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A nonaqueous seeded-grown synthesis of three-dimensional TiO2 nanostructures in the benzyl alcohol

reaction system was reported. The synthesis was simple, high-yield, and requires no structural directing

or capping agents. It could be largely accelerated by applying microwave heating. The TiO2

nanostructures had a unique flower-like morphology and high surface area. Furthermore, the structural

analyses suggested that the nanostructures had a non-uniform distribution of crystalline phases, with

the inner part rich in anatase and the outer part rich in rutile. After heat treatments, the mixed-phase

TiO2 nanostructures exhibited high photocatalytic activities for the photodegradation of methylene

blue as compared to Degussa P25. The high photoactivities may be associated with the high surface area

and the synergistic effect resulting from the anisotropic mixed-phase nanostructures. The results

demonstrate the uniqueness of the nonaqueous seeded growth and the potential of the TiO2

nanostructures for practical applications.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Titanium dioxide (titania, TiO2) is a wide band-gap semicon-
ductor material with high stability, high photoactivity and low
cost. Owing to these properties, TiO2 has been widely applied in
the fields of dye-sensitized solar cells [1–4] and the photode-
gradation of organic pollutants in water and in air [5–16]. The
photocatalytic activity of TiO2 is mainly dependent on the
crystalline phase and its crystallinity. Anatase usually demon-
strates higher activity than rutile because of a greater extent of
electron–hole recombination in rutile [17,18]. However, rutile has
a smaller band gap than anatase and has a photo-response
extending slightly into the visible light region. When mixing the
two phases together, the resulting mixed-phase materials may
exhibit a synergistic effect leading to better photocatalytic activity
than pure-phase anatase [19–23]. In addition, photocatalytic
reactions occur on the titania surface and therefore high surface
area usually leads to high photoactivity. High-surface-area titania
materials include mesoporous TiO2 powders and films
[8,10,15,24,25] and three-dimensional (3D) TiO2 nanostructures
composing of nanotubes, nanowires, nanosheets and nanoparti-
cles [14,26–28].

The preparations of most of these TiO2 materials involve
aqueous sol–gel chemistry [29]. Generally, the reaction para-
meters in the aqueous sol–gel synthesis are difficult to control
ll rights reserved.

ang).
[30,31], and the high complexity of synthesis solutions leads to a
situation in which slight changes in experimental conditions have
a strong influence on particle morphology [32,33]. Moreover, the
thus prepared materials are generally amorphous or poor in
crystallinity. Subsequent heat treatment is often necessary to
induce crystallization or to improve the crystallinity of the
materials [8,10,15], but this additional step results in alteration,
mainly particle growth, or even destruction of the well-defined
particle morphology. Methods have been developed to prepare
TiO2 nanomaterials simultaneously possessing crystalline phase
and high surface area, but complicated and time-consuming
processes and/or the utilization of structure-directing or capping
agents are often necessary [8–10,14,15,24–28].

Nonaqueous sol–gel routes are a valuable alternative and are
able to overcome many of the aforementioned problems typical
for the aqueous sol–gel systems [34–39]. Among them, the
reaction system of benzyl alcohol and metal chlorides is a
versatile process [38–42]. The reaction system can produce
anatase TiO2 and other metal oxide nanoparticles with high
crystallinity at relatively low temperatures, and the crystal
growth in the reaction system can also be controlled without
the use of surfactants [38–42]. By applying the benzyl alcohol
reaction system, we herein report a simple and high-yield
synthesis of mixed-phase and high-surface area TiO2 nanostruc-
tures with a flower-like morphology by a seeded growth without
using any structure-directing agents or capping agents. We also
found that materials with similar structural and morphological
properties could be synthesized within hours by applying a
microwave heating. The effects of synthesis conditions and
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subsequent heat treatment on the structure and morphology of
the materials were studied. In addition, the photocatalytic activity
of the TiO2 materials was evaluated by the photodegradation of
methylene blue, a model pollutant in semiconductor photocata-
lysis [43–46]. Compared to the commercial mixed-phase TiO2

