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A series of novel TiOz2 nanocomposite crystals with superior visible-light-driven photocatalytic ac-
tivity were successfully prepared using a soft chemical solution process involving direct reaction of
aqueous H20 with a 2-ethoxyethanol solution of tetraisopropyl titanate before calcination of the
resulting peroxo-titanium complexes at 500 °C for 4 h. The synthesized TiO; samples are composed
of anatase and rutile phases, and the ratio of rutile could be continuously tuned from 0 to 96% by
altering the 2-ethoxyethanol volume. There are clear red-shifts in the UV-Vis absorption spectra and
apparent band gap narrowing for the synthesized TiO: in comparison with Evonik P-25. The syn-
thesized TiO2 samples are found to be much more efficient for methylene blue degradation under
visible-light irradiation. The optimized sample (2-ethoxyethanol: 5 ml; rutile in bulk: 46%) exhibits
5-fold higher adsorption capacity and 3-fold higher photocatalytic activity than those of Evonik P-25
(A 2400 nm). Characterizations including X-ray diffraction and Raman spectroscopy reveal that the
surface of the optimized TiOz sample only contains a small quantity of rutile. It is concluded that the
surface phase composition and distribution of the TiOz nanocomposite crystals are essential to their
greatly enhanced photocatalytic activities and strong adsorption capacities. In addition, the concen-
tration of defects existing in the synthesized TiO: is also regarded to account for these enhanced
properties.
© 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

ever, there are two main shortcomings that considerably re-
strict the wider application of TiOz photocatalysts. First, the

Since the discovery of hydrogen production via water split-
ting over TiOz by Fujishima and Honda [1] almost 40 years ago,
the photocatalytic properties of TiOz [2-6] and many other
kinds of semiconductor oxides [7-9] have been widely studied.
In addition to water splitting, great potential has been found for
self-cleaning materials [10-12] and trace contaminant degra-
dation and mineralization [13-15] in the environment. How-

band gap of TiOz is about 3.0 eV for rutile and 3.2 eV for ana-
tase. As a consequence, TiOz can only absorb ultraviolet light,
which only makes up a small part (namely 3%-5%) of the en-
ergy of solar light. Different approaches have been pursued to
narrow the band gap and thereby increase visible-light absorp-
tion. The most common approach is to dope TiOz with other
ions. Different kinds of transition metal cations such as Fe3+,
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Sn#+, and Ti3+ [16-19] are reported to be effective in increasing
visible-light absorption. Doping of anions C, N, and S into TiO2
[20-24] is also reported to be effective for band gap narrowing.
Although doped TiOz can exhibit great increases in light ab-
sorption, there is no remarkable corresponding increase in
photocatalytic activity because the doping ions can also act as
recombination centers for the photo-induced electron-hole
pairs [25].

The synthesis of nanocomposites is another important ap-
proach for improving the photocatalytic performance of TiO2
[26,27] because the resulting so-called hetero-junctions will
promote the separation of photo-induced electron-hole pairs.
Exposure of high energy facets can also enhance the photo-
catalytic activity of TiOz [28,29]. Furthermore, great progress
has recently been achieved in the synthesis of pure TiO2 with
greatly increased visible-light absorption ability and enhanced
visible-light-driven photocatalytic activity. For example, Chen
et al. [30] reported a new kind of black TiO2 that exhibited rela-
tively efficient water-splitting activity under visible-light irra-
diation. Tao et al. [31] reported a two-dimensional phase of
TiO2 with a remarkably narrowed band gap of 2.1 eV. Etacheri
et al. [32] reported a visible-light-active, high-temperature sta-
ble, and dopant-free TiOz anatase photocatalyst that was
formed by the modification of amorphous TiOz with H202. De-
spite progress in narrowing the band gap of TiOz, low adsorp-
tion capacity is still a barrier to be solved. As is known, TiOz can
only photocatalytically degrade contaminants that come into
contact with or are only tens of nanometers away from its sur-
face. Therefore, the improvement of its adsorption capacity is
of great significance for its wider application. In most cases,
TiO2 is combined with other sorbing materials (such as hy-
droxyapatite, activated carbon, and graphene) [33-36] to form
a nanocomposite. Although it seems that TiO2 based nanocom-
posites reported so far can exhibit increased adsorption capac-
ity, their photocatalytic activities need to be further improved.
Reports of the synthesis of pure TiOz with both increased ad-
sorption capacity and superior photocatalytic activity under
visible-light irradiation are rare.

