA] (400)) are presented in Fig. 5a. As-prepared
orthorhombic system NTA and the commercially available P25-
TiO,, with white color, show absorption thresholds at ~380 and
~410nm corresponding to the interband transition, and indicat-
ing band gaps of 3.26 and 3.0eV, respectively. Compared with
NTA, the absorption of P25-TiO, extends to a longer wavelength
region to some extent, which may be owing to a large band gap
of NTA than that of P25-TiO, (a mixture of anatase phase (Eg of
3.2eV) and rutile phase (3.0eV)). In contrast, the achieved V,*-
TiO, using the same preparation method as V-doped TiO, without
adding NH4VO3, exhibits obvious visible-light absorption property
compared with NTA and P25, though possessing the same white
color, which originates from the generation of a large amount of
Vo® [15,20,22]. As for V-TiO,[NTA] catalysts, it is apparent that
the DRS of all the doped TiO, samples have extended a red shift
and increased absorbance in the visible range with increasing dop-
ing content, in accordance with the observed color change of the
samples from faint yellow to dark brown with increasing V con-
centrations. The absorption edge shift of V-doped TiO, has been
reported in many literatures [35,38,41,56,57], in which the V4* was
considered to be chiefly responsible for the visible light absorption.
The presence of a large amount of paramagnetic oxygen vacancy
can extend absorption of TiO, in the visible light region, as above
mentioned. A red shift and increased absorbance in the visible
range with increasing doping content can be explained by many V4*
substituting Ti*" at higher doping content. When annealing tem-
perature was performed in the range of 300-700 °C, no significant
change was observed in the absorption of 1%V-TiO,[NTA] samples
in the visible light region. However, as annealing temperature was
raised to 800°C, a broad and strong visible-light band almost cov-
ering the whole visible region and even near-infrared region. An
analysis of XRD and Raman spectra shows that the observed broad
and strong absorption may be related to more defect states (such
as: sepia) and the existence of V5,05 (such as its band gap: 2.14eV)
at 800°C.

Table 1
The specific surface area (Sger) of as-prepared NTA and x%V-TiO,(400).

—®—as-prepared NTA

0.008 ——0%V-TiOINTA]|
1 £0.007 —a—1%V-TiO_NTAJ(400)
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Fig. 6. N, adsorption-desorption isotherms of as-prepared NTA, 0%V-TiO,[NTA]
(400) and 1%V-TiO2[NTA] (500). The inset is pore size distributions curve of the
sample 1%V-TiO,[NTA] (500).

3.5. BET surface areas and pore distributions

The changes in surface area (Sggr) and pore size dis-
tribution of the V-TiO,[NTA] were examined. Fig. 6 shows
the adsorption-desorption isotherms of as-prepared NTA, 0%V-
TiO,[NTA] (400), 1%V-TiO,[NTA] (400), and 1%V-TiO,[NTA] (500),
as well as the pore size distributions curve (insert) of the sample
1%V-TiO2[NTA] (500). All of the samples exhibited similar type-
IV isotherms with an H3 hysteresis loop at high relative pressure
range of 0.50-0.99, which are typical characters of mesoporous
materials [58]. The Sggr of the as-prepared NTA, x%V-TiO;[NTA]
(400), and the 1%V-TiO,[NTA] (300-800) are summarized in
Tables 1 and 2, respectively. The Sger of the three samples as-
prepared NTA, 0%V-TiO,[NTA] (400), and 1%V-TiO,[NTA] (400)
are 390.64, 139.254, and 227.911 m?/g, respectively. We also find
that the Sger of X%V-TiO,[NTA] (400) increases with increasing V
concentrations, because vanadium species implantation inhibited
crystalline growth, thereby enlarging the surface area, which is
conformance with the change observed of the diffraction peak, as
above mentioned. The increase of Sger can improve the activity of
catalyst. The Sggr of the 1%V-TiO,[NTA] (400) and 1%V-TiO,[NTA]
(500) decreased from 217.911 to 99.383 m?2/g, with the increasing
of calcination temperature, which can be attributed to the extent
of crystallization increasing with the annealing temperature. From
the inset, it can be seen that the diameter ranges of pores (dp) locate
from 1.5 to 15.5 nm, the main concentration of these particles is at
9.0 nm. The formation of mesoporous structure in the powders is
attributed to the aggregation of TiO, crystallites.

samples as-prepared NTA  O%V-TiO,[NTA] (400)  0.5%V-TiO,[NTA] (400)  1%V-TiO,[NTA] (400) 2%V-TiO,[NTA] (400)  5%V-TiO,[NTA] (400)
SBET

Seer (M?[g) 39064 139.254 226518 227911 237.571 300.079

Table 2

The specific surface area (Sger) of 1%V-TiO2(300-800 °C).