Degussa P25, most of the flower-like TiO2 nanostructures were
found to exhibit higher photocatalytic activity. Moreover, owing
to their 3D flower-like morphology, the TiO2 nanostructures could
be easily filtered and separated from the solution without the
need of centrifugation. The results demonstrate the uniqueness of
the nonaqueous seeded growth for the preparation of 3D TiO2

nanostructures for practical applications.
2. Experimental section

2.1. Seeded growth of TiO2 nanostructures

The commercial mixed-phase P25 (Degussa, Germany) or
pure-anatase ST21 (Ishihara Sangyo, Japan) TiO2 nanoparticles
were used as seeds for the growth of TiO2 nanostructures. The
seed nanoparticles were dispersed in benzyl alcohol (BA) in a
nitrogen atmosphere, and TiCl4 was then added dropwise under
vigorous stirring at room temperature. The synthesis mixture was
stirred in an oil bath at 80 1C for 24 h. The molar composition of
the synthesis mixture was 1.0 TiCl4: x seeds: 20.0 BA, where x

(x¼0.1–2.0) is the equivalent molar ratio of TiO2 seeds. The
products were washed with chloroform and ethanol and were
then dried at 60 1C. Selected samples were further heated at 300–
500 1C in air for 1 h using a temperature ramp of 1 1C min�1. The
as-synthesized samples are designated as SGP-x (seeded with
P25) or SGS-x (seeded with ST21), and the samples thermally
treated at temperature T are designated as SGP-x-T or SGS-x-T.
The seeded growth with microwave heating was also performed.
A synthesis mixture with x¼0.3 was prepared and was trans-
ferred to a Teflon reaction vessel. The mixture was then subjected
to microwave heating at 100 1C for 1 h using a CEM MARS
microwave digestion system operating at a frequency of 2.45 GHz.
The resulting sample was designated as mSGP-0.3.
2.2. Characterization

Powder X-ray diffraction (PXRD) patterns were recorded on a
Mac Science 18MPX diffractometer using Cu Ka radiation. The
crystallite sizes of the anatase and rutile phases were calculated
from the line broadening of the (101) reflection of anatase and
(110) reflection of rutile by using the Scherrer equation. The
weight fractions of the two phases were estimated from the
integrated intensities of the anatase (101) and rutile (110)
reflections by applying the formula reported by Zhang and
Banfield [47]. For the seeded-grown samples, the reflections have
contributions from both the seeds and the newly grown TiO2, and
therefore they were deconvoluted into two sets of reflections,
one with the peak widths and intensities identical to those for the
seeds, for the analyses of crystallite sizes and phase contents.
Scanning electron microscopy (SEM) images were recorded
on a JEOL JSM-7000F microscope operating at 10 kV, and
transmission electron microscopy (TEM) images were taken using
a JEOL JEM-2010 microscope operated at 200 kV. Nitrogen
physisorption isotherms were measured at 77 K using a Quanta-
chrome Autosorb-1MP volumetric adsorption analyzer. Thermo-
gravimetric analysis was performed using a Linseis STA PT1600
analyzer. UV–visible absorption spectra were recorded on a JASCO
V-650 spectrophotometer equipped with a diffuse reflection
accessory.
2.3. Photocatalytic decomposition of methylene blue

An aqueous methylene blue (MB) solution with a concentra-
tion of 1.2�10�5 M was prepared. The solution pH was adjusted
to �6.5. The MB solution (200 mL) was poured in a quartz reactor,
and the TiO2 photocatalyst (25 mg) was then added and dispersed
in the solution. After stirring in the dark for 6 h to reach the
adsorption equilibrium, and solution was irradiated using an
Oriel 150 W xenon lamp equipped with a UV bandpass filter
(FSR-UG11, Newport, bandwidth of 200–400 nm). The power
density of the UV irradiation on the solution was measured
1.7 mW cm�2. The decomposition proceeded under aerobic
(oxygen-saturated) conditions. After irradiation, the catalyst was
removed by simple filtration (for 3D TiO2 nanostructures) or by
centrifugation (for P25 or ST21), and the amount of MB was
determined by measuring the optical absorbance of the dye at
665 nm.
3. Results and discussion