Herein, we report the preparation, structural characteriza-
tion, and superior visible-light-driven photocatalytic perfor-
mance of a series of novel TiO2 nanocomposite crystals that
were successfully synthesized through a soft chemical solution
process, in which an aqueous H202 solution and a
2-ethoxyethanol solution of tetraisopropyl titanate were mixed
together to form a gel-like peroxo-titanium complex. The ob-
tained peroxo-titanium complexes were then calcined at 500 °C
for 4 h. The prepared TiOz samples were composed of anatase
and rutile, and the phase compositions could be continuously
tuned in a wide range by adjusting the volume of
2-ethoxyethanol. The surface crystal phase composition and
distribution of the TiO2 nanocomposites, and their defect con-
centration, were considered to be essential to their greatly en-
hanced photocatalytic activities and adsorption capacities. This
is the first report of the synthesis of pure TiO2 with both greatly
enhanced adsorption capacity and superior visible-light-driven
photocatalytic activity.

2. Experimental
2.1. Preparation of the TiOz samples

The soft chemical solution process used in the current study
to prepare the TiOz nanocomposite crystals is a modified
method previously reported by our group for the preparation
of fine antimonic acid nanoparticles [37,38]. In this modified
method, a peroxo-titanium complex was produced as a pre-
cursor by adding an aqueous H20: solution to a
2-ethoxyethanol solution of tetraisopropyl titanate [39]. All
reagents were used without further purification. A typical syn-
thesis procedure for the optimized TiO2 sample
(2-ethoxyethanol: 5 ml; rutile in bulk: 46%) is described as
follows. Tetraisopropyl titanate (Aladdin, 98%, 2ml) was dis-
solved in 5 ml 2-ethoxyethanol (C2HsOCH2CH20H, Alfa Aesar,
99%) under magnetic stirring. Then, 30 ml aqueous H202 solu-
tion (Kemiou, 30 wt%) was added to the tetraisopropyl titanate
solution to form a peroxo-titanium complex. The obtained col-
loid solution was heated in a water bath at 50 °C for 30 min to
produce an orange gel. After drying the orange gel in an oven at
120 °C overnight, the xerogel thus obtained was calcined at 500
°C for 4 h in a muffle furnace. A series of different TiOz nano-
composite crystals were synthesized by tuning the volume of
2-ethoxyethanol. A control sample of TiO2 was also prepared
without the introduction of 2-ethoxyethanol. The TiO2 samples
prepared are hereafter marked as n-TiOz, in which n denotes
the volume of 2-ethoxyethanol. The P-25 sample used as a
standard was purchased from Evonik.

2.2. Characterization

X-ray diffraction (XRD) patterns were collected on a
PW3040/60 X'Pert PRO (PANalytical) diffractometer equipped
with a Cu Ky radiation source (A = 0.1542 nm). A continuous
mode was used for collecting data in the 26 range from 10° to
80° operating at 40 kV and 40 mA. The amount of rutile phase
present in each sample was calculated using the Spurr equation
[40], Fr =1/[1+ 0.8 [a(101)/Ir(110) ], where Fr is the amount
of rutile in the anatase-rutile composite, and Ia (101) and Ir
(110) are the anatase and rutile main peak intensity, respec-
tively. In addition, the crystallite size of the different samples
was calculated using the Scherrer Equation @ = KA/fcos6,
where @ is the crystallite size, A is the X-ray wavelength used, K
is the shape factor, £ is the full line width at the half-maximum
height of the main intensity peak, and 6 is the diffraction angle
of the peak.

