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a b s t r a c t

Si-doped and un-doped nanocrystalline TiO2 samples have been synthesized by simple one-pot water-
organic two-phase separated hydrolysis-solvothermal (HST) processes, and characterized by XRD, BET,
TEM, FT-IR, DRS and surface photovoltage techniques. The effects of the solvothermal temperature and
Si doping on the anatase thermal stability, and on the photocatalytic activity for degrading rhodamine B
were investigated in detail. The results show that, as the solvothermal temperature rises, the crystallinity
and thermal stability of the resulting nano-sized anatase TiO2 gradually increase. Noticeably, the as-
prepared TiO2 obtained at appropriate solvothermal temperature (160 ◦C) exhibits high photocatalytic
anocrystalline TiO2

natase thermal stability
harge separation
hotocatalytic activity

activity. Moreover, although Si doping does not improve the photocatalytic activity of the as-prepared
anatase TiO2, it greatly enhances the anatase thermal stability and inhibits crystallite growth during the
process of post-thermal treatment. Interestingly, the Si-doped TiO2 post-treated at high temperature
displays much higher photocatalytic activity than commercial P25 TiO2. It is clearly demonstrated that
the joint effects of high anatase crystallinity and large surface area lead to high photocatalytic activity.
This work provides a simple and effective strategy for the synthesis of high-performance TiO2-based

.
functional nanomaterials

. Introduction

Semiconductor photocatalysis has attracted much attention in
he past two decades owing to their applications to environmen-
al purification [1–6]. It has been shown to be especially interesting
or the treatment of dye compounds usually present in wastewaters
rom textile industries, because of the possibility of utilizing solar
ight as the energy source for the decontamination of these efflu-
nts [7–12]. Among several oxide semiconducting photocatalysts
sed often, TiO2 is taken as one of the ideal photocatalysts, because
f its outstanding photocatalytic activity, chemical stability, low
ost and non toxicity [4–6]. It usually has two crystalline phases,
natase (Eg = 3.2 eV) and rutile (Eg = 3.0 eV), and the anatase phase
requently exhibits higher photocatalytic activity than the rutile
ne [6,13]. Until now, the most popular commercial TiO2 named by
egussa P25, containing around 85% anatase and 15% rutile, usually

ossessed excellent photocatalytic activity [4–6]. Its high activity is
ainly attributed to its mixed phase composition and high anatase

rystallinity, which would favor photoinduced charge separation,
s well as to large surface area (about 55 m2 g−1).
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In addition to the phase composition, surface area and anatase
crystallinity are two important factors influencing photocatalytic
performance of TiO2. It is widely accepted that photocatalytic
reactions mainly take place on the surfaces of photocatalysts.
Expectedly, the adsorption of pollutants in advance is one of the
most important steps in photocatalytic reactions [4–6]. Thus, large
surface area is generally favorable to enhance photocatalytic activ-
ity of TiO2. High anatase crystallinity usually means few defects,
which easily act as the recombination centers for photogenerated
electrons and holes [14,15]. Thus, high crystallinity would promote
photocatalytic reactions. It has been demonstated that the increase
in the anatase crystallinity could usually lead to the enhancement
in the photocatalytic activity [16,17]. However, there is an obvi-
ous inconsistency between large surface area and high anatase
crystallinity, since large surface area, often resulting from porous
structure and very small particle size, usually corresponds to low
anatase crystallinity of TiO2. Therefore, the solution to the above
inconsistency is the crucial to fabricate high activity TiO2-based
photocatalysts.
Thermal treatment at high temperature is generally adopted
to improve anatase crystallinity of nano-sized TiO2. However, the
anatase-to-rutile transformation will happen if the treatment tem-
perature is too high (over 600 ◦C). On the basis of the phase
transformation mechanism that the rutile phase starts to occur at
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he interfaces between the anatase particles in the agglomerated
iO2 particles [18], it is expected that the phase transformation
sually leads to the remarkable increase in the particle size and
onsequently make surface area greatly decrease. Therefore, it is
redicted that the increase in the anatase thermal stability might be
feasible strategy to solve the inconsistent issue mentioned above.

