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Abstract

C-doped and C- and V-doped TiO; photocatalysts were prepared by a sol-gel process. Both catalysts showed high activity for the degradation of
acetaldehyde under visible irradiation (>420 nm). The co-doped TiO; catalysts also were highly active in the dark; 2.0% V-containing co-doped
TiO, had the highest activity, comparable with the activity under visible light irradiation. The catalysts were characterized by X-ray powder
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), diffuse reflectance spectroscopy (DRS), and N, adsorption—desorption. The results
suggest that vanadium ions were introduced both on the surface and into the bulk of TiO;. A free electron, induced by the formation of V3t in
the sublayers of TiO, during calcination at 500 °C in air, was delocalized and promoted into the conduction band by thermal energy and further
transferred to O, generating a superoxide radical anion (O ") that is responsible for degradation of acetaldehyde in the dark. In addition to
functioning as a photosensitizer that shifts the optical response of TiO; from the ultraviolet (UV) to the visible light region, the doped elemental
carbon increased the surface area and improved the dispersion of vanadium.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction relative cost. However, the use of TiO, is impaired by its wide
band gap (3.2 eV), which requires ultraviolet irradiation for
photocatalytic activation (A < 387 nm) [5-7]. UV light ac-
counts for only about 5% of solar energy; visible light, 45% [8].
The shift of the optical response of TiO; from UV to the visible
spectral range will have a profound positive effect on the effi-
cient use of solar energy in photocatalytic reactions [9]. Thus,
much effort has been directed toward the development of visi-
ble light-active photocatalysts.

One approach to synthesizing visible light active photocat-
alysts is the substitution of Ti by V, Cr, Mn, Ni, or Fe. Anpo
et al. [7] modified TiO, catalysts by bombarding them with
high-energy metal ions. The metal ion-implanted TiO, showed
a large absorption shift toward the visible light region, and the
V ion had the highest effectiveness in the red shift. Klosek and
Raftery [10] synthesized V-doped, supported TiO, photocata-
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Photocatalytic degradation and complete mineralization of
toxic organic compounds in water, soil, and air in the presence
of semiconductor powders have received much attention over
the last two decades [1-4]. A semiconductor is characterized
by a filled valence band and an empty conduction band. When
it is irradiated with light of sufficient energy corresponding to or
exceeding its band gap, an electron is promoted into the conduc-
tion band, leaving a hole in the valence band. The electrons and
holes are good reductants and powerful oxidants, respectively,
and they can initiate redox reactions on the semiconductor sur-
face [2]. TiO; is considered the most promising photocatalyst
due to its high efficiency, chemical stability, nontoxicity, and
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capability of absorbing visible light and showed a “red shift”
in the UV-vis spectra. Recently, it was shown that the opti-
cal response of TiO; also could be shifted from UV to visible
light by doping with nonmetal atoms, such as carbon, nitrogen,
and sulfur. Joung et al. [12] synthesized N-doped TiO, under
a stream of ammonia gas, which had a band gap of 2.95 eV.
Burda et al. [5] used the direct amination of 6- to 10-nm ti-
tania particles; the TiO,_, N, nanoparticles were catalytically
active and absorbed well into the visible region up to 600 nm.
Umebayashi et al. [13] reported band gap narrowing of TiO»
by sulfur doping, and that sulfur atoms were incorporated as
anions and substituted for oxygen sites in the lattice of TiO,.
Ohno et al. [14] prepared sulfur cation-doped TiO; catalysts
that showed strong absorption of visible light and high activi-
ties for degradation of methylene blue in water under irradiation
at wavelengths longer than 440 nm. Doping carbonate species
into a TiO; lattice shifted the absorption edge of TiOy from
400 to 700 nm or more [15,16]. Carbon-containing TiO, pho-
tocatalyst is capable of photodegrading 4-chlorophenol with
visible light [17]. The effect of transition metal and/or nonmetal
atoms on the photocatalytic activity of TiO» also has been stud-
ied. Sun et al. [18] observed that carbon and sulfur co-doped
TiO, showed high photodegradation of 4-chlorophenol under
visible light irradiation. Zhao et al. [19] synthesized a visible-
light-driven NipO3/TiO,_, B, photocatalyst; the incorporation
of boron atoms into TiO, extended the spectral response to
the visible region, and the loaded Ni»O3 species acted as elec-
tron traps and thus facilitated the charge separation. Wei et
al. [20] reported that lanthanum and nitrogen led to significant
enhancement in degrading of methyl orange under visible light
(350 < A < 450 nm); the substitution of N for O was responsi-
ble for the band gap narrowing of TiO,, and La>* doping pre-
vented the aggregation of powder in the process of preparation.
Sakatani et al. [21] found that the doped La’* hindered crys-
tal growth and that the number of the paramagnetic N species
seemed to control the absorption of visible light and the activity
under visible light irradiation.