Samples
SET

1%V-TiOo[NTA] (300)  1%V-TiO,[NTA] (400)

1%V-TiO,[NTA] (500)

1%V-TiO,[NTA] (600) 1%V-TiO,[NTA] (700)  1%V-TiO,[NTA] (800)

Seer (M2/g) 334383 227911 99.383

69.334 17.526 0.172
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Fig. 7. TEM images of (a) as-prepared NTA, (b) 0%V-TiO[NTA] (400), (c) 1%V-TiO2[NTA] (400), (d) 5%V-TiO2[NTA] (400), and (e) 1%V-TiO>[NTA] (500).

3.6. Morphology of catalysts

Fig. 7 shows the results of TEM images of as-prepared NTA,
0%V-TiO,[NTA] (400), 1%V-TiO,[NTA] (400), 5%V-TiO,[NTA] (400),
and 1%V-TiO,[NTA] (500) samples. From Fig. 7a, we can see that
as-prepared NTA belonging to orthorhombic system has a layered
structure with the distance between the adjacent layers ca. 0.8 nm,
in accordance with previous research [29]. When as-prepared NTA
is annealed at 400°C for 4 h in air, accompanied by the formation
of anatase phase, its nanotube morphology is slightly destroyed

(Fig. 7b). Compared with undoped TiO,, it is obviously seen that
nanotube structure of the sample 1%V-TiO,[NTA] (400) and 5%V-
TiO,[NTA] (400) has been kept with nanotube structure, displaying
the better nanotube structure with the larger the amount of V dop-
ing (Fig. 7cand d). The result reveals that the presence of V dopant is
favorable to keeping the nanotube structure, which is in accordance
with the increasing of its Sger. When 1%V-TiO,[NTA] is annealed at
500°C for 4h in air, it is in the highly crystallized particles, which
is in accordance with its small Sger. However, the studies behind
demonstrate the photocatalytic activity of 1%V-TiO,[NTA] (500) is
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Fig. 8. XPS spectra of V-TiO,[NTA]: (a) Ti 2p, (b) O 2p, and (c) V 2p of 5%V-TiO,[NTA] (400).

the highest of all samples (see Section 3.10), which also indicates
that Sggr is not the most important factor influencing the activity
in this sample.

3.7. X-ray photoelectron spectroscopy (XPS)

The chemical compositions and states of surface elements in
the modified TiO, were investigated by XPS analysis. The chemical
states of Ti 2p, O 1s, and V 2p species were obtained by analyzing
the XPS core levels (parts a-c of Fig. 8). As shown in (a) of Fig. 8,
the binding energy of Ti 2ps), shifted to a negative value by 0.20,
0.33, and 0.31eV in 1%V-TiO,[NTA] (400), 2%V-TiO,[NTA] (400),
and 5%V-TiOz[NTA] (400) compared with that of Ti 2p3, (458.8 eV)
in TiO, [59]. The lower binding energy of Ti 2p in V-TiO,[NTA] sug-
gests the increased charge density of Ti due to the incorporation of
vanadium into the lattice. Fig. 8(b) shows that the energy peak of O
in V-TiO,[NTA] is all higher than that of O (529.9-530.2 eV) in pure
TiO, (i.e., lattice oxygen), which could be due to the substitution of
V ions for Ti ions leading to the decreased electron density of oxy-
gen according to electronegativity of V element higher than that of
Tielement. Based on the above analysis, it is further evident that the
V ions are doped into TiO, lattice to substitute Ti%* ions, and form
the V—O—Ti bond. The XPS spectrum of the V 2p region for 5%V-
TiO,[NTA](400)is shownin Fig. 8(c). The V species exist with a close
binding energy value of V>* 2p3j, (516.4-517.4eV) and V4* 2p;p
(515.4-515.7eV) [35]. Therefore, the peak fitted at 516.8 eV can be

mainly ascribed to V>* 2p; 2> Whereas thatat 515.6 eV was assigned
toV4* 2ps . The fitting data demonstrate that V>* was the dominant
composition on the surface of doped TiO,. It has been reported that
vanadium species (V>*) had the tendency to be on the surface [8].
Herein, we have detected the existence of V,05 via Raman spectra
(see Section 3.1), which suggests that vanadium species (V°*) exist
as the form of V,05 on the surface. While, the ionic radius of V4* is
very close to that of Ti**, and V4* can yet be easily substituted for
the Ti** into the TiO, crystal lattice [35,36,54,57].

