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Alkoxyl-derived visible light activity of TiO, synthesized at low temperature
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Avisible-light responsive anatase TiO, was synthesized with a facile peptization-reflux method at 120°C,
using tetrabutyl titanate (TBT) as the titanium precursor. According to the results of various experiments
and characterizations, we observed that in the low-temperature synthetic process of TiO, catalysts, there
is an equilibrium of hydrolytic decomposition and re-combination of Ti—(O-R) bond from the titanium
precursor; the presence of acid and hydrolysis products (n-butanol) cooperatively lead to the retention

of more alkoxyl groups on the anatase surface. Upon visible light irradiation, excited electrons could be
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generated from these alkoxyl-derived surface states, and the photocatalytic reactions through a ligand-
to-metal charge transfer (LMCT) process were thus initiated.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide has been widely used in photo-assisted degra-
dation and mineralization of organic contaminants because of its
excellent property (such as non-toxicity, good stability and low
material cost); however, it can utilize only a small UV part (about
3-5%) of solar light owning to its wide band gap (anatase, Epg = ca.
3.2eV; rutile, Epg =ca. 3.0eV) [1-4]. Therefore, a remarkable effort
has been made in recent years to obtain visible-light-activated
TiO,-based materials by cations doping [5-9] (such as Fe3*, Cr3*,
Co2*, V4, Mo>*, Ru3*), anions doping [10-14] (such as N, S, C, I, P,
F, B), or co-doping with several ions.

The methods of ion doping always need expensive appara-
tus, or high-temperature treatment process (often > 300 °C) for the
implantation of external atoms. In consideration of energy saving
and wider usage, many works have been done to develop simple
and low-temperature methods of ion doping based on hydrother-
mal treatments, or some modified sol-gel methods [15-20]. In the
reports of these works, authors always focused on the discussion
of activity promotion caused by the doped ion; however, seeing
the data from these reports, we discovered another fact that while
Ti(OBu)y4 is used as the titanium precursor, some “undoped” TiO,
prepared at a low temperature could achieve a much better pho-
tocatalytic activity than Degussa P25 under solar light, which is
always explained as the effect of enhanced adsorption rate caused
by smaller particle size [17-20].
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However, from the results of our experiments, the reason for this
interesting phenomenon seems not to be so simple. In the process
to synthesize nitrogen-doped TiO, with Ti(OBu)4 as the titanium
precursor, we are surprised to find that the “undoped” titania,
which is prepared as a control, exhibits a visible-light activity just
a little worse than the doped ones. Similarly, in the report of Hao
et al. [21], the undoped TiO, crystallized by refluxing also shows a
good photocatalytic activity under visible light (A >420 nm), which
has not been emphasized by the author. Although the catalyst par-
ticle size is a crucial factor in the heterogeneous photocatalysis
[22], a smaller particle size of titania is not sufficient for induc-
ing an increased visible-light activity [23-26]. In this paper, we try
to describe the main reason for the promoted visible-light activ-
ity of these “undoped” catalysts. It is shown, that the retention of
superficial alkoxyl groups in the synthetic process could lead to
an effective visible-light activity. Mechanism for the visible-light
induced catalytic process on this alkoxyl-derived surface modified
titania has also been tentatively discussed.

2. Experimental
2.1. Sample preparation

The catalyst powder was simply prepared by controlled hydrol-
ysis of tetrabutyl titanate (TBT) in nitric acid solution at room
temperature (about 15 °C), followed with a crystalling process. 5 ml
tetrabutyl titanate (>98%, Shanghai Reagent Co. Ltd., China) was
added dropwise into nitric acid solution under vigorous stirring to
yield a molar concentration of H* in the starting mixture of 0.2 M
(H*/Ti about 0.5, total volume about 40 ml). After several hours,
a light yellow sol was formed. After ageing the sol for 12 h under


dx.doi.org/10.1016/j.molcata.2010.11.019
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:long_mc@sjtu.edu.cn
mailto:wmcai@sjtu.edu.cn
dx.doi.org/10.1016/j.molcata.2010.11.019

98 J. Jiang et al. / Journal of Molecular Catalysis A: Chemical 335 (2011) 97-104

continuous stirring at room temperature, it was further treated in
the following three ways:

(1) Direct drying: The as-prepared sol was directly dried at 80°C in
oven, ground in an agate mortar and washed for several times to
thoroughly remove the adsorbed hydrogen ions. After drying, a
fine yellow catalyst powder was achieved, named H-80.