Nitrogen adsorption-desorption measurements were per-
formed at -196 °C with a Micromeritics ASAP 2010 instrument.
Prior to the measurements, the samples were degassed at 110
°C for 1 h and at 250 °C for 4 h. The specific surface areas (Aser)
were calculated using the BET equation. Transmission electron
microscopy (TEM) images were obtained on a JEOL
JEM-2000EX microscope operating at 120 kV. Samples for TEM
were prepared by dispersing the sample powder in methanol
followed by sonication for 30 min. UV Raman spectra (325 nm
laser) and visible-light Raman spectra (532 nm laser) were
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measured at room temperature with a Jobin LabRAM HR 800
spectrometer at a spectral resolution of 2 cm-1. UV-Vis diffuse
reflectance spectra were obtained on a Cintra (GBC) apparatus
equipped with an integrated sphere attachment using BaSO4 as
the reference. The band gaps of the samples were estimated
from the onset of the absorption edge. X-ray photoelectron
spectra (XPS) were recorded on an ESCALAB 250 X-ray photo-
electron spectrometer with monochromated Al K. anode. All
binding energies were calibrated using contaminated carbon as
an internal standard (C 1s = 284.5 eV).

2.3.  Adsorption and photocatalytic property measurements

The adsorption capacity of the prepared series of TiO:
nanocomposite crystals and the visible-light-driven photocata-
lytic degradation of methylene blue dye were separately evalu-
ated using similar methods to those reported previously [9]. In
the current study, a MAX 303 Xe lamp purchased from Asahi
Spectra was used as a light source. An infrared light cut-off
filter and a 400 nm long-pass filter were fitted to the Xe lamp to
cut off the infrared and ultraviolet light. The TiO2 sample (50
mg) was magnetically suspended in aqueous methylene blue
solution (0.001%, 50 ml) in a 100 ml glass beaker. After allow-
ing adsorption equilibrium in darkness for 30 min, the suspen-
sion was irradiated with a visible-light intensity of 8.8 mW/cm?
using the Xe lamp. Aliquots (2 ml) were withdrawn from the
suspension after the dark test and during visible-light irradia-
tion at 15-min intervals, and the optical absorption spectrum of
the supernatant was measured using a Cintra (GBC) apparatus.
The adsorption capacity and photocatalytic degradation activi-
ty of the TiO2 samples were mainly determined by the decrease
in the absorbance of aqueous methylene blue solution at a
wavelength of about 664 nm. The photocatalytic rate constant
for methylene blue degradation (k) was determined from the
first order plot using the equation In(Aeq/A) = kt [28], where Aeq
is the absorbance of methylene blue solution after adsorption
equilibrium, A is absorbance after the time (¢t), and k is the first
order rate constant.

3. Results and discussion
3.1. Structural characterization

The powder XRD analysis as shown in Fig. 1(a) indicates
that the n-TiO2 samples were well crystallized and composed of
anatase and rutile. There are great differences in the diffraction
peak intensities of [a(110) for anatase at around 25.30° and
Ir(101) for rutile at around 27.43°, which is direct evidence for
changes in their phase compositions. The enlargement of the
two diffraction peaks of selected n-TiO2 samples shown in Fig.
1(b) further indicates that there are differences in the lattice
dimensions. Variation of lattice dimensions is usually explained
on the basis of defect concentration [32,41]. This is reasonable
and also confirmed by XPS analysis as described below. This
means that the defect concentrations in the lattice can be tuned
by adjusting the volume of 2-ethoxyethanol used in the modi-
fied chemical solution process.
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Fig. 1. XRD patterns (a) and an enlargement of the two diffraction
peaks (b) of the n-Ti0z samples (n = volume of 2-ethoxyethanol).