3.8. Electron spin resonance (ESR) spectra

Fig. 9 illustrates the ESR spectra of as-prepared NTA, 0%V-
TiO,[NTA] (400), 1%V-TiO,[NTA] (400), 2%V-TiO,[NTA] (400),
5%V-TiO,[NTA] (400), and 1%V-TiO,[NTA] (300-800) samples
recorded at room temperature in air. ESR is a highly sensitive spec-
troscopic technique for examining paramagnetic species and can
give valuable information. From Fig. 9a, it can be seen that as-
prepared NTA do not show any ESR signal, meaning that it is free of
paramagnetic species. However, after as-prepared NTA was heat-
treated at 400°C for 4 h in air, the resultant catalyst sample (i.e.,
0%V-TiO[NTA] (400)) shows an intense ESR signal at g=2.002,
indicating that this sample contains a certain amount of param-
agnetic species. Some researchers had assigned the typical ESR
spectrum of TiO, after heat-treated in vacuum to electrons trapped
at oxygen-defect site, which was denoted as SETOV [33,60-62]. Our
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Fig. 9. ESR spectra of (a) as-prepared NTA and 0%V-TiO,[NTA] (400); (b) 1%V-TiO,[NTA] (400), 2%V-TiO,[NTA] (400), 5%V-TiO,[NTA] (400) and 1%V-TiO,[NTA] (500); and
(c) 1%V-TiO[NTA] (300-800). The inset of (a) is the g factor of the sample 0%V-TiO,[NTA] (400).

research group has investigated the properties of NTA prepared by
hydrothermal method systematically. Itis found that there is a sym-
metrical ESR signal at g=2.003, which is assigned to SETOV, when
NTAis either annealed in air or dehydrated invacuum [15]. Based on
the above discussions, the ESR signal observed for 0%V-TiO;[NTA]
(400) is ascribed to SETOV. From Fig. 9b and c, we found that
1%V-TiO,[NTA] (400), 2%V-TiO,[NTA] (400), 5%V-TiO,[NTA] (400)
and 1%V-TiO,[NTA] (500) all exhibit obvious eight-component
hyperfine structure, which can be contributed to the dipole-dipole
interaction between the spin magnetic moment of the >1V nucleus
(I=7/2) and the electronic spin moment of the paramagnetic V4*
ions (S=1/2). The eight well-resolved line signals indicate that V4*
ions have been incorporated into the crystal lattice to substitute
Ti** ions of TiO, matrix [56,57]. What a surprise, we do not find any
paramagnetic signal of SETOV species for all V-TiO,[NTA]. Herein,
V4* species was the only paramagnetic species at present. As V°*is
the only vanadium precursor in NH4VO3, the SETOV produced by
the intra-layered dehydration of NTA under high temperature con-
ditions may reduce V>* to V4* during using NTA as the titanium
source to synthesize V-TiO,[NTA], thus, consuming the electrons
trapped at oxygen vacancy states. The V4* can be stabilized into
the TiO,, whereas V°* is likely the major chemical state on the
surface of the anatase catalyst [41,57]. Therefore, there are para-
magnetic signal of V4* species instead of SETOV species. Moreover,

we found that the signal intensity of eight-component hyperfine
structure is increased with the increase of V-doping concentration,
which can be ascribed to many more intra-lattice V4* species at
higher V-doping concentration, in accordance with the increased
absorbance. It is worthy of our attention that the signal intensity
of eight-component hyperfine structure decreased with annealing
temperature, and it reached minimum at 500 °C, and then increased
above 500 °C indicating an optimal amount of V4* species.