(2) Reflux: The sol was treated under refluxing at 120°C. Continu-
ous stirring and sufficient condensation were essential to keep
the sol from coagulation. After 12 h, the sol turned out to be a
homogeneous, white emulsion. The emulsion was then dried
at 80°C in oven, ground and washed for several times; the
as-prepared yellow powder was named RH-80.

(3) Hydrothermal treatment: The sol was treated in autoclave at
120°C, with filling degree of about 80%. After 12 h, a light yellow
precipitation was formed. The precipitation was dried in oven
(80°C) with the whole solution, ground and washed for several
times; the as-prepared yellow powder was named AH-80.

2.2. Characterization

X-ray diffraction analysis (XRD) was carried out using a Rigaku
D/Max2200/PC X-ray diffractometer with Cu K, radiation at 40 kV
and 20 mA, and the diffraction angle 26 was scanned in 20-80°
with step of 0.02°. HRTEM images of samples were obtained on
a JEM-2100F Transmission Electron Microscope. X-ray photoelec-
tron spectroscopy (XPS) measurements were performed on a RBD
upgraded PHI-5000C ESCA system (Perkin Elmer). UV-vis diffuse
reflectance spectra (DRS) were recorded on a TU-1901 UV/vis
spectrophotometer (Beijing purkinje general instrument Co., Ltd.,
China). The conversion fromreflection to absorption was conducted
by the Kubelka-Munk method, and the indirect band-gap ener-
gies of investigated samples were estimated by the intercept of
the tangent in the plots of (ahv)'/2 vs. photon energy (hv). Fourier
transform infrared spectroscopy (FTIR) was performed at a scan-
ning range of 4000-370cm~! on an EQUINOX-55 Infrared-Raman
Spectroscope (Bruker Co., Germany) with DTGS detector. Carbon
contents of samples were studied by PE-2400 Il CHNS/O Analyzer
(Perkin Elmer Co., America).

2.3. Photocatalytic reaction and photoelectrochemical test

The optical system for photocatalytic reaction consists of a
1000 W xenon lamp and a cutoff filter (A>400nm). In a typical
photocatalytic activity test, 0.05g catalyst was added into 50 ml
methyl orange (MO) solution (10 mg/L), stirred in dark for 30 min
to reach an adsorption equilibrium before irradiation. There was
little pH change of MO after the addition of catalysts, and the tem-
perature for photocatalytic reaction was maintained at about 15°C
by cooling water. Under continuous stirring, samples were taken
at every time intervals (30 min) and centrifuged for the removal
of photocatalysts. Concentration of the filtrate was analyzed by a
UNICO UV-2102 spectrometer at 464 nm.

Photoelectrochemical test systems were composed of a CHI
600D Electrochemistry potentiostat, a 500 W Xenon lamp with or
without cutoff filters (A >420 nm) and a homemade three electrode
cell (a platinum wire as counter electrode, Ag/AgCl as reference
electrode and Na,;SO4 (0.5M) as electrolyte). Working electrode
was prepared by depositing the suspension of the catalyst powder
(0.1 g sample dispersed in 1 ml deionized water) onto a fluorine-
doped tin oxide-coated glass with doctor-blade coating method.
During measurements, the electrode was pressed against an O-ring
of an electrochemical cell, with a working area of about 0.78 cm?.
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Fig. 1. Photodegradation of MO on different TiO, samples under visible light
(A>400nm).

