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Tri-phase (anatase, rutile, and brookite), bi-phase (anatase and rutile), and mono-phase (rutile) TiO2 nano-
materials with different morphologies were successively synthesized using a hydrothermal-hydrolysis
method and adjusting the Ti4+/Ti3+ molar ratio in a precursor solution. The properties of the fabricated
nanomaterials were characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), photocatalytic reaction, and other techniques. It has been shown
that TiO2 nanorods can be obtained by increasing the Ti4+/Ti3+ molar ratio in a precursor solution from
1:0 to 0.3:0.7. TiO2 nanoparticles are formed if the Ti3+ fraction in the solution is further increased. The
selective synthesis of TiO nanomaterials is explained by a decrease in the reaction rate and by changes
iO2

ydrothermal method
anorods
ixed crystalline

hotocatalytic activity

2

in acidity with increasing Ti3+ content. The tri-phase nanorods and bi-phase nanoparticles synthesized
with Ti4+/Ti3+ molar ratios from 1:0 to 0.8:0.2 and 0.2:0.8 to 0:1, respectively, have a higher degradation
ability with respect to methylene blue aqueous solutions under UV irradiation at ambient temperature
compared to purely rutile TiO2 nanorods synthesized with Ti4+/Ti3+ molar ratios from 0.7:0.3 to 0.3:0.7.
The high photocatalytic activity of the multi-phase TiO2 samples is primarily attributed to their larger

reco
band gap and suppressed

. Introduction

In recent years, the semiconductor heterogeneous photocatal-
sis technique has attracted significant attention for solving the
ncreasingly serious problems of environmental pollution. Com-
ared to other semiconductor photocatalysts, titania (TiO2) has
een proven to be the most preferable material for photocat-
lytic processes due to its biological and chemical inertness,
igh photoreactivity, non-toxicity, and photostability [1–2]. The
icrostructure and morphology are key factors for the photo-

atalytic activity of TiO2-based materials. It is generally assumed
hat, among the three crystalline polymorphs of TiO2, i.e., rutile,
natase, and brookite, the anatase phase or the mixed anatase/rutile
hase exhibits better photocatalytic properties. Most notably, it has
een demonstrated that nano-range TiO2 materials exhibit unique
roperties resulting from either an extremely large surface area-
o-volume ratio or quantum confinement effects of charge carriers

3].

As a typical nanomaterial, TiO2 nanorods synthesized by
ydrothermal-hydrolysis have generated increasing interest as
hotocatalysts since they satisfy the requirements of having a large

∗ Corresponding author. Tel.: +86 20 39310255; fax: +86 20 39310187.
E-mail address: jmnan@scnu.edu.cn (J. Nan).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.11.074
mbination of photo-generated electron–hole pairs.
© 2009 Elsevier B.V. All rights reserved.

percentage of reactive facets and a relatively shorter conduction
path. Huang and Gao [4] reported the synthesis of monodispersed
rutile nanorods of 4–6 nm in diameter and up to 50–150 nm in
length by hydrolysis of a TiCl4 solution in concentrated HNO3 under
ambient conditions in air without the requirement for a com-
plex apparatus. Cassaignon et al. [5] reported selective synthesis
of brookite, anatase, and rutile nanoparticles by the thermohy-
drolysis of TiCl4 in concentrated aqueous nitric acid, wherein the
selectivity was strongly dependent on the medium acidity. Sim-
ilarly, using aqueous solutions of TiCl4 and acidic additives, Yin
et al. [6] and Franklyn et al. [7] confirmed the selective forma-
tion of nanoparticulate anatase and rutile nanorods under different
acidic surroundings in a hydrothermal autoclave. Moreover, the
synthesis of rutile nanorods has also been reported from TiCl4
in an aqueous solution with 3-hydroxytyramine as a functional-
ization agent [8], in hydrochloric acid–alcohol aqueous solutions
[9], and in an ethanolic solution [10]. In addition, Jiu et al. [11]
reported the synthesis of a pure, highly crystalline anatase phase
through hydrolyzing titanium isopropoxide rather than a TiCl4 pre-
cursor in the presence of an ethylenediamine basic catalyst and