3.9. Calculation of density of states (DOS)

To deeply understand the experiments results observed for the
V-TiO,[NTA], DFT calculations were performed. Fig. 10a shows the
calculated electronic density of states (DOS) for the defect-free
anatase TiO,. We obtain a band gap of about 3.0 eV, which is in
good agreement with the experimental results (3.2 eV). The valence
band (VB) and conduction band (CB) mainly consist of O 2p and Ti
3d states. The calculated DOS of V,°*-TiO, is shown in Fig. 10b. It
can be seen that the impurity states have gone into the conduction
band, which suggests that V,* is completely ionized and becomes
free electron. This can be explained by the low ionization potentials
of the SETOV. Thus, these states can facilitate the transport of the
photo-generated carriers to the active sites on the surface. At the
same time, localized impurity state caused by SETOV from Ti 3d
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appears within the band gap. The visible light absorption for novel
TiO, with V,* originates from this impurity state. However, its exis-
tence is unfavorable for photoactivity, because it introduces a deep
donor level within band gap and readily becomes carrier recom-
bination center, which corresponds to no observed experimental
photocatalytic activity under visible light irradiation though it has
visible light absorption [15-17]. For V-doped TiO, without V,*(V-
TiO,), it can be seen from Fig. 10c that upon doping V ions into
the lattice of the TiO; crystal, several localized impurity states con-
tributed by V 3d occur near the top of the valence band and within
the band-gap as well as below the conduction band. Although the
formation of these strongly localized d states can reduce the band
gap of TiO, to some extent, it also introduces a new carrier recombi-
nation center and significantly reduces carrier mobility. This can be
proved by lower photocatalytic activity of 1%V-P25-TiO, (as shown
in Fig. 1). The DOS of V +V,2*-TiO, (modeled x%V-TiO,[NTA] (400)
samples based on the observed ESR signal) were also calculated
and were shown in Fig. 10d. Compared with the V,°*-TiO (Fig. 10b)
and V-TiO, (Fig. 10c), the deep donor level hybridized by the Ti
3d and O 2p states within the band gap disappeared, while the
mixing states of V 3d, and O 2p above the valence band moved
to the top of the valence band at 0eV in the V+V,2*-TiO,. At the
same time, the states mainly consisted of V 3d at the bottom of
the CB also disappeared, the new electronic states consisted of Ti
3d, V 3d, and O 2p appeared on the bottom of the CB in V+V,2*-
TiO,. As a result, the new states of V—O—Ti of V+V,2*-TiO, in the
band gap were largely overlapped with the band states of TiO,. In

other words, the band gap is effectively narrowed, which favors
the visible-light absorption and trapping the photoinduced carri-
ers to prolong their lifetimes and facilitated the transfer of them.
Therefore, we can conclude that the effective phtotcactivity of x%V-
TiO,[NTA] (400) should be mainly due to the synergisitic effect of
V,* and V dopants. The presence of the new mixing states, origi-
nated from the Ti 3d, O 2p, and V 3d states in the band gap due to V4*
incorporated into crystal lattice of TiO,, tends to lead to a decrease
in band gap and hence are more favorable for the absorption in the
visible-light region.

3.10. Photocatalytic activity and mechanism

The visible light photocatalytic activity of V-TiO,[NTA] samples
was evaluated by photooxidation removal of propylene. In Fig. 11a,
we first investigate the effect of the amount of V doping (from 0
to 10% of V/Ti) on the removal yield of propylene. It can be seen
that the doping of TiO, with V favors the removal of propylene.
However, the activity of the photocatalysts for the removal yield
of C3Hg increased with increasing of doping concentration, and
it reached maximum for a level of 1% mol V, and then decreased
above 1% mol V, indicating an optimal concentration of dopant and
meaning that the amount of doped-V is very important to photoac-
tivity. The results demonstrated that 1%V-TiO,[NTA] (400) exhibits
the most significantly enhanced photocatalytic activity, which is
approximately 12 times higher than that of pure NTA (400).
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On the other hand, the effect of calcination temperature on
photocatalytic oxidation rate of propylene over 1%V-TiO;[NTA]
samples is also investigated, as shown in Fig. 11b. When calcined
temperature at 300°C, there is a very low photocatalytic activity
observed for the sample 1%V-TiO,[NTA] (300), which is due to the
fact that the sample possesses the poor crystallization and large
Sget (334.383 m2/g). As calcination temperature is increased, pho-
tocatalytic activity reaches an optimal value at 500 °C, which can
be ascribed to an obvious improvement in crystallization (Fig. 5d).
With the further increasing calcination temperature, the photocat-
alytic activity decreases rapidly and reaches a minimum value at
800 °C which may contribute to the existence of more defect states.