The sol–gel technique based on the hydrolysis of titanium
lkoxide is widely developed to synthesize nano-sized TiO2
19]. However, this technique usually has marked shortcomings,
uch as weak anatase crystallinity, complicated synthesis and
ost-treatment procedures, poor monodispersity, and possibly
ccompanied by too much of waste liquids. Those shortcomings
ould greatly influence the performance and large-scale pro-
uction and successful applications in industry of the resulting
iO2 nanomaterials. Thus, simple methods that are easily oper-
ted to obtain monodispersed nanocrystalline TiO2 simultaneously
ith high anatase crystallinity are still desired. Very recently,

ang et al. developed a one-step synthesis method to prepare
igh-quality ultrafine inorganic semiconductor nanocrystals via
two-phase interface hydrolysis reaction under hydrothermal

onditions [20], which is named by the two-phase separated
ydrolysis-solvothermal (HST) process in our work, and mainly
emonstrated that the prepared ZrO2 nanocrystals have good
onodispersity and high crystallinity. This newly developed
ethod spurs us to carry out this work, in which we aim to design

nd synthesize high active nano-sized TiO2-based photocatalysts.
Herein, we synthesize Si-doped and un-doped nanocrystalline

iO2 by the simple one-pot phase separated HST processes. It is
ound that the un-doped TiO2 obtained at 160 ◦C exhibits higher
hotocatalytic activity than that prepared by the traditional sol-
ydrothermal method at the same temperature. Moreover, the
esulting Si-doped TiO2 post-treated at high temperature exhibits
uch higher photocatalytic activity than well-known P25 TiO2.

hese findings are in good agreement with our expectations.
t should be suggested that the joint effects of high anatase
rystallinity and large surface area are responsible for the high pho-
ocatalytic activity. This work would provide an effective strategy
o design and fabricate high-performance TiO2-based functional

aterials with high anatase thermal stability, and further expand
he application areas due to high anatase thermal stability.

. Experimental section

All used chemicals are of the analytical grade and are used as
eceived without further purification, and doubly deionized water
s employed throughout.

.1. Synthesis of materials

Nano-sized TiO2 is synthesized by the HST process [20]. The
ey point to the synthetic reaction is to combine the hydroly-
is and nucleation process at the confined water/toluene interface
ith the subsequent crystallization process in the toluene under

olvothermal condition. A 30 mL of Teflon lined stainless-steel ves-
el, in which a 10 mL of weight bottle is installed to contain the
rganic toluene, is used as the reaction device to carry out the HST
xperiment. In a typical process, 10 mL of water phase and 8 mL
f toluene phase, which contains a desired amount of Ti(OBu)4,
as placed in the device separately. Then, the sealed device is kept

t certain temperature (120–200 ◦C) for 2 h, followed by naturally

ooling to room temperature. Under the solvothermal conditions,
oth the water and toluene are evaporated to diffuse gradually to
he other side to form an interface. It is expected that the inter-
ace may locate near the organic phase side since the toluene has
higher boiling point than the water. When the water steam and
aterials 176 (2010) 139–145

toluene steam containing a certain amount of Ti(OBu)4 molecules
meet, the hydrolysis reaction between Ti(OBu)4 and water will
occur immediately, simultaneously leading to the crystal nucleus
of TiO2. Then, the formed crystal nucleus is further crystallized in
the organic phase. Thus, the resulting nanocrystalline TiO2 is col-
lected in the toluene, and subsequently the dried TiO2 nanopowder
is obtained by distilling the toluene system at 120 ◦C. At last, dif-
ferent TiO2 samples are produced by further calcining dried TiO2 at
different temperature for 2 h. TX-Y, in which X is the solvothermal
temperature and Y is the calcination temperature, is used to repre-
sent the specific TiO2 sample. In addition, to obtain Si-doped TiO2
by the HST process, a desired amount of (C2H4O)4Si and Ti(OBu)4
are added together to the organic phase, and STX-Y indicates the 3
in mole % Si-doped TiO2 sample.