The sol-gel process has been widely used to synthesize
TiO,-based photocatalysts. The incorporation of active ions
(dopants) in the sol during the gelation stage allows the ions to
have direct interaction with TiO,; therefore, active ions could
be doped into the lattice of TiO», resulting in materials with
special optical and catalytic properties.

In the present research, we prepared carbon and vanadium
co-doped anatase TiO» photocatalysts by a sol-gel process us-
ing titanium isopropoxide, vanadyl acetylacetonate, urea, and
thiourea as precursors. We demonstrate enhanced photocat-
alytic performance of the doped catalysts.

2. Experimental
2.1. Sample preparation

Titanium isopropoxide (97%, Aldrich), vanadyl acetylaceto-
nate (98%, Aldrich), urea (99.0-100.5%, Aldrich), and thiourea

(99%, Aldrich) were used as raw materials. First, 3.8 g
(0.05 mol) thiourea and 3.0 g (0.05 mol) urea were dissolved

in 75 mL of deionized water. While under vigorous stirring in
an ice bath, desired amounts of vanadyl acetylacetonate (corre-
sponding to 0.5, 1, 2, and 3% of vanadium) were added to the
solution. Then 11 mL (0.0375 mol) of titanium isopropoxide
was added dropwise. The resulting mixture was stirred for 24 h
and aged for 48 h. The water was removed by drying in air at
80 °C. The dried powder was crushed and calcined at 500 °C
for 2 h in air. Pure TiO;, catalyst was obtained using a sim-
ilar method without urea and thiourea. Commercial Degussa
P25 TiO, (anatase/rutile = 75/25) with a specific surface area
of 50 m?/g and primary particle size of 20 nm were used for
comparison purposes.

2.2. Characterization

XRD patterns were obtained with a Bruker D8 diffractome-
ter, using CuK « radiation (1.5406 A)at40kV and 40 mA and a
secondary graphite monochromator. Samples were packed into
a plastic holder. The measurements were recorded in steps of
0.025° with a count time of 4 s in the 20 range of 20-65°.
Identification of the phases was done with the help of the Joint
Committee on Powder Diffraction Standards (JCPDS) files.

XPS data were recorded using a Perkin—Elmer PHI 5400
electron spectrometer using acrochromatic AlK« radiation
(1486.6 eV) with Ar™ sputtering to remove the surface layer
of the sample. All spectra were obtained under vacuum at a
pressure of about 2.0 x 10~2 Torr. The XPS binding energies
were measured with precision of 0.1 eV. The analyzer pass en-
ergy was set to 17.9 eV, and the contact time was 50 ms. Before
the samples were tested, the spectrometer was calibrated by set-
ting the binding energies of Au 4f7,, and Cu 2p3,2 to 84.0 and
932.7 eV, respectively. Binding energies for the samples were
normalized with respect to the position of the C 1s peak result-
ing from adsorbed hydrocarbon fragments.

DRS were recorded using a Cary 500 Scan UV-vis NIR
spectrophotometer with an integrating sphere attachment for
their diffuse reflectance in the range of 200-800 nm. All spectra
were referenced to polytetrafluoroethylene.