3. Results and discussion
3.1. Photocatalytic activity

Fig. 1 shows the photocatalytic activity of the as-prepared three
samples in the degradation of MO, using Degussa P25 as a con-
trol. As can be seen from the curve, Degussa P25 shows very little
photoactivity under visible light, which indicates that the degra-
dation of MO by dye sensitization is negligible. Noticeably, the
powder prepared by direct drying of the aged-sol (H-80) achieves
an appreciable degradation rate of MO. However, after hydrother-
mal treatment of the sol for another 12 h, the visible light activity
of the as-prepared powder (AH-80) decreased greatly. Contrary to
that, the powder obtained after further refluxing (RH-80) exhibits
a good increase of its activity: in the presence of RH-80, more than
90% of MO is degraded within 90 min under visible light irradiation,
which is much better than H-80 (57.3%) and AH-80 (<10%).

Measurements of the photoelectrochemical properties on sam-
ple RH-80 and AH-80 were also conducted to confirm their
difference in the visible-light response. In the cyclic voltammetry
(CV) curve of the two samples (shown in Fig. 2), no obvious peaks
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Fig. 2. Cyclic voltammetry curves on the RH-80 and AH-80 electrode, with pho-
tocurrent test (A >420nm) at 0V bias vs. Ag/AgCl (inset).
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Fig. 3. XRD patterns of different TiO, samples (a) H-80, (b) RH-80 and (c) AH-80
(inset: estimated particle size and relative crystalline degree of each sample).

were observed both in the dark and under visible light (A >420 nm),
indicating the absence of any oxidation or reduction processes
occurred during the change of external bias. On the RH-80 elec-
trode, the visible-light irradiation has induced an obvious current
increase under bias from —0.2 t0 0.4 V (vs. Ag/AgCl), which is hard to
be detected on the AH-80 electrode. Moreover, there is an obvious
visible-light-induced photocurrent on the RH-80 electrode at 0V
bias (inset of Fig. 2), while on the AH-80 electrode, the photocurrent
is indeed slight. The big contrasts both on the value of visible-light
induced photocurrent and the visible-light degradation rate of MO
fully revealed the intrinsic property differences between RH-80 and
AH-80.

As is stated above, the synthetic processes of AH-80 and RH-
80 are kept almost the same except for the crystallizing method.
Therefore, the difference of their visible-light activity should not
be caused by the impurities that may exist in the raw materials.
Nevertheless, there must be some critical changes in the reflux-
ing process that could make an improvement of the visible-light
activity of the final titania, which are not favored in the autoclave.

3.2. Evidence of the alkoxyl-derived visible light activity

3.2.1. Search for the origin of visible-light activity

Since the crystal form and particle size are important factors for
heterogeneous catalysts, the X-ray diffraction patterns and HRTEM
images of the as-prepared TiO, samples were both obtained; the
results are shown in Figs. 3 and 4, respectively. As can be seen
from Fig. 3, all the samples were mainly anatase with a trace of
brookite. The particle size in the inset table is calculated by the
Debye-Scherer formula, and the relative crystalline degree (R.C.D.)
is denoted by the relative peak height of anatase (10 1) plane com-
paring to the TiO, sample calcined at 400 °C. From the data of the
table, we observed that the sample RH-80 and AH-80 both revealed
a slight increase in the particle size, as well as the crystallity of
anatase in comparison to the H-80 powder. From the TEM images
of sample RH-80 and AH-80 (Fig. 4), we can see that both sam-
ples are consisted of the spherical-shaped nanoparticles, and the
average particle size of sample RH-80 and AH-80 are estimated as
4.3 nm and 4.8 nm, respectively, which is in good correspondence
to the value calculated from the XRD patterns. Since there are no
obvious differences between sample RH-80 and AH-80 either in the
crystal form or morphology, and the visible-light activities of sam-
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Fig. 4. TEM images of sample RH-80 (a) and AH-80 (b).

ple H-80, RH-80 and AH-80 are not corresponding to their particle
sizes (the H-80 powder, which possesses the smallest particle size
among the three samples, is not the one whose visible-light activ-
ity is the highest), there must be another factor that could really
contribute to the observed visible-light activity.