All the seeded growth preparations had yields of 95–99% based
on the weight of TiO2 in the products. A heating time of 24 h was
found to be the minimum to complete reactions in an oil bath. The
seeded growth with a heating time of 2 h gave yields less than
10%, and the reactions heating for 6 h generally produced �40% of
the products. The PXRD patterns of P25 and the P25-seeded TiO2

nanostructures (SGP-x samples) are shown in Fig. 1a. P25 TiO2 is a
mixed-phase material [48], and the PXRD analysis suggests a
composition of 80% anatase and 20% rutile for the P25 seeds used
in this study. All the SGP-x samples also contain both anatase and
rutile phases. As the amount of the seeds decreased (with
decreasing x), the relative intensities of the anatase reflections
decrease while the reflections of rutile become more intense but
broader. The PXRD patterns of the seeded-grown samples have
contributions from both the P25 seeds and the newly grown TiO2.
In order to separate the contribution from the P25, the PXRD
patterns were deconvoluted into two sets of peaks with different
widths and intensities. One set of the deconvoluted pattern was
attributed to P25 and the other was from the newly grown TiO2,
from which the crystallite size and phase content could be
estimated by assuming a TiO2 yield of 98%. The results, as shown
in Table 1, suggest that the newly grown TiO2 in all the SGP-x

samples contain both anatase and rutile phases with very small
(4–6 nm) crystallite sizes. The content of nanocrystalline rutile
phase increases with decreasing the seed amount except for SGP-
0.1. Similar phenomena were also observed when the pure-
anatase ST21 nanoparticles were applied as seeds, and the
corresponding PXRD patterns and the same structural analyses
of the resulting mixed-phase SGS-x samples are shown in Fig. 1b
and Table 1, respectively.

The mixed-phase SGP-x samples were characterized by SEM,
and the images are shown in Fig. 2. The image of SGP-2.0 is quite
similar to that of P25, which is composed of spherical
nanoparticles with diameters of 20–30 nm. SGP-0.7 also mainly
contains spherical nanoparticles, and in addition some needle-
shaped nanoparticles are observed. Interestingly, further decrease
of the seed amount resulted in the formation of 3D flower-like
nanostructures in SGP-0.3, as shown in Fig. 2d. The magnified
image (Fig. 2e) further shows that the nanostructures are around
200 nm in size and are composed of bundles of needle-shaped
nanorods. When the seed amount was again decreased, the shape
of the nanostructures became cauliflower-like, as demonstrated
by the image of SGP-0.1 (Fig. 2f). The SGP-x samples were also
subjected to nitrogen physisorption measurements, and the
adsorption branches in the relative pressure range of 0.05–0.20



Fig. 1. (a) PXRD patterns of P25 and SGP-x samples. Reflections of anatase and rutile are indicated, respectively. (b) PXRD patterns of ST21, SGS-x samples and the sample

synthesized without adding seeds.

Table 1
Estimated crystallite size and phase content of newly grown TiO2 in selected samples.a

Samples Anatase Rutile Samples Anatase Rutile

D (nm) W (%) D (nm) W (%) D (nm) W (%) D (nm) W (%)

P25 23b 80b 20b 20b ST-21 20b 100b

SGP-2.0 NDc 55 4 45 SGS-2.0 NDc 48 5 52

SGP-0.7 4 45 5 55 SGS-0.7 5 38 5 62

SGP-0.3 6 36 5 64 SGS-0.3 5 42 5 58

SGP-0.1 6 42 5 58 SGS-0.1 6 96 NDc 4

a D: crystallite size; W: phase content.
b Values for the seed nanoparticles.
c Not determined.
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were used to calculate their surface areas by applying the
Brunaru–Emmett–Teller (BET) method. The obtained values for
the SGP-x samples are in the range of 60–142 m2 g�1, and SGP-0.3
has the highest surface area of 142 m2 g�1. For comparison, P25
has a surface area of 50 m2 g�1.