N, adsorption—desorption isotherms were obtained at
—196 °C using a Quantachrome NOVA 1000 series instrument.
The specific surface areas were calculated according to the
multipoint BET method. Before adsorption, all samples were
degassed for 1 h at 150 °C under vacuum.

2.3. Degradation of acetaldehyde

A typical indoor air pollutant, acetaldehyde, was chosen as
the probe molecule for evaluating the catalyst activity. The ex-
periments were performed in a cylindrical glass air-filled static
reactor (305 mL total volume) with a quartz window. The light
source was an Oriel 1000-W high-pressure Hg arc lamp. The
combination of a vis-NIR long-pass filter (400 nm) and colored
glass filter (>420 nm) was used to eliminate ultraviolet radia-
tion during visible light experiments. The catalyst (100 mg) was
placed in a circular glass dish and mounted in the reactor. Then
100 pL of liquid acetaldehyde was introduced into the reactor,
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Fig. 1. COy evolution during CH3CHO oxidation on P25 TiO, and doped
TiO5: (a) P25 TiO;,, (b) C-doped TiO;, (c) C-, V-doped TiO; (0.5% V), (d) C-,
V-doped TiO; (1.0% V), (e) C-, V-doped TiO; (2% V), (f) C-, V-doped TiO;
(3.0% V).

Table 1

Initial rate of CO, evolution (mmol/min)

Catalyst In the dark Under visible
irradiation

P25 TiO; 0 2.13 x 1073

C-doped TiO, 0 1.74 x 1074

C-, V-doped TiO; (0.5% V) 3.81 x 1079 138 x 1074

C-, V-doped TiO5 (1.0% V) 9.85 x 107 1.40 x 1074

C-, V-doped TiO; (2.0% V) 1.26 x 1074 137 x 1074

C-, V-doped TiO, (3.0% V) 6.9 x 1073 5.75x 1073

where it rapidly vaporized. The gaseous mixture of acetalde-
hyde and air inside the reactor was constantly magnetically
stirred. Before analysis, the catalyst and acetaldehyde were kept
in the reactor for about 30 min to obtain a uniform gas-phase
concentration. The reactor was cooled by water circulation, and
the experiments were performed at 25°C. Gaseous samples
(35 pL) were periodically (every 10 min) extracted from the
reactor and analyzed by GCMS [gas chromatograph equipped
with a mass selective detector (Shimadzu GCMS-QP5000)].
The temperatures of the column, injector, and detector were
maintained at 40, 200, and 280 °C, respectively.

3. Results and discussion

The evolution of CO, during acetaldehyde degradation was
used to estimate the activity of the catalysts. The activity also
was measured for 40 min before the light source was activated.
Fig. 1 shows the CO; evolution on different catalysts. The pho-
tocatalytic activity of doped TiO, was greatly enhanced by
incorporating it with carbon and vanadium. Most importantly,
the carbon and vanadium co-doped TiO, demonstrated high ac-
tivity in the dark; the higher values at zero time were due to
reaction in the dark occurring during the 30 min before sam-
pling. To enable quantitative comparison, the initial rates for
the initial 40 min (with or without irradiation) are calculated
to represent the activities. These values are shown in Table 1.
In the dark, P25 TiO, and C-doped TiO, showed no activity;
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Fig. 2. X-ray diffraction patterns of un-doped and doped TiO5: (a) un-doped
TiOy, (b) co-doped TiO;, (c) C-doped TiO, (0.5% V), (d) co-doped TiO;
(2.0% V), (e) co-doped TiO; (3.0% V).

however, with the addition of vanadium, the co-doped TiO; cat-
alysts were highly active for the degradation of acetaldehyde,
especially when the vanadium loading was 2%. Under visible
irradiation, the photocatalytic reactivity of C-doped TiO; was
8.2 times greater than that of P25 TiO;, and that of co-doped
TiO, was 6.6 times higher, for a 2.0% loading; a 3.0% load-
ing was less effective. Moreover, for co-doped TiO, with 2%
vanadium content, the activity was comparable in the dark and
under visible irradiation. The different activities among these
catalysts likely result from different physical properties and re-
action mechanisms, as discussed later.