In the FTIR spectra (Fig. 5) of sample H-80, RH-80 and AH-
80, however, there appeared some remarkable differences. The
diffused band between 1740 and 3625cm™!, centering about
3420cm™! is ascribed to the O-H stretching of surface hydroxyl
groups, as well as the molecularly adsorbed water [27]; the band
around 1625 cm~! is caused by the O-H bending vibrations [28].
Noticeably, despite the great influence of O-H stretching absorp-
tions, there are still two detective bands at 2924 and 2852 cm™!
(Region 1, shown in Fig. 5) which represents for the stretch-
ing vibrations of ~CH,- groups [29]. Moreover, in another region
between 1515 and 1200cm~! (Region 2), the diffused absorption
on sample AH-80 generally involves the stretching vibration of
—-C-0- (1265 cm1) [30], bending vibration of —-CH3 (1380cm™1)
[31], and in-plane deformation vibration of H atom in the CO-H
group (1410cm~1) [32]. However, for samples of H-80 and RH-80,
the absorption band from CO-H vibration (1410 cm~!) is harder to
be detected, while the absorption of ~CH3 vibration (1380cm™1),
which is indeed slight in the AH-80 powder, becomes much more
obvious. According to these results, we assumed that during the
high-pressure synthetic process of AH-80, some of the n-butanol
molecules, the hydrolysis products of TBT, could be linked on the
titania surface by BuOH. - -HO-Ti binding, and mostly stated in an
associated form. Since the slight H-bond interactions in the form
of CH- - -0 binding could lead to a shortened C-H bond [33-35], the
bending vibrations of ~-CH,- and -CH3 groups on sample AH-80
are really ambiguous. However, for samples of H-80 and RH-80,
the alkyl groups may exist in the form of Bu-O-Ti binding (alkoxyl
group). As a result, the vibration of terminal -CH3 groups could
hardly be affected by H-bond interactions because they are simply
too far away from the surface Ti-OH groups.
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Fig. 5. IR spectra of different TiO, samples, with two magnified regions at: (I) 2980-2800cm~", (II) 1515-1200cm~".

There is another important fact, that the intensity of the absorp-
tion peak at 1380cm~!, which is considered to be the sign of
alkoxyl groups, has achieved a good correspondence to the visible-
light degradation efficiency of MO (RH-80>H-80 > AH-80, shown
in Fig. 5). To confirm this phenomenon, we conducted a post heat
treatment on sample RH-80, which possesses the most amounts
of alkoxyl groups. The temperature in muffle furnace was raised
up to 240°C and 300°C with a heating rate of 10 K/min and kept
for 3h. The as-prepared TiO, samples were named RH-240 and
RH-300, respectively. As shown in Fig. 6, with the increase of
calcination temperature, the RH-80 powder underwent a color
change from light yellow to dark brown (RH-240), and then almost
white (RH-300), which is always observed in the heat treatment
of carbon-containing TiO, samples [24-26]. From the results of
photocatalytic activity tests (Fig. 6), we observed a decrease of MO
degradation efficiency as the temperature increases; correspond-
ingly, in the IR spectrum (Fig. 7), the absorption peak at 1380 cm~!
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Fig. 6. Visible light degradation of MO on TiO, samples (a) RH-80, (b) RH-240, (c)
RH-300 (with the photos of sample color) (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.).

also decreased with the increasing temperature. Therefore, we con-
sidered that the alkoxyl groups on sample H-80 and RH-80 may
have played an important part in the visible-light catalytic process.