2.2. Characterization of materials

The samples are characterized by X-ray powder diffraction
(XRD) with a Rigaku D/MAX-rA powder diffractometer (Japan),
using Cu K� radiation (� = 0.15418 nm), and an accelerating volt-
age of 30 kV and emission current of 20 mA are employed; The
specific surface areas of the samples are measured by BET instru-
ment (Micromeritics automatic surface area analyzer Gemini 2360,
Shimadzu), with nitrogen adsorption at 77 K; Transmission elec-
tron microscopy (TEM) observation was completed on a JEOL
JEM-2010EX instrument operated at 200 kV accelerating voltage;
The Fourier transform infrared spectra (FT-IR) of the samples are
collected with a Bruker Equinox 55 Spectrometer, using KBr as
diluents; The ultraviolet–visible diffuse reflectance spectra (UV–vis
DRS) of the samples are recorded with a Model Shimadzu UV2550
spectrophotometer; The SPS measurements of the samples are car-
ried out with a home-built apparatus that had been described in
detail elsewhere [21–23].

2.3. Evaluation of photocatalytic activity

Rhodamine B (RhB) is commonly used as a dye, and it has
been found to be potentially toxic and carcinogenic [24]. Thus,
RhB is chosen as the representative organic dye pollutant to evalu-
ate photocatalytic activity of the as-prepared TiO2. Photocatalytic
experiments are carried out in a 100 mL of photochemical glass
reactor, and the similar solar light is provided from a side of the
reactor by a 150 W GYZ220 high-pressure Xenon lamp made in
china without any filter, which is placed at about 10 cm from the
reactor. During the measurements of photocatalytic degradation
rate of RhB, 0.05 g of the TiO2 sample and 60 mL of 50 mg/L RhB solu-
tion are mixed by a magnetic stirrer for 30 min in the dark first, in
order to make the reactive system uniform and the adsorption equi-
librium, then begin to illuminate. After photocatalytic reaction for
1 h, the RhB concentration is analyzed by means of the optical char-
acteristic absorption at 553 nm after centrifugation with a Model
Shimadzu UV2550 spectrophotometer [24]. To obtain the evolu-
tion curves of photocatalytic degradation of RhB, 0.1 g of the TiO2
sample and 60 mL of 50 mg/L RhB (15 mg/L phenol) solution are
employed and the RhB concentrations after photocatalytic reaction
for different time are measured.

3. Results and discussion

3.1. Measurements of XRD and BET
The XRD peaks at 2� = 25.28◦ and 2� = 27.40◦ are often taken as
the characteristic peaks of anatase (1 0 1) and rutile (1 1 0) crystal
phase, respectively [25,26]. The mass percentage of anatase phase
in the TiO2 samples can be estimated from the respective inte-
grated characteristic XRD peak intensities using the quality factor
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Fig. 1. XRD patterns of different TiO2 samples.

atio of anatase-to-rutile (1.265), and the crystallite size can also
e determined from the broadening of corresponding X-ray spec-
ral peak by Scherrer formula [26]. Fig. 1 shows the XRD patterns
f different TiO2 samples, including home-made un-doped and Si-
oped TiO2 and commercial P25 TiO2. It is seen from the Fig. 1
hat the T160-120 sample has a pure anatase phase, and its crystal-
ite size is 6.6 nm. As the thermal treatment temperature increases,
he anatase XRD peaks gradually become strong, indicating that
he anatase crystallinity increases, meanwhile the correspond-
ng crystallite size gradually becomes large (Table 1). When the

◦
emperature increases to 750 C, however, the rutile phase (17%)
ppears, indicating that the phase transformation begins to take
lace. In general, the beginning temperature of phase transfor-
ation of nano-sized anatase TiO2 prepared by the sol process is

enerally at about 600 ◦C [5,14]. It should be pointed that the T160-

able 1
hase composition, crystallite size and surface area of different TiO2 samples.