cetyltrimethylammonium bromide (CTAB) surfactant. Li et al. [12]
synthesized TiO2 nanorods by adding Ti(OBu)4 (Bu refers to –C4H9)
into the mixed solution of linoleic acid, triethylamine, and cyclo-
hexane and then sealing the solution in a Teflon-lined stainless
steel autoclave at 150 ◦C for 2 days. Nian and Teng [13] observed

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jmnan@scnu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.11.074
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hat a hydrothermal treatment of titanate nanotube suspensions
n an acidic environment results in the formation of single-
rystalline anatase nanorods with a specific crystal-elongation
irection.

All of the aforementioned investigations demonstrate that
recursors and solution surroundings result in a typical morphol-
gy, crystallinity, and phase composition of TiO2 nanorods. We
ave synthesized multi-crystalline TiO2 nanorods in hydrother-
al autoclaving by using mixed TiCl4 and TiCl3 solutions without

ny additives as precursors. In this paper, the synthesis of TiO2
anorods, their physicochemical characteristics, and photocat-
lytic activities are presented.

. Materials and methods

.1. Synthesis of TiO2 photocatalysts

All chemicals were of analytical grade and used as received
ithout further purification. In a typical synthesis process, TiCl4

nd TiCl3 were added in turn drop-wise into deionized water
45 mL) with magnetic stirring in an ice water bath. The total
mount of Ti was 0.05 mol with various molar ratios of Ti4+/Ti3+

1:0, 0.9:0.1, 0.7:0.3, 0.5:0.5, 0.3:0.7, 0.1:0.9, and 0:1 and labeled
s TiO2-A, TiO2-B, TiO2-C, TiO2-D, TiO2-E, TiO2-F, and TiO2-G,
espectively). Upon completion of the TiCl4/TiCl3 addition, the
ixture was stirred in an ice bath for another 3 h, and then

he resultant solution was transferred into a 50 mL Teflon-lined
tainless steel autoclave until 75% of its volume was filled. The
utoclave was kept in an oven at 150 ◦C for 48 h. After the auto-
lave was cooled down to room temperature, the white precipitate
as first collected by filtration and then washed and dried at

00 ◦C.

.2. Characterization of TiO2 photocatalysts

The phase compositions of the as-synthesized TiO2 sam-
les were identified by X-ray diffraction (XRD, D/max 2200,
igaku, Japan) with Cu K� radiation, at 30 kV and 30 mA,
nd with � = 0.154 nm. The morphology, structure, and mean
iameter of samples were characterized by scanning electron
icroscopy (SEM, JEOL JEM-5900LV, Japan) and by transmis-

ion electron microscopy (TEM, JEM-2010HR, JEOL, Japan). The
verage crystalline size in the samples was determined by
he Scherrer equation. The specific surface area of samples
as measured by nitrogen adsorption–desorption isotherms

t 77 K according to the Brunauer–Emmett–Teller analysis
BET, ASAP 2020, Micromeritics, USA). A desorption isotherm
as used to determine the pore size distribution using the
arrett–Joyner–Halenda (BJH) method. UV–vis diffuse reflection
pectra were obtained using a UV–vis spectrophotometer (UV-
501, Shimadzu, Japan).