Fig. 2 shows the XRD patterns of pure TiO, and doped TiO5.
TiO, anatase diffraction lines can be seen in all XRD patterns;
no other crystal phase (rutile or brookite) can be detected. The
strongest peak at 260 = 25.3° is representative of (101) anatase-
phase reflections. The inset of Fig. 2 is an enlargement of the
(101) plane of all of these samples. Compared with pure TiO»,
the peak position of the (101) plane of C-doped TiO; shifted
slightly to a higher 26 value, and the peak was broader, sug-
gesting distortion of the crystal lattice of doped TiO; by the
incorporation of elemental carbon and smaller particle size of
the C-doped TiO;. Greater distortion of the structures occurred
with the addition of vanadium, indicating that vanadium (V4+)
was incorporated into the lattice and substituted for Ti*t, as
suggested by the XPS spectra (see later discussion).

From the full width at half maximum (FWHM) of the dif-
fraction pattern, the particle sizes were calculated using Scher-
rer’s equation. Pure TiO; had a particle size of 14 nm; doped
TiO,, about 9 nm (see Table 2). No diffraction lines due to
TiC, TiN, and TiS were found, consistent with the XPS results
discussed later. Furthermore, no separate VO, phases were ob-
served for any of the vanadium-containing samples, possibly
due to the high dispersion or the very small crystallite size of
vanadia species that may be present.
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Table 2
Surface area and particle size of samples
Sample Surface area?® Particle size?
(m*/g) (nm)
TiOy 57 14.0
C-doped TiO, 98 8.9
C-, V-doped TiO; (0.5% V) 96 8.9
C-, V-doped TiO; (1.0% V) 94 9.0
C-, V-doped TiO; (2.0% V) 94 9.2
C-, V-doped TiO» (3.0% V) 59 10.3
4 By BET.
b By XRD.

To investigate the chemical states of the possible dopants
incorporated into TiO, Ti 2p, C 1s, S 2p3,2, N 1s, and V 2p3 >
binding energies were studied by measuring the XPS spectra.
The results are shown in Fig. 3.

Two peaks for the Ti 2p XPS spectrum were observed at
464.2 and 458.5 €V, assigned to Ti 2p1,> and 2p3,, respec-
tively. These values agree well with XPS data in the litera-
ture and are known to be due to Ti*t in pure anatase titania
form [12].

The C 1s XPS spectrum showed one peak at 284.8 eV and a
shoulder at around 288.6 eV. The feature at 284.8 eV can be as-
signed to elemental carbon, and the shoulder around 288.6 eV
suggests the existence of carbonate species [15,16]. After sput-
tering, the shoulder at around 288.6 eV disappeared, indicating
that carbonate species existed only on the surface. The peak
at 284.8 eV remained, and the intensity decreased only slightly.
These results strongly imply elemental carbon deposits not only
on the surface, but also in the bulk of the TiO; powder. A peak
around 281 eV, reportedly resulting from the Ti—C bond [22],
was not observed in our sample.

The S 2p3;» XPS spectrum showed a peak at around
168.3 eV. A broad peak attributed to S 2p3,, at around 168 eV
was reported to consist of several oxidation states of S atoms.
The peak of the SO state appeared at 168.2 eV by studying
the XPS spectra of pure TiO, immersed in HySO4 aqueous so-
Iution followed by calcination at 500 °C for 3 h, and the peak
at 167.5 eV was assigned to S* [16,23]. Sayago et al. [24]
reported that the peak of the S 2p state was in the region of
166-170 eV for adsorbed SO, molecules on a TiO, surface.
Because our samples were calcined in air at 500 °C, the S 2p3,2
peak can be attributed to the S®* state. The S 2p peak at 160—
163 eV, coming from S atoms substituting for O atoms on the
TiO, surface [25], was not observed in our case. The disappear-
ance of the S 2p3,> peak after sputtering indicates that sulfur
species appeared only on the surface. The formation of carbon-
ate (1448 cm™!) and sulfate species (1100 cm™!) is supported
by the FTIR spectra displaying their characteristic band struc-
tures (not shown here).