Sample Phase composition (%) Crystallite
size (nm)

Surface area
(m2 g−1)

Anatase Rutile

T160-120 100 – 6.6 131.9
T160-500 100 – 20.7 56.4
T160-700 100 – 25.3 41.6
T160-750 83 17 28.1 26.2
ST160-120 100 – 7.4 152.3
ST160-600 100 – 8.1 128.9
ST160-700 100 – 9.4 89.5
ST160-800 100 – 11.5 63.4
P25 82 18 19.5 58.2
aterials 176 (2010) 139–145 141

120 sample exhibits high anatase crystallinity and large crystallite
size compared with that obtained by the sol-hydrothermal process
at the same temperature based on the XRD patterns, shown in the
supporting information (SI-I). High anatase crystallinity and large
crystallite size mean low surface energy, and the low surface energy
is unfavorable to the phase transformation process, consequently
leading to the enhancement in the beginning phase transforma-
tion temperature. This is also further supported by the results that
the XRD intensity of the resulting TiO2 gradually increases and
the corresponding beginning phase transformation temperature
also rises as the solvothermal temperature is enhanced supporting
information (SI-I). Moreover, it is expected that the high dispersity
of the original anatase nanocrystals obtained by the HST process,
which had been well demonstrated [20], also should play an impor-
tant role in the inhibition phase transformation process based on
the mechanism mentioned above [18]. Therefore, it can be deduced
that the enhanced beginning phase transformation temperature is
attributed to the high crystallinity, large crystallite size and high
dispersity of the as-prepared anatase crystallites.

As the thermal treatment temperature increases, the anatase
XRD peaks of the Si-doped TiO2 gradually increase, demonstrating
that the corresponding anatase crystallinity becomes high. Inter-
estingly, compared with the un-doped TiO2, the Si-doped TiO2
exhibits high anatase thermal stability since no rutile appears in
the Si-doped TiO2 by the thermal treatment at 800 ◦C. This demon-
strates that the introduction of Si inhibits the phase change, which
is in good agreement with the literatures [27,28]. In addition, the
phases related to Si are not detected from XRD patterns.

For the un-doped TiO2, the T160-120 has a large BET surface area
(131.9 m2 g−1) (Table 1), and the surface area obviously decreases
as the thermal treatment temperature increases. Noticeably, Si
doping effectively maintains the large surface area of nano-sized
TiO2. After thermal treatment at the temperature as high as 800 ◦C,
the ST800 still has larger surface area than P25 TiO2.

3.2. Measurements of TEM and FT-IR

The TEM photographs of different TiO2 samples are shown in
Fig. 2. It can be seen that all the samples have similar spherical
form. The T160-120 has an about 7 nm average particle size with
narrow size distribution (Fig. 2A), which is in accordance with the
crystallite size evaluated by the Scherrer formula, indicating that
the obtained TiO2 crystallites are easily separated. After the thermal
treatment at 750 ◦C, the average particle size of the un-doped TiO2
has increased to about 30 nm, with wide size distribution (Fig. 2B),
which is attributed to the occurrence of rutile based on the XRD
patterns, accompanied by the particle agglomeration [18]. By com-
parison, it can be noticed that Si doping effectively inhibits the
growth of nanocrystalline TiO2, since the ST160-120 and ST160-800
exhibit about 6.0 and 12 nm particle sizes, respectively, both with
narrow size distribution (Fig. 2C and D). Thus, these TEM observa-
tions are well responsible for the corresponding surface areas listed
in the Table 1.