The amount of P25 seeds for SGP-0.3 was found optimum for
the formation of the 3D flower-like morphology, and the sample
was further characterized by TEM. As shown in Fig. 3a and b, the
flower-like nanostructures in SGP-0.3 are quite uniform and are
about 150–250 nm in size. Densely packed nanorods, about
60–120 nm in length and 4–5 nm in width, are clearly observed
in each aggregate. The darker contrast at the center of each
aggregate, most likely attributing to the P25 seed, is also
observed. The shape of the nanorods does not have straight
sides (cf. Fig. 3c), suggesting that the nanorods are not single
crystalline but rather are composed of interconnected
nanocrystals. Although the attempts to observe the lattice
fringes failed due to the dense packing of nanorods, selected
area electron diffraction (SAED) measurements provide
interesting structural information of the sample. Fig. 3d shows
the SAED pattern of the tips of the nanorods (corresponding to the
image shown in Fig. 3c). All the diffraction spots are broad,
indicating the nanocrystalline nature of the sample, and they can
be indexed solely by the rutile phase. Therefore, the structural
analyses of PXRD and SAED suggest that the flower-like
mixed-phase TiO2 nanostructures in SGP-0.3 may have a non-
uniform distribution of the two crystalline phases, with inner part
rich in anatase and outer part rich in rutile phase. It has to be
mentioned that most of the reported synthetic strategies to
prepare flower- or urchin-like TiO2 nanomaterials need to apply
structure-directing agents, surfactants, capping agents or
hydrogen fluoride [14,26–28,54–56]. Flower-like rutile or
mixed-phase agglomerates have also been obtained by thermal
transformation of pure brookite nanostructures synthesized by
modified thermolysis of titanium powders [57]. Compared to
them, the nonaqueous seeded growth is relatively simple,
efficient and needs no structure-directing or capping agents. In
addition, the anisotropic mixed-phase structure in the resulting
TiO2 nanostructures is unique.

The formation of the extended and anisotropic 3D nanostruc-
tures of mixed-phase TiO2 in the present study was in a
nonaqueous BA reaction system [38–42]. A true ‘‘seeded’’ growth
was confirmed by the SEM and TEM investigations, but the
formation of rutile in addition to anatase phase was contradictory
to the previous reports on the production of pure-anatase
nanocrystals in the BA/TiCl4 systems [38–42,49]. The control
synthesis without any seeds was also performed, and indeed it
solely produced anatase nanocrystals (cf. Fig. 1b). The fact that all



Fig. 2. SEM images of (a) P25, (b) SGP-2.0, (c) SGP-0.7, (d, e) SGP-0.3 and (f) SGP-0.1.

Fig. 3. (a–c) TEM images and (d) SAED pattern of SGP-0.3.
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Fig. 5. PXRD patterns of (a) SGP-0.3-300, (b) SGP-0.3-400 and (c) SGP-0.3-500.

Reflections of anatase and rutile are indicated, respectively.

Y.-C. Hsu et al. / Journal of Solid State Chemistry 183 (2010) 1917–1924 1921
the seeded grown samples contain newly grown rutile, regardless
of the type of seeds, implies that the structure-directed growth on
the exposed surface of the same phase to have minimized lattice
mismatch [7,14,26] may not be likely to happen. On the other
hand, it has been reported that acidic medium of hydrochloric
acid (HCl) or other acids would favor the formation of rutile phase
[50–53]. Based on the fact that both the P25 and ST21 seeds
are highly hydrophilic and have high density of surface titanol
(Ti–OH) groups, we therefore speculate that TiCl4 would react
with the titanol groups and the water molecules adsorbed on the
seed surface after being added into the BA solution. The reaction
produced mainly nanocrystalline anatase on the seeds and HCl as
a by-product. As the nonhydrolytic condensation proceeded, a
concentration gradient of HCl around the seed was then
developed, creating an environment probably more favorable for
the growth of rutile nanocrystals. The proposed mechanism may
account for the formation of the unique 3D mixed-phase TiO2