The phase composition and crystallite size values obtained
from the Spurr and Scherrer equations are listed in Table 1. It
was found that the TiO2 (0.0-TiO2) sample was completely ana-
tase phase when no 2-ethoxyethanol was added to the synthe-
sis solution. The content of rutile was at a maximum when 0.5
ml 2-ethoxyethanol was added. Further increases in the volume
of 2-ethoxyethanol led to the decrease of rutile content. As a
result, the content of rutile could be continuously tuned from 0
to 96%. As is known, the phase composition of TiO2 can greatly
influence its photocatalytic activity, and the preparation of
mixed crystal phases is thought to be an effective approach for
the improvement of the photocatalytic activity [42,43].

In addition to the phase composition, the crystallite size was
also tunable. The crystallite size of the 0.0-TiO2 sample was 43

Table 1
Phase compositions, crystallite size, band gap, and BET surface area of
the n-TiOz samples.

Sample Content of Size (nm) Band gap Ager
rutile (%) Anatase Rutile (eV) (m?/g)
P-25 20 20 45 3.1 41
0.0-TiO2 0 43 - 2.9 68
0.2-TiO2 36 24 20 29 51
0.5-TiO2 96 - 20 2.8 77
1.0-TiO2 80 26 29 2.9 51
3.0-TiO2 58 24 28 29 45
5.0-TiO2 46 21 25 2.9 55
7.0-TiO2 29 25 18 2.9 35
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20 nm 20 nm

Fig. 2. TEM images of the n-TiOz samples.

nm. When 0.2 ml 2-ethoxyethanol was used, the crystallite size
reduced to 24 nm for anatase and 20 nm for rutile. Therefore,
the introduction of 2-ethoxyethanol can be used to effectively
tune not only the phase composition but also the crystallite
size. The TEM images of the n-TiO2 samples shown in Fig. 2
further confirm that the addition of 2-ethoxyethanol can be
used to tune the size of TiO2 nanoparticles effectively. The par-
ticle size of the 0.0-TiOz sample is clearly larger than those of
the others, which is in good agreement with the trend seen in
the XRD results.

Table 1 also shows the BET surface areas of the n-TiO2 sam-
ples, which varied from 35 to 77 m2/g. The largest BET surface
area was achieved when the volume of 2-ethoxyethanol was
around 0.5 ml, which was about twice that of Evonik P-25. This
sample also exhibited the smallest crystallite size as calculated
by the Scherrer equation. However, there were no obvious dif-
ferences between the specific surface areas of most of the
n-TiO2 samples prepared by the present modified chemical
solution process. As is known, photocatalysis takes place on the
surface of TiOz2. Therefore, a higher surface area usually leads to
higher photocatalytic activity and adsorption capacity.

The phase compositions in the bulk region of the n-TiO:
samples were determined by the XRD analysis. The more sur-
face-sensitive Raman spectroscopic technique was further ap-
plied to identify the phase composition and distribution in the
surface region of the n-TiOz samples [27]. As is shown in Fig.
3(a), strong bands at 395, 515, and 638 cm-! are observable in
the visible-light Raman spectrum of the 0.0-TiO2 sample. All of
these bands are ascribed to the anatase phase TiOz, which is in
good agreement with the XRD results. In the visible-light Ra-
man spectrum of the 0.5-TiOz sample, strong bands of rutile
phase at 235, 445, and 612 cm-! are observable. However,
there is still a weak band at 515 cm-1, which indicates the
co-existence of a small amount of anatase with a large amount
of rutile in the 0.5-TiOz sample, which is also in good agreement
with the XRD results.

It is reported that 532 nm laser light can probably penetrate
into TiO2 nanoparticles [27], in which case it will lead to almost
the same information on the phase compositions and distribu-
tion of the n-TiOz samples in the surface and bulk regions being
obtained from the Raman analysis. Taking this possibility into
consideration, both 325 nm laser UV Raman spectra and 532
nm laser visible-light Raman spectra were measured for the
3.0-TiO2 and 5.0-TiO2 samples, to validate the results obtained
for the surface region phase composition and distribution. As is

shown in Fig. 3, the visible-light and UV Raman spectra of the
3.0-TiO2 sample are very similar; both show that almost the
same amount of anatase and rutile was contained in the
3.0-TiO2 sample, comparable with the XRD results (see Table 1,
58% rutile for 3.0-TiOz2). In the visible-light and UV Raman
spectra of the 5.0-TiOz sample, there is a slight difference in the
intensity of 445 cm-1 band. However, both the visible-light and
UV Raman results indicate that only a small quantity of rutile
was distributed in the surface region (far from its bulk rutile
content, 46%, see Table 1) of the 5.0-TiO2 sample.