Fig. 3 shows the FT-IR spectra of different TiO2 samples. The
IR peaks at about 1630 and 3400 cm−1 are ascribed to surface
hydroxyl and adsorbed water molecules [29,30]. The IR band at
400–850 cm−1 corresponds to the Ti–O–Ti stretching vibration
mode in crystal TiO2 [29]. The IR peaks at about 3000 and 1497 cm−1

are ascribed to the C–H and C C stretching vibration mode in aro-
matic ring [31].

As the thermal treatment temperature increases, the intensity of

IR band related to Ti–O–Ti vibration mode also increases, indicating
that the corresponding TiO2 crystallinity becomes high, which is in
accordance with the XRD results. Moreover, the surface hydroxyl
amount of the Si-doped TiO2 sample gradually decreases. However,
the ST160-800 still displays a larger amount of surface hydroxyl
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Fig. 2. TEM images of different TiO2 samples (A) T

han the T160-700. In addition, all the Si-doped TiO2 samples have

IR peak at about 1050 cm−1, which results from Si–O–Si mode in
iO2 [32].

Based on the above analyses of XRD, TEM and IR, it can be
educed that Si doping inhibits the anatase-to-rutile phase trans-

Fig. 3. IR spectra of different TiO2 samples.
20, (B) T160-750, (C) ST160-120, (D) ST160-800.

formation and simultaneous particle growth of nanocrystalline
TiO2, which is attributed to the existence of amorphous SiO2. The
SiO2 would hold back the contacts between the anatase nanocrys-
tals, the diffusions between anatase crystallites, and the surface
ionic mobilities [27,32–35].

3.3. Measurements of DRS and SPS

The UV–vis DRS spectra of different TiO2 are shown in Fig. 4.
According to the energy band structure of TiO2, it can be con-
firmed that the strong optical absorption below 390 nm is mainly
attributed to the electron transitions from the valence band to con-
duction band [21,29]. It can be noticed that the DRS spectrum of the
doped TiO2 shifts slightly to the red with increasing the treatment
temperature from 120 to 800 ◦C, which strongly demonstrates that
the crystallite size and the phase transformation are effectively sup-
pressed. This is in good agreement with the above XRD and TEM
results.

The surface photovoltage generation mainly arises from the cre-

ation of electron-hole pairs, followed by the separation under a
built-in electric field, also called space-charge layer. Thus, it can
be expected that the stronger is the surface photovoltage spec-
troscopy (SPS) response, the higher is the photoinduced charge
carrier [36,21]. Fig. 5 shows the SPS responses of different TiO2 sam-
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Fig. 4. DRS spectra of different TiO2 samples.

les. For all the samples, an obvious SPS response can be found at
he wavelength range from 300 to 375 nm, which is attributed to
he electron transitions from the valence band to conduction band
O2p → Ti3d) on the basis of the DRS spectra and TiO2 band structure
21,29]. For the Si-doped TiO2 sample with anatase phase compo-
ition, the SPS response gradually becomes strong with increasing
he treatment temperature, which is mainly because of the increase
n the antatase crystallinity. The high crystallinity makes electronic
and perfect so as to enhance the built-in field strength, which can
romote charge separation [22], meanwhile leads to the decrease

n the defect amounts, which is also favorable for charge sepa-
ation [37,14]. This is also supported by the point that the SPS
esponse of un-doped TiO2 increases as the solvothermal temper-
ture or the post-treatment temperature is enhanced supporting
nformation (SI-II). However, compared with the un-doped TiO2,
ll the Si-doped TiO2 samples exhibit low SPS responses, which are
ossibly ascribed to the SiO2 as the nonconductor. In addition to the
and-to-band SPS response, a weak SPS response related to surface
tates, located at the wavelength range from 375 to 420 nm, is found
n the ST160-800 sample. This surface state-related SPS response

ight result from the electronic transitions from the anatase sur-
ace states to the rutile conduction band in the phase-mixed TiO2
38]. According to the above XRD results, there is not rutile phase in
he ST800. Actually, there might be a small amount of rutile since
he XRD detection is very limited.
.4. Photocatalytic activity