3.2.2. Further confirmation of the visible-light active alkoxyl
groups

Previously we discovered the different amount of alkoxyl groups
on samples with different visible-light activity, and the removal of
alkoxyl linkages on sample RH-80 after heat treatment also induced
an obvious decrease of its activity. However, it remains unclear if
the newly formed alkoxyl groups on the titania surface could lead
to a better visible-light activity. To search for the answer to this
question, a series of catalysts were prepared through the variation
of two important factors in the refluxing process: (I) nitric acid;
(11) the hydrolysis product of TBT-n-butanol. Detailed methods are
shown in Table 1, and comparisons of the visible-light activity for
different samples are shown in Table 2.

c
-~
=)
o
S
>
=
&h
c
S b
g
=
a

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Fig. 7. IR spectra of different TiO, samples (a) RH-80, (b) RH-240 and (c) RH-300.
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Table 1
Synthetic methods for different TiO, samples®.
Sample Synthetic methods (total volume =40 ml) H*/Ti
Step 1 (room temperature) Step 2 (120°C,12h)
H-80 5ml TBT added dropwise into HNOs solution, - 0.5
RH-80 stirred for 12 h Reflux 0.5
AH-80 Hydrothermally treated in autoclave 0.5
R-80 5ml TBT added dropwise into DI water, stirred for 12 h Reflux 0
P100 5ml TBT added dropwise into DI water, stirred Dispersed in DI water, reflux 0
PH100 for 12 h, and the precipitation was washed Dispersed in HNO3 solution, reflux 0.5
P102 several times for alcohol removal before Dispersed in aqueous solution with butanol 0
further treatment (nBuOH:nTi=2:1), reflux
PH101, 102,104 Dispersed in HNO3 solution, added with different 0.5

dosage of n-butanol (nBuOH:nTi=1:1, 2:1, 4:1), reflux

2 After Step 2, the post treatment of the as-prepared suspension (or sol) is the same as that of H-80 for each sample.

The data shown in Table 2 reveals the synergistic effect of nitric
acid and n-butanol. In the perspective of nitric acid, we observed
that no matter the hydrolysis product (n-butanol) is removed or
not, the participation of acid in the synthetic process could lead
to a great increase of the MO degradation efficiency for the final
catalysts (PH100 >P100, RH-80>R-80 and PH102 >P102). In the
perspective of hydrolysis product, we can see that in the absence
of acid, the powder synthesized by alcohol-free method (P100)
obtains a lower visible-light activity than that synthesized with
alcohol (R-80). However, while the n-butanol is re-added to the
alcohol-free suspension before Step 2, the final power reaches a
recovery of its activity (P102). In the presence of acid, the effect
of n-butanol is much more obvious: the powder refluxed with the
presence of n-butanol at low pH (PH102) obtains a MO degradation
rate of 77.0% under visible light irradiation after 90 min, compared
to only 33.0% of the powder prepared without butanol (PH100).

In Fig. 8A, we discovered that during the synthetic process, the
single addition of acid (PH100) or n-butanol (P102) before Step 2
could not lead to an obvious alkoxyl vibration in the IR spectrum;
however, while they are both added (PH102), the alkoxyl vibra-
tion is much more obvious. From the XRD patterns, the particle
sizes of sample PH100, P102 and PH102 were calculated as 3.9,
5.4 and 4.3 nm, respectively, which revealed no correspondence to
their visible-light activities. However, comparing the experimental
results shown in Fig. 8A and B, we discovered a good correlation
between the MO-degradation efficiency and the amount of alkoxyl
groups formed in the refluxing process, as well as the total content
of carbon contained in the TiO, sample (RH-80>PH102 >PH100).

Table 2
Effects of considered factors in the synthetic process.