Combining the XRD and Raman spectroscopy results, it can
be concluded that the surface composition and distribution are
different from that in the bulk region for the 5.0-TiO2 sample,
while the surface composition and distribution are almost the
same as that in the bulk region for the 0.0-TiOz, 0.5-TiO2, and
3.0-TiO2 samples. Mixed phases of anatase and rutile coexisted
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Fig. 3. Visible-light (a) and UV (b) Raman spectra of the n-TiO2 samples
for excitation laser lines of 532 nm and 325 nm, respectively.
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Fig. 4. UV-Vis diffuse reflectance spectra of Evonik P-25 and the n-TiO:
samples.

in the 0.5-TiO2, 3.0-TiOz, and 5.0-TiOz samples, and the amount
of rutile in the surface region should be in the order 0.5-TiO2 >>
3.0-TiO2>> 5.0-TiOz2. The grain boundary between anatase and
rutile likely promoted the separation of photo-generated elec-
tron-hole pairs, thus leading to the increase in their photocata-
lytic activity. It has been reported that the phase composition,
distribution, defect existence, and concentration of a TiO:
nanocomposite crystal are essential to their greatly enhanced
photocatalytic activity and strong adsorption capacity [44-47].

3.2. Optical absorption properties

Figure 4 shows the UV-Vis diffuse reflectance spectra of se-
lected n-TiO2 samples and Evonik P-25. It can be seen that
there are clear red-shifts in the spectra of the n-TiO2 samples in
comparison with that of P-25, which is direct evidence of band
gap narrowing. Clear visible-light absorption at wavelengths
over 400 nm was observed (420 nm for 0.0-TiOz, 5.0-TiOz, and
0.5-TiOz2). The band gaps were estimated to be 3.1 eV for P-25
and 2.9 eV for 0.0-TiOz, 5.0-TiOz, and 0.5-TiOz, as listed in Table
1. As known, the commercial TiOz photocatalyst Evonik P-25 is
also a mixture of anatase and rutile. However, the pure anatase
(0.0-TiO2) prepared by the present modified chemical solution
process exhibited the increase of light absorption in compari-
son with that of P-25. Therefore, the increase of visible-light

(a) 458.5 4584
-

~~.0.0-TiO,
- 05-TiO, 458.2
—5.0-TiO;

Intensity

468 466 464 462 460 458 456 454
Binding energy (eV)

absorption due to the formation of rutile phase can be exclud-
ed. The pure anatase (0.0-TiO2) and the two phase composites
(5.0-TiO2) share almost the same capacity in their optical ab-
sorption properties. This should mainly be due to the different
phase composition and distribution of the 5.0-TiO2 sample in
the surface and bulk regions; only a small quantity of rutile was
distributed in the surface region. The possible reason behind
the increased visible-light absorption of the 0.0-TiOz and
5.0-TiO2 samples is the existence and concentration of defects.
As discussed above, the defect concentration should be related
to the lattice dimension variations confirmed by the shifts of
the diffraction peaks shown in Fig. 1(b). The largest red-shift
was observed in the spectrum of the 0.5-TiO2 sample. The other
reason should be the 0.5-TiOz sample having the highest con-
tent of rutile (96%, see Table 1) because rutile has a relatively
narrower band gap of 3.0 eV in comparison with that of ana-
tase, 3.2 eV.