Generally speaking, the high photocatalytic degradation rate
orresponds to the high photocatalytic activity. In the photocat-

Fig. 5. SPS responses of different TiO2 samples.
Fig. 6. Photocatalytic degradation rates (A) and evolution curves (B) of RhB solution
on different TiO2 samples (the corresponding degradation rate constants are listed
in the parentheses).

alytic experiment, The 150 W Xenon lamp, with similar emitting
spectrum to the sun, is used as light resource. Compared with the
photocatalytic degradation, the direct photolysis (1%) is so small
that the corresponding degradation is neglectable. The photocat-
alytic degradation rates of RhB, which equal to the differences
between the total degradation rates in the presence of light and
the adsorption degradation rates in the absence of light, on the
different TiO2 samples, are shown in the Fig. 6.

It can be seen from Fig. 6A that, for the un-doped TiO2, the pho-
tocatalytic activity gradually decreases as the thermal treatment
temperature increases. This seems un-imaginable since the pho-
toinduced charge separation situation should be improved with
increasing the treatment temperature on the basis of SPS responses
supporting information (SI-II). Thus, it is deduced that the decrease
in the activity is mainly attributed to the great decrease in the sur-
face area shown in Table 1. However, it should be pointed that,
among the as-prepared three TiO2 samples at the solvothermal
temperatures of 120, 160 and 200 ◦C, the TiO2 obtained at 160 ◦C
displays the highest activity, and also it is superior to the TiO2
obtained by the traditional sol-hydrothermal process at the same
temperature supporting information (SI-III). It is expected that the
high activity of the T160-120 is attributed to the high anatase crys-
tallinity and the high crystallite monodispersity [20].

As expected, it can be confirmed from the photocatalytic degra-
dation rates of RhB (Fig. 6B) that the Si-doped TiO2 gradually
exhibits much high photocatalytic activity as the thermal treat-

ment temperature is enhanced. Noticeably, the TiO2 sample by
thermal treatment over 600 ◦C possesses high activity compared
with the P25 TiO2, which is also proved by the photocatalytic degra-
dation of phenol Appendix B(SI-III). Based on the above SPS, TEM
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nd BET measurements, it is concluded that the high photoindued
harge separation rate, small particle size and large surface area
re responsible for the high photocatalytic activity of Si-doped
iO2 treated at high temperature. Moreover, a certain amount of
urface hydroxyl and rutile phase are also favorable for photocat-
lytic reactions [17]. In addition, it is also confirmed that the RhB
hotocatalytic degradation processes in our experiments follow
ne-order reactions, which is accordance with the literature [39].

. Conclusions

On the basis of the above systematic investigation, mainly by
eans of XRD, BET, TEM, IR and SPS measurements, the follow-

ng conclusions can be drawn: (i) Nanocrystalline TiO2 with high
natase crystallinity and high crystallite monodispersity is success-
ully synthesized by the HST processes, and its anatase thermal
tability is enhanced with increasing the solvothermal tempera-
ure. (ii) The as-prepared nanocrystalline TiO2 obtained at 160 ◦C
xhibits higher photocatalytic activity than that prepared by the
ransitional sol-thermal method at the same hydrothermal temper-
ture, demonstrating that the HST route is an extremely effective
ynthetic approach. (iii) As expected, Si doping greatly enhances
he anatase thermal stability, meanwhile effectively inhibiting the
rowth of the TiO2 crystallites, resulting in high photocatalytic
ctivity, superior to that of P25 TiO2.

It is suggested that the photocatalytic activity of nano-sized TiO2
s jointly determined by the photoinduced charge separation ability
nd the surface area. Based on the SPS responses, high anatase crys-
allinity, which can be produced by enhancing the anatase thermal
tability, greatly favors photoinduced charge separation. The phase
eparated SHT synthesis overcomes the difficulty of producing high
natase crystallinity and also with large surface area, resulting in
ighly active nanostructured TiO2-based functional materials with
igh thermal stability.
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