From the XPS analysis of sample RH-80 and PH104, the Ti 2p
region (Fig. 9a) revealed two peaks around 458.2 and 463.6eV,
which represents for the binding energy of Ti 2p3/2 and Ti 2p1/2,
respectively; in O 1s region (Fig. 9b), the peak located at 529.6eV
is attributed to the lattice oxygen, while another peak at about
531.6eV is sourced from the surface Ti-OH groups. More impor-
tantly, in the C1 sregion (Fig. 9c), despite the first two peaks (around
284 and 285.5eV) from adventitious elemental carbons [36], the
binding energy around 288 eV suggests the presence of Ti-O-C
bond [15], which is a strong evidence for the presence of alkoxyl
groups on sample RH-80 and PH104. However, the Ti-O-C peak
observed on PH104 is weaker than that on RH-80, which indicates
the less amount of (Ti-O)-R bonds possessed by PH104.

To get a further confirmation of the alkoxyl-derived visible light
activity, samples of Degussa P25 and AH-80, which had exhib-
ited little visible-light activity, were further treated by refluxing
with the presence of acid and n-butanol (similar to the synthetic
process of PH104 in Step 2). From Fig. 10, we can see that after
refluxing, an increase of the visible-light activity was observed
both on AH-80 and Degussa P25. Considering the greater activ-
ity increase observed on AH-80, we supposed that during the
refluxing process, the level of alkoxyl re-formation was greatly
dependent on the surface property and crystallization degree of the
initial titania. Furthermore, both the XRD and IR tests revealed no
obvious changes on sample AH-80 and Degussa P25 after reflux-
ing, which could be understood by the especially low amount of
newly formed alkoxyl linkages on these well-crystallized titania
surfaces.

Considered factors Sample Simplified method Photodegradation of MO
RY ke
X R PH100 A? +H*; reflux 0.330 4.16E-03
Without alcohol: effect of acid P100 A: reflux 0.170 2.01E-03
1. Nitric acid (0.2 M) With alcohol: effect of acid added RH-80 Sol; reflux 0.931 1.86E-02
. : before Step 1 R-80 BY; reflux 0.397 5.16E-03
With alcohol: effect of acid added PH102 A+H*+2:1 BuOHS; reflux 0.766 1.27E-02
before Step 2 P102 A+2:1 BuOH; reflux 0.421 5.54E-03
R-80 B; reflux 0.397 5.16E-03
Without acid: effect of alcohol P100 A; reflux 0.170 2.01E-03
P102 A+2:1 BuOH,; reflux 0.421 5.54E-03
IL. Hydrolysis product (n-butanol) With acid: effect of alcohol added PH100 A+H"; reflux 0.330 4.16E-03
- Hydrolysis p before Step 2 PH102 A+H* +2:1 BuOH; reflux 0.766 1.27E-02
. . PH101 A+H*+1:1 BuOH; reflux 0.725 1.16E-02
‘g‘é‘fthr acsltde : egf‘;fittﬁf dailf‘ffrm’nlta;did . PH102 A+H* +2:1 BuOH; reflux 0.766 1.27E-02
ore >tep ent dosag PH104 B+H* +4:1 BuOH; reflux 0.770 1.29E-02

Suspension made by dispersing the alcohol-free precipitation into DI water.
Suspension produced by hydrolysis of TBT in the absence of acid (with alcohol).
The molar ratio of BuOH to Ti is 2:1.

Removal efficiency of MO (10 mg/L) after 90 min.

" an T oo

The photodegradation process accords with the first order reaction kinetics, and the kinetic constants for different samples are shown in the table (min=1).
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Fig. 9. XPS spectra of sample RH-80 (A) and PH104 (B): (a) Ti 2p, (b) O 1s and (c) C 1s.