nanostructures, and further study and examination is necessary.
The nonaqueous seeded growth could be even more efficient

when a microwave heating is applied. This was demonstrated by a
synthesis using P25 as the seeds (x¼0.3) at 100 1C. The
microwave-assisted growth only took an hour to give a yield of
�98%, and the structural and textural properties of the resulting
sample (designated as mSGP-0.3) were very similar to those of
SGP-0.3. As shown in Fig. 4, the PXRD pattern is indicative of the
coexistence of anatase and rutile phases, and the relative
intensities and widths of the reflections are comparable to those
of the oil bath-heated sample SGP-0.3. For the newly grown TiO2

in mSGP-0.3, the crystallite sizes were estimated to be �5 nm for
both anatase and rutile phases and the content of anatase was
about 38%. Moreover, the TEM image reveals that mSGP-0.3 also
contains flower-like aggregates, slightly smaller in size as
compared to those in SGP-0.3. Therefore, the microwave-
assisted seeded growth may be applied for large-scale prepara-
tion of the unique 3D mixed-phase TiO2 nanomaterials.

It has been shown that the TiO2 nanoparticles synthesized in
the BA reaction system may have organic groups (derived from
BA, such as benzyl groups) and BA adsorbed on the surface
[58,59]. Indeed, thermogravimetric analysis suggested that the as-
synthesized 3D TiO2 nanostructures contained �5–10 wt% or-
ganic residues, which could be completely decomposed and
removed by a heat treatment at or above 300 1C. On the other
hand, heat treatment may also affect the structure, morphology
Fig. 4. PXRD pattern and TEM image of mSGP-0.3.
and the interface between crystallites [1–4,6–16]. To study the
influences of the heat treatment, the sample SGP-0.3 was chosen
to be heated in air at 300, 400 or 500 1C. Fig. 5 shows the PXRD
patterns of the resulting SGP-0.3-T samples. The reflections of
rutile become narrower and more intense with increasing the
heating temperature, suggesting that part of the anatase phase
was thermally transformed to rutile accompanying with sintering
of the original rutile nanocrystals. The crystallite size of rutile
phase increased to �10 nm for SGP-0.3-300 and to �21 nm for
SGP-0.3-500. SEM and TEM images of the heated samples are
shown in Fig. 6. The flower-like morphology is preserved in SGP-
0.3-300 but the diameter of the needle-shaped nanorods becomes
a bit larger (�9 nm), but the rods in SGP-0.3-500 become 40 nm
in width and are pure-rutile (suggested by SAED). Consistent with
the observed morphological evolution, the surface area is
121 m2 g�1 for SGP-0.3-300 and is dramatically decreased to
53 m2 g�1 for SGP-0.3-500.

The effects of the heat treatment on the UV–visible absorption
of the mixed-phase TiO2 nanostructures were also studied, and
the absorption spectra of selected samples are shown in Fig. 7. All
the materials absorb strongly in the UV regime, and the
absorption thresholds for 3D TiO2 nanostructures are red-shifted
as compared to that for P25. The band gaps estimated from the
absorption thresholds [60] are 3.19 eV for P25, 3.11 eV for SGP-0.3
and around 3.04–3.05 eV for all the heated SGP-0.3-x samples.
The microwave-synthesized sample mSGP-0.3-300 also has a
band gap of 3.05 eV, but the value for ST21-seeded sample
SGS-0.3-300 is a bit higher (3.07 eV), probably due to a higher
content of anatase. Interestingly, SGP-0.3-300 also exhibits weak
absorption extended to the visible light regime (4400 nm), a
phenomenon probably related to the presence of the localized
Anderson states at the anatase/rutile interface [61]. Similar
phenomenon has been observed for mixed-phase TiO2 film
fabricated by aerosol deposition [62].