To obtain a better understanding of the increased visi-
ble-light absorption ability, XPS was used to characterize the
chemical states of surface Ti and O in selected n-TiO2 samples,
as shown in Fig. 5. The XPS results exhibited decreased Ti 2p2/3
(Ti-0) binding energy for the n-TiO2 samples prepared by the
modified chemical solution process after the addition of
2-ethoxyethanol (Fig. 5(a)). The binding energy of pure anatase
(0.0-TiO2) was 458.5 eV. The anatase and rutile composites
exhibited slightly decreased binding energy (458.2 eV for
0.5-TiO2, 458.4 eV for 5.0-TiOz) in comparison with that of the
0.0-TiOz sample. Similar decreases in O 1s binding energies
were also identified for the n-TiO2 samples (Fig. 5(b)). The val-
ues of Ti 2pz/3 (Ti-0) binding energy ranged from 458.2 to
458.5 eV, which are clearly lower than most of those reported
for pure anatase, rutile, and mixed composite phases [48-50].
The lower Ti 2p2/3 (Ti-0) binding energy is direct evidence for
the existence of oxide vacancies [51] in the n-TiO2 samples,
even for 0.0-TiOz. The slightly decreased binding energy of
0.5-TiOz and 5.0-TiOz in comparison with that of 0.0-TiOz indi-
cates a slight increase of oxide vacancy concentration in the
n-TiOz samples prepared by the modified chemical solution
process after the addition of 2-ethoxyethanol. The XPS results
are consistent with those obtained from the XRD analyses. As
described above, the XRD results indicated that crystal defects
existed in the n-TiOz samples. It has been reported that the
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Fig. 5. Ti 2p (a) and O 1s (b) XPS spectra of the n-Ti02 samples.
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formation of oxide vacancies in the TiO2 lattice can effectively
promote the band gap narrowing, thus leading to a superior
visible-light-driven photocatalytic activity [52-54]. So, exclud-
ing the influence of rutile phase, the increased visible-light ab-
sorption property of the n-TiO2 samples should be mainly due
to the formation of such oxide vacancies.

3.3.  Adsorption and visible-light-driven photocatalytic
properties

Figure 6 shows the adsorption and visible-light-driven
methylene blue degradation photocatalytic activity of the
n-TiOz samples. Figure 6(a) shows the removal percentage
against adsorption and irradiation time, and Fig. 6(b) and (c)
show the absorption spectra measured during methylene blue
degradation over 0.0-TiOz and 5.0-TiOz, respectively. It was
found that all n-TiOz samples exhibited superior adsorption
capacity for the methylene blue dye molecules in comparison
with that of P-25. It was also found that the n-TiO2 samples
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Fig. 6. Adsorption and visible-light-driven methylene blue degradation
photocatalytic activity of the n-TiOz samples. (a) Removal percentage
against adsorption and irradiation time; (b), (c) Absorption spectra of
methylene blue degradation over 0.0-TiOz and 5.0-TiOz, respectively.
Reaction conditions: photocatalyst 1.0 mg/ml, methylene blue 0.001%,
MAX 303 Xe lamp 8.8 mW /cm2

prepared with the addition of 2-ethoxyethanol exhibited pho-
tocatalytic activity superior to that of P-25 under visible-light
irradiation. The photocatalytic activity of the 0.0-TiOz2 sample,
which was completely anatase, was more or less the same as
that of P-25. For the other n-TiO2 samples, photocatalytic activ-
ity improved gradually with increasing 2-ethoxyethanol addi-
tion. The highest photocatalytic activity was achieved over the
5.0-TiO2 sample (content of rutile in bulk: 46%). For the
0.5-TiO2 sample (content of rutile: 96%), however, although its
light absorption was significantly increased, its photocatalytic
activity did not greatly increase owing to its phase composition.
Kinetic studies were carried out to better compare the activi-
ties of the 0.0-TiOz, 5.0-TiOz, and P-25 samples, as shown in Fig.
7. The 5.0-Ti02 sample was found to exhibit 3-fold and 4-fold
higher visible-light-driven photocatalytic activity than that of
P-25 and 0.0-TiOz, respectively.