3.2.3. Effect of acid in the formation of alkoxyl groups

Previously we stated the great effect of nitric acid in the syn-
thetic process for the final visible-light activity. To search for the
cause of this effect, we take samples PH100 and P100 for further
investigation. From X-ray diffraction patterns (Fig. 11), we found
that the peak height of anatase (101) plane for PH100 is much

synthesized with acid (SH-80, PH102). In the IR spectra of PH100
and P100 (inset of Fig. 11), the O-H stretching vibration of sam-
ple PH100 is much broader than that of P100, which indicates the
richer amount of associated hydroxyl groups [37]. According to

lower than that of P100; further investigation of other samples
(SH-80, PH102 and P102, shown in Table 3) also revealed the selec- a
tively peak-height decrease on anatase (101) plane for samples -
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Fig. 10. MO degradation efficiency on TiO, samples (a) Degussa P25 and (b) AH-80

before and after modifying process.

Fig. 11. XRD pattern and IR spectra (inset) of different TiO, samples (a) PH100 and

(b) P100.
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Table 3

Relative peak height of different TiO, samples in XRD patterns?.
Sample Plane

(101) (004) (200) (211) (204)

PH100 0.66 0.88 0.82 1.03 0.91
SH-80 0.72 0.93 0.84 1.04 1.05
PH102 0.71 0.84 0.82 0.99 0.94
P102 0.93 0.87 1.02 1.19 1.06

2 The data shown in this table are relative to the peak height of sample P100 for
each anatase plane.

theseresults, we assumed that in the refluxing process, the bridging
oxygen atoms of the already-formed anatase (10 1) plane could be
attacked by hydrogen ions sourced from the nitric acid; as a result,
more hydroxyl groups were formed on the titania surface, and the
further growth of anatase (10 1) plane was thus inhibited.
Diebold [38] has stated that the dissociation of alcohol caused
by O-H bond scission would lead to adsorbed alkoxyl species and,
probably, a hydroxylated oxygen atom; moreover, according to the
research of Selloni et al. [39], there are favorable hydrogen bonding
interactions with anatase (10 1) surface. Therefore, in our experi-
ment, the adsorption of molecular or dissociative n-butanols could
take place mainly on anatase (10 1) surface by H-bond interactions.
Since the nitric acid could lead to enhanced formation of hydroxyl
groups, it must be easier for the adsorbed n-butanols to be chemi-
cally linked on the titania surface. Fig. 12 shows a possible process of
alkoxyl re-formation during refluxing: firstly, hydroxyl groups are
formed mainly onanatase (10 1) surface; secondly, the nucleophilic
butanol (or butoxyls) would attack the hydroxylated or unsaturated
titanium ions by electrostatic forces, which results in the relaxation
of Ti-OH bond; finally, combined with the attractive forces of adja-
cent hydrogen ions, some of the Ti-OH bonds are scissored and,
simultaneously, some Ti-(O-Bu) covalent bonds are formed by the
interactions between butoxyls and unsaturated titanium ions.
Moreover, from the Cls analysis (Fig. 9¢) and the result of
visible-light-activity measurement (Table 2), we observed that
the RH-80 powder possessed not only more (Ti-O)-R bonds,
but also better visible-light activity than PH104 (refluxed with
more external n-butanols than RH-80). In fact, the photoactivi-
ties of sample PH101, PH102 and PH104 are similar, indicating the
constrained process of ester bond re-formation during refluxing.
Therefore, the presence of acid in Step 1 must have inhibited the
hydrolytic process of TBT, which leads to more alkoxyl linkages.
In a word, during the whole synthetic process of RH-80, there is a
chemical equilibrium between the hydrolytic decomposition and
re-combination of the Ti—(O-R) bond. The presence of acid and
n-butanol cooperatively inhibits the hydrolytic process and pro-
motes the re-combination process. Effective alkoxyl groups can
either be the residues from incomplete hydrolysis of tetrabutyl

CHJ(CHz)JOH === CH;(CH,);0" + H* NOg‘

CH;(CHp)0°

4
——RH-80
——PH100

3l anatase TiO2
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3d." 32 3.4 3.6
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Fig. 13. Diffuse reflectance spectra of RH-80 and PH100 in comparison to the pure
anatase.

titanate, or the -Ti-(O-R) groups re-formed in the refluxing pro-
cess. Through sufficient stirring under atmospheric pressure, the
method of refluxing provides an environment not only suitable for
the further crystallization, but also favorable for the retention of
superficial alkoxyl groups.