Finally, the photocatalytic activities of the mixed-phase TiO2

nanostructures were evaluated. Methylene blue (MB) is a
frequently used model organic pollutant in semiconductor photo-
catalysis [13] and was chosen in this study. The power density of
the UV irradiation was kept low (1.7 mW cm�2) to prevent
possible multiphoton processes or serious UV absorption of the
dye molecules. MB solution was oxygen-saturated and the solu-
tion pH was adjusted at pH 6.5 to prevent possible photobleach-
ing of the dye by reduction [49,63]. Prior to the UV irradiation, all



Fig. 6. SEM and TEM images of (a, d) SGP-0.3-300, (b, e) SGP-0.3-400 and (c, f) SGP-0.3-500.

Fig. 7. UV–visible absorption spectra of selected samples.

Fig. 8. (a) Change in relative concentration of MB with UV irradiation time in the

presence of photocatalysts. The curve of the control experiment without adding

any catalyst is labeled ‘‘MB’’. (b) Transformed linear graph of ln(C0/C) versus

irradiation time.
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the TiO2 samples were stirred in the dark and showed low
adsorption of MB, suggesting a weak MB–TiO2 interaction in the
reaction solution. Fig. 8a compares the curves of the change in
relative concentration of MB versus irradiation time in the
presence of different TiO2 samples. The amounts of the self-
degraded dye [49] (cf. the curve labeled ‘‘MB’’ in Fig. 8) were taken
into consideration when evaluating the activity of the photo-
catalysts. For P25, about 47% of MB was decomposed after UV
irradiation for 360 min. After the same duration of UV irradiation,
SGP-0.3 only decomposed �13% of MB but the heated sample
(SGP-0.3-x) degraded much more (74–88%) dye. Furthermore, the
transformed logarithm plots in Fig. 8b show the linear
relationship between ln(C/C0) and time for all the TiO2 catalysts,
suggesting that the overall kinetics of the photodecomposition
reactions was first-order with respect to the concentration of MB.
Fig. 9 compares the derived apparent rate constants (kapp) for P25,
SGP-0.3-series samples and other selected samples. Among all the



Fig. 9. Comparison of apparent first-order rate constants of MB photodegradation

for selected samples.

Y.-C. Hsu et al. / Journal of Solid State Chemistry 183 (2010) 1917–1924 1923
catalysts, SGP-0.3-300 and SGP-0.3-400 exhibited the highest kapp

of 5.5–5.6�10�3 min�1, which is much larger than that for P25
(1.4�10�3 min�1) or SGP-0.3 (0.4�10�3 min�1). By using P25
as a standard photocatalyst for comparison, we found that SGP-
0.3-300 is even more active than other mixed-phase TiO2

materials [18,54–57]. Besides, the kapp values for microwave-
synthesized mSGP-0.3-300 and the ST21-seeded SGS-0.3-300 are
also high and comparable to those for SGP-0.3-300 and SGP-0.3-
400. The high photocatalytic activities of these samples may be
associated to the high surface area and unique anisotropic mixed-
phase nanostructures. It was found by Gray and coworkers that
although the energy position of the conduction band edge of
anatase is higher than that of rutile, the photogenerated electron
actually migrate from rutile to lower-energy trapping sites in
anatase and at anatase–rutile interface [17,20]. Such a synergistic
effect has been reported for P25 and other mixed-phase TiO2 [19–
23]. We speculate that the TiO2 nanostructures with the
anisotropic mixed-phases might have high density of anatase/
rutile interface, and pronounced synergistic effect might
contribute to the high photoactivities of these materials.
4. Conclusion

We have developed a simple and high-yield nonaqueous
seeded growth of flower-like mixed-phase TiO2 nanostructures.
The synthesis does not need any structure-directing or capping
agents and can be accelerated by applying a microwave heating.
The TiO2 nanostructures have unique anisotropic mixed-phase
structure and high surface area. After suitable heat treatment, the
nanostructures may exhibit high photocatalytic activities, as
examined by the photodegradation of methylene blue. The results
demonstrate the uniqueness of the nonaqueous seeded growth
and the potential of the thus prepared TiO2 nanostructures for
practical applications.
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