The N 1s XPS spectrum exhibited a peak at around 399 eV.
The value is consistent with XPS data from chemisorbed N»
molecules [26] or molecularly adsorbed N-containing com-
pounds (NO, and NHj3, which formed during the decompo-
sition and oxidation of the N precursors) [27]. The feature at
around 396 eV, generally assigned to N>~ anions resulting from

substitution for oxygen sites by nitrogen atoms in the TiO; lat-
tice [26,28,29], was not observed. Based on our preparation
process, the peak around 399 eV can be assigned to adsorbed
NO, or NH3. Clearly, however, these nitrogen species also exist
only on the surface of TiO,, as demonstrated by the disappear-
ance of the peak after sputtering.

The O 1s satellite obviously interfered with the V 2p3,2 XPS
peak. The magnitude of the V 2p3,, peak was small, and the
peak appeared as two shoulders. The shoulder at a binding en-
ergy of 516.9 eV suggests V>1 species, whereas the shoulder at
516.3 eV can be assigned to V4*. These values are consistent
with a binding energy of V 2p3,2 measured for the V,05/TiO;
catalyst [30,31]. V** ions were incorporated into the crystal
lattice of TiO, and no vanadium-—titanium phase was present;
thus, V4t ions substituted for Ti** ions and formed a Ti-O-V
bond. Obviously, some V4t jons were oxidized into V1 in the
preparation process, because vanadium existed only as V4t in
the precursor; the formation of V3t possibly occurred during
annealing.

Fig. 4 shows the UV-vis absorption spectra of the un-doped
and doped TiO,. Commercial Degussa P-25 TiO; exhibited ab-
sorption only in the UV region. The onset absorption spectrum
of pure TiO, showed a very weak red shift; however, signifi-
cant photoabsorption was demonstrated in the visible region of
the doped TiO,. The C-doped TiO; absorbed the photoenergy
in the visible region up to 600 nm, indicating that the incor-
porated elemental carbon was acting as a photosensitizer [17].
With the addition of vanadium, the absorption curve of the co-
doped TiO, extended to 800 nm. It has been reported that V>+
shows an absorption at <570 nm and that V4t has an absorp-
tion band centered at 770 nm [32], therefore, the spectra suggest
the co-existence of V>* and V4T, consistent with the XPS spec-
tra. The tailing of the absorption band can be assigned to the
charge-transfer transition from the d orbital of V4T to the con-
duction band of TiO, [33]. In the presence of visible light, this
photoexcited electron apparently enabled chemical reactions at
the surface of V-doped TiO», because the oxidation of V4 to
V>+ occurred 2.1 eV below the TiO, conduction band [34]. The
extended visible absorption obviously suggested modified elec-
tronic properties from the incorporation of vanadium, forming
impurity energy levels between the valence band and conduc-
tion band of TiO» [7].

3.1. Mechanistic studies

Fig. 1 illustrates that P25 TiO, and C-doped TiO;, were in-
active in the dark for the degradation of acetaldehyde. With the
introduction of vanadium, modified TiO, showed high activity
in the dark. XRD spectra indicated no new vanadium-—titanium
compound; thus the increase in the activity must be due to a
change in the surface of the catalyst resulting from vanadium
substitution.

Based on the characterization results, the following explana-
tion for the high activity in the dark can be considered. During
catalyst preparation, V** ions are incorporated into the bulk
and on the surface of TiO; in the gelation stage. It is possible
that V4* in the sublayers of TiO, is oxidized to V>* during
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Fig. 3. XPS spectra of C-doped TiO;: (A) Ti 2p, (B) C 1s, (C) S 2p3/5, (D) N 1s ((a) before sputtering; (b) after sputtering) and C-, V-doped TiO;
(2.0% V): (E) V 2p32.