It is well known that the crystalline structure and specific
surface area are two important factors that influence the photocat-
alytic activity of TiO,. However, in this study, only little variation
of crystalline structure was found for different V-TiO,[NTA] sam-
ples. Thus, the variation of photocatalytic activity of different
V-TiO,[NTA] samples cannot be mainly assigned to the influences
of crystalline structure. Combining on the results of the UV-vis and
Sger analysis, the main factor influencing the photocatalytic activity
of V-TiO,[NTA] is the Sggr or intralattice V4* of TiO, matrix when the
V concentration is below 1%. It has been reported that V dopants can
influence the photocatalytic activity of TiO, by acting as trapping
centers for photo-generated electron(e~) and/or hole(h*) and by
altering the recombination rate of e~ /h* pairs [9,36,56]. ESR spec-
trum show that the content of V4* increases with the increasing
of V doping concentration, however, the photocatalytic activity is
reduced when the V concentration is above 1%.

On the basis of the above experimental and DFT calculational
results, at low concentration, the enhancement of photocatalytic
activity for the V-TiO,[NTA] samples should be ascribed to the

synergistic effect of V and V,* co-doping. The possible photocat-
alytic degradation mechanism of propylene were proposed and
elucidated in Fig. 11c and Egs. (4)-(9).

Va+ +Vo* — \Vass (4)
x%V-TiO, + visiblelight — x%V-TiOy(e™ +h™) (5)

V3t +e” — VA 4 0y(surface) — *0;~ +V>*

(electron separation and transfer) (6)
Oy +e” — °0y~ (7)
*0O,~ + propylene — degradation (8)
h*™ + propylene — degradation (9)

Firstly, V5* is reduced to V4* by SETOV, which is produced by
heated the doping precursor and as-prepared NTA. This V4* replaces
Ti** ions in the TiO, to form continuous impurity levels from the
Ti 3d, O 2p, and V 3d states above the valence band and below the
conduction band, as shown in Fig. 11c, respectively. Thus, these
impurity energy levels created between the VB and the CB by the
incorporation of V4* dopants cause the absorption edge to shift fur-
ther into visible region as compared to pure TiO,. By improving the
light absorption efficiency of TiO,, a larger number of photogener-
ated charges can be formed(see Eq.(5)). Due to the lower Fermi level
of V°* species on the surface, the photogenerated electrons in the
CB may immediately transfer to V>* ions leaving back holes on the
VB of TiO, resulting in the effective separation of e~ and h*(see Eq.
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(6)). The V4* species, created from V>* by electron trapping, easily
release and transfer electron to oxygen molecule absorbed on the
surface of TiO, to produce superoxide radicals *O,~ (Fig. 11c). O,
adsorbed on the surface of the photocatalyst can only react with V4*
to generate *O, . Namely, it can react with e~ to generate *O, ~(see
Egs. (6) and (7)). Both of h* and *O,~ were indeed strong oxidizing
agents required for the degradation of the propylene. Therefore,
the presence of the V4*/V5* pair can efficiently separate the elec-
trons and holes to generate *O,~and h* for the degradation of the
propylene. The same trapping sites act as the recombination cen-
ters might be the reasons of the decrease in photocatalytic activity
above 1% concentration of V doping in TiO,. Moreover, excess V
dopant might occupy the active sites and form low cover on the
TiO, surface, which not only influences the penetration of light but
also reduces the adsorptive function of organic pollutants on the
surface of TiO, and the contact area between TiO, and organic pol-
lutant. As a result, excess V concentration and high temperature
leads to the decreasing of photocatalytic activity.

4. Conclusions

By a facile solid state sintering method, using the nanotubular
titanic acid (NTA) as titanium precursor, different concentration of
the novel V-TiO,|NTA] samples have been successfully synthesized
for the first time. V dopant has been successfully incorporated into
the crystal lattice of TiO, in the form of V4* ions, created from V°*
reduced by SETOV. At the same time, V°* ions exists on the surface in
the form of V,05. The activity of V-TiO,[NTA] in photocatalytic oxi-
dation of propylene was evaluated under visible light irradiation.
It was found that 1%V-TiO,[NTA] (500) displayed remarkable pho-
tocatalytic activity for degradation of propylene under visible-light
irradiation, which is significantly better than that of as-prepared
NTA, P25 TiO,, N-TiO,[NTA], and V-doped P25 TiO,. The remark-
able improved photocatalytic activity of the V-TiO,[NTA| may be
resulted from the synergistic effect: (i) the increased visible light
absorption by the narrowing of gap originated from the appearance
of new states (around the top of the valence band, due to O 2p and
V 3d orbitals; around the bottom of the conduction band, due to Ti
3d, 0 2p, and V 3d orbitals); (ii) the efficient separation and transfer
of the photogenerated e~ /h* pairs due to the presence of V>*/V4*
redox couple.
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