According to the XRD results, anatase and rutile type titania
coexisted in the n-TiOz samples, and their mole ratios could be
adjusted in a wide range by changing the volume of
2-ethoxythanol used in the modified chemical solution process.
The introduction of 2-ethoxyethanol was also effective in tun-
ing their crystallite sizes and even defect concentrations. Ra-
man spectroscopic studies showed that the phase compositions
and distribution of the 5.0-TiO2 sample were clearly different in
the surface and bulk regions, which implies that the surface
phase composition and distribution were also effectively tuned
by the introduction of 2-ethoxyethanol. The XPS results
demonstrated that the increased visible-light absorption prop-
erties were mainly due to the formation of oxide vacancies in
the n-TiOz crystal lattices. The concentrations of oxide vacan-
cies in the 5.0-TiOz crystal lattices were likely larger than that
of 0.0-TiOz and less than that of 0.5-TiO2 because their Ti 2pz/3
(Ti-0) binding energies were in the order 458.5 eV (0.0-TiO2) >
458.4 eV (5.0-TiOz) > 458.2 eV (0.5-TiO2). Taking structure,
optical absorption, adsorption capacity, and visible-light-driven
photocatalytic activity into consideration, it is concluded that
besides an optimized crystal phase composition and distribu-
tion of the TiO2 crystals in the surface region, an appropriate
oxide vacancy concentration was also essential to the observed
increased visible-light absorption, thus leading to band gap
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Fig. 7. Kinetic study of selected n-TiO2 samples. (1) 5.0-TiOz; (2)
Degussa P-25; (3) 0.0-TiOz.
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narrowing, stronger adsorption capacity, and enhanced visi-
ble-light-driven photocatalytic activity.

In addition, the architecture of the anatase and rutile TiO2
nanocomposite photocatalysts could be compared with a
host(anatase)-guest(rutile) functional framework. The exist-
ence of grain boundaries is vital to the separation of pho-
to-generated electrons and holes thus leading to enhanced
photocatalytic activity [55,56]. Most importantly, the greatest
enhanced photocatalytic properties are achieved when a very
limited proper guest (rutile) is composited to the crystal lattice
of the proper host (anatase) in the surface region. This should
also be a key reason why the 5.0-Ti02 sample exhibited the best
photocatalytic performance among the n-TiO:z samples alt-
hough the co-existence of anatase and rutile in the surface re-
gion was also observed in the 0.5-TiO2 and 3.0-TiO2 samples.
The role of host and guest could not be converted. The 0.5-TiO2
and 5.0-TiO2 samples had completely different anatase and
rutile composited architecture, which resulted in a different
promotion effect of their visible-light-driven photocatalytic
activities. Further research will be needed to determine the
fine-architectured structure of the n-TiO2 samples in their sur-
face regions.

4. Conclusions

A novel series of TiO2 nanocomposite crystals with strong
adsorption capacities and superior visible-light-driven photo-
catalytic activities were successfully synthesized through a
modified chemical solution process by altering the amount of
added 2-ethoxyethanol. Besides anatase/rutile mole ratio,
crystallite size, and nanocomposite structure, an appropriate
concentration of oxide vacancies formed in their lattice was
also identified as the critical factor responsible for the strong
adsorption capacity and superior visible-light-driven photo-
catalytic activity observed. The increased visible-light absorp-
tion properties and band gap narrowing were ascribed to the
formation of oxide The introduction of
2-ethoxyethanol resulted in a larger oxide vacancy concentra-
tion in comparison with the TiOz without 2-ethoxyethanol. The
most optimized TiOz sample (2-ethoxyethanol: 5.0 ml; rutile in
bulk 46%) had the desired oxide vacancy concentration and
only a small quantity of rutile phase distributed in its surface
region. The visible-light-driven photocatalytic activity of this
sample was 3-fold and 4-fold higher than that of P-25 and TiO2
prepared without 2-ethoxyethanol, respectively. This research
provides a novel, convenient, and low-cost method for prepar-
ing pure TiOz-based photocatalytic materials with strong ad-
sorption capacity and superior visible-light-driven photocata-
lytic activity. These properties make it a promising material for
wider application.

vacancies.
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