3.3. Mechanism for the visible-light induced catalytic process

Fig. 13 shows the indirect band gap energies of sample RH-80
(C%=0.730%), PH100 (C%=0.313%) and pure anatase TiO, obtained
in DRS characterization. From these curves we can see that the sur-
face alkoxyl groups have slightly narrowed the band gap of anatase
(3.04, 3.08 and 3.19eV for sample RH-80, PH100 and pure TiO5,
respectively). However, the band gap of about 3 eV is simply too
large to absorb photons with wavelength larger than 400 nm; in
other words, the catalysts obtained in our experiments remain indi-
rect semiconductors similar to the pure titania [40]. Emeline et al.
have concluded that a surface photoreaction can be caused by the
photoexcitation of both intrinsic and extrinsic absorption bands of
a catalyst [41-44]. The former concerns with electron transitions
from the valance band to conduction band, while the latter includes
the photo-initialization of original or newly formed defects, the
excitation of surface states, which could be realized by visible light.
For our catalysts, the effect of superficial alkoxyl groups may be of
the latter kind.

CH;(CHg)J(I)é—H W Nos-

@ H

[+
1 (o

Fig. 12. Formation of alkoxyl groups during refluxing on anatase (10 1) surface: (a) adsorption of H* on bridging oxygen atoms, (b) hydroxylation of lattice oxygen and
adsorption of butanols (or butoxyls) and (c¢) break of Ti-OH bond and formation of Ti-OR bond.
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Fig. 14. Visible light absorption of RH-80 and PH100 in comparison to the pure
anatase (inset: visible light absorbance of pure Ti(OBu)g4).
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Scheme 1. Proposed visible-light-induced photocatalytic mechanism on alkoxyl-
modified TiO, surface.

From the visible light absorption curves of sample RH-80, PH100
and anatase TiO, (obtained in DRS characterization), we found
that the presence of surface alkoxyl groups has shifted the opti-
cal absorption of TiO, to visible light region (Fig. 14). Interestingly,
the photo absorption behavior of RH-80 and PH100 are similar to
the pure Ti(OBu)y4 (inset of Fig. 14), which is another evidence of the
alkoxyl-derived visible light absorption. Some researchers [45,46]
have proved that the complex formation between some colorless
molecules and the surface of TiO, could lead to visible light absorp-
tion through a ligand-to-metal charge transfer (LMCT) process. In
our case, the surface states in forms of Ti-O-R groups could also
enable visible light excitation through electron transfer from the
alkyl-linked oxygen (surface level) to the Ti (IV) site (conduction
band). As is shown in Scheme 1, the photo-generated electrons
could be trapped by the adsorbed oxygen to form highly active
superoxides (0O,*~); and meanwhile, the excited ligands could also
serve as oxidative sites for the degradation of targeted substrates.
Therefore, it is understandable that the alkoxyl-derived surface
modified TiO, possesses an effective visible-light activity.

4. Conclusions

The visible-light active anatase TiO, was prepared by controlled
hydrolysis of tetrabutyl titanate in the nitric acid solution, followed
with a refluxing process at 120 °C. Based on the results of various
experiments and characterizations, we discovered that during the
whole synthetic process, the presence of acid and hydrolysis prod-
ucts of TBT cooperatively lead to the formation of more alkoxyl
groups on the anantase surface. The retained alkoxyls could induce
visible light absorption through electron transfer from the alkyl-
linked oxygen to the Ti (IV) site, so as to initiate the catalytic process.
In consideration of crystalling method, the refluxing process at low

temperature is very essential, because the effective alkoxyl groups
were proved to be unstable under high temperature or hydrother-
mal conditions.
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