water removal and/or calcination in air. If pentavalent V> jons tron cannot be shared and is delocalized around the V> pos-
are present at tetravalent sites (Ti** or V4*), then the substitu- itive center. Only a small amount of thermal energy is needed
tion could induce a free electron [35]. V7 ion shares only four to delocalize this electron and promote it into the conduction
valence electrons with four O~ neighbor ions. The fifth elec- band [35]. In the dark, the promoted electron can be transferred
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Scheme 1. Proposed electron transfer pathway to produce superoxide radical
anion, O; ", on C-doped TiO; particles under visible light irradiation (C refers
to elemental carbon).

to triplet oxygen to generate the superoxide radical anion O; ",
which is known to degrade organic compounds [17,36]. When
the loading of vanadium increases from 0.5 to 2.0%, more V4+
ions in the sublayer of TiO, are possibly oxidized into V>*, en-
hancing the activity. But further increasing the vanadium con-
tent could deteriorate the dispersion and lead to the aggregation
of vanadium, as indicated by the smaller surface area; that is
why, as shown in Fig. 1, the activity decreased when the vana-
dium loading increased from 2.0 to 3.0%.

Under visible light irradiation, two major reaction pathways
can be considered:

1. The elemental carbon acts as a photosensitizer. As shown in
Scheme 1, in the presence of visible light, the excited pho-
tosensitizer injects an electron into the conduction band of
titanium dioxide. Subsequently, the electron is transferred
to oxygen adsorbed on the TiO; surface, producing O, ",
which is capable of degrading organic compounds [17]. Af-
ter a series of reactions, acetaldehyde molecules are finally
degraded into CO, and H;O.

2. The incorporation of vanadium into the crystal lattice of
TiO, modifies the electronic properties of TiO,. Because

the oxidation V4t to V>t occurs at 2.1 eV below the TiO»
conduction band, a 3d electron from a V#* center is readily
photoexcited into the TiO, conduction band under visible
light irradiation [34], generating O} similarly to the mech-
anism shown in pathway 1. It is assumed that this photoex-
cited electron initiates chemical reactions [10].

For C-doped TiO,, pathway 1 is involved in the photoreac-
tion. Both pathways are included for C- and V-co-doped TiO5.
Compared with the transition metal loading level in the range
of 0.1-0.5% for the enhancement of TiO; photoreactivity [33],
our samples have a much higher vanadium content. As shown
in Table 2, the effective samples have much higher surface ar-
eas; therefore, along with its function as a photosensitizer, the
doped elemental carbon also increases the surface area, which
significantly increases the dispersion of vanadium and may pro-
vide more possibly accessible active sites, enhancing activity.
In addition, high surface areas are beneficial for the sorption of
acetaldehyde on the catalyst surface. The decreased activity for
the co-doped TiO, with an increase in vanadium loading from
2 to 3% may be due to poor dispersion, reduced surface area,
and aggregation of vanadium, such as V,0s5. Pure V,05 and
TiO,-supported V,Os5 that fail to enter the structure of the solid
solution do not show any photocatalytic activity [4].

4. Conclusion

C-doped and C- and V-co-doped TiO; catalysts were suc-
cessfully synthesized by a sol-gel process. The C-doped TiO»
showed high activity for the degradation of acetaldehyde un-
der visible irradiation. The doped elemental carbon acted as a
photosensitizer and increased the surface area, resulting in high
dispersion of vanadium for the co-doped TiO; catalysts, which
showed high activity both in the dark and under visible light ir-
radiation. The insertion of pentavalent V> into tetravalent sites
induced a free electron that could be delocalized and promoted
into the conduction band of TiO; by only slight thermal energy.
The superoxide radical anion O, produced when the free elec-
tron was transferred to adsorbed O;, was responsible for the
degradation of acetaldehyde. We report here for the first time
that the activities were comparable in the dark and under visi-
ble light irradiation for the co-doped TiO», especially when at
a vanadium content of 2.0%. Under visible light irradiation, the
incorporation of vanadium introduced impurity levels between
the valence and conduction band of TiO,, allowing ready pho-
toexcitation of electrons into the conduction band, initiating the
chemical reaction.
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