The photocatalytic activities of TiO2 samples were eval-
ated by the degradation of methylene blue. Photocatalytic
egradation was carried out in a photochemical reactor (XPA-
, Xu-Jiang Electromechanical Plant, China) equipped with a

edium mercury lamp (300 W) at room temperature. All pho-

ocatalytic reactions were performed using identical initial
onditions: 200 mL 5 × 10−5 mol L−1 methylene blue solution
as mixed with 0.1 g of photocatalysts under constant mag-
etic stirring. Every five minutes during the reaction process,
mL of the methylene blue solution was taken to test the
oncentration of methylene blue using UV–Vis spectroscopy
� = 668 nm).
Materials 176 (2010) 617–622

3. Results and discussion

3.1. Structure and morphology of TiO2 photocatalysts

The XRD patterns of the TiO2 photocatalysts synthesized under
different molar ratios of Ti4+/Ti3+ in the precursor solution are
shown in Fig. 1. With increasing Ti3+ content, it was observed
that anatase and brookite diffraction peaks steadily became weaker
and then disappeared completely when the molar ratio of Ti4+/Ti3+

was changed from 0.7:0.3 to 0.3:0.7. The anatase diffraction peaks
appeared again and became stronger, whereas the intensities
of the rutile diffraction peaks became weaker when the molar
ratio of Ti4+/Ti3+ varied from 0.2:0.8 to 0:1. Therefore, it can be
concluded that TiO2 samples synthesized in different Ti4+/Ti3+

solutions present different crystalline phases. Samples TiO2-A and
TiO2-B contained all three crystalline phases: anatase (PDF card
71-1169, JCPDS), rutile (PDF card 87-0120, JCPDS) and brookite
(PDF card 29-1360, JCPDS). Samples TiO2-C, TiO2-D, and TiO2-E
contained a pure rutile phase. Samples TiO2-F and TiO2-G con-
tained anatase and rutile phases. Hence, tri-phase (anatase, rutile,
and brookite), bi-phase (anatase and rutile), and mono-phase (pure
rutile) TiO2 samples can be obtained by simply adjusting the molar
ratio of the Ti4+/Ti3+ in precursor solutions.

In previous works [5–7], it was pointed out that the selective
synthesis of brookite, anatase, and rutile nanoparticles by the ther-
mohydrolysis of TiCl4 was strongly dependent on the acidity of
the medium. The results presented in Fig. 1 validate the possibil-
ity of synthesizing multi-phase TiO2 materials and also indicate
that the hydrolyzing surroundings can be adjusted by changing
the molar ratio of Ti4+/Ti3+. It was found that the initial pH val-
ues of precursor solutions increase with increasing TiCl3 content
in the solution, which might affect the formation of TiO2 crystals
and, correspondingly, lead to the appearance or disappearance of
peaks of anatase, rutile, and brookite. The phase contents of anatase,
rutile, and brookite in the TiO2 composites are shown in Table 1 and
have been calculated from the integrated intensities of the anatase
(1 0 1), rutile (1 1 0), and brookite (1 2 1) peaks with the following
formulas [14,15]:
Fig. 1. XRD patterns of TiO2 samples synthesized under different Ti4+/Ti3+ precursor
solutions. The molar ratios of Ti4+/Ti3+ for samples TiO2-A to TiO2-G are 1:0, 0.9:0.1,
0.7:0.3, 0.5:0.5, 0.3:0.7, and 0.1:0.9, respectively.
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Table 1
Summary of the physicochemical properties of TiO2 samples synthesized with different Ti4+/Ti3+ molar ratios in the precursor solutions.

Abbr. of samples Molar ratio
of Ti4+/Ti3+

Crystalline
size (nm)a

Anatase
content (%)b

Rutile content
(%)b

Brookite
content (%)b

SBET (m2 g−1)c Pore size
(nm)d

Pore volume
(mL g−1)e

TiO2-A 1:0 20.3 11.4 67.6 21.0 45 11.86 0.1333
TiO2-B 0.9:0.1 26.7 8.4 71.3 20.3 41 15.57 0.1633
TiO2-C 0.7:0.3 21.1 – 100 – 42 16.04 0.1701
TiO2-D 0.5:0.5 18.3 – 100 – 47 17.55 0.2076
TiO2-E 0.3:0.7 16.6 – 100 – 63 17.51 0.2328
TiO2-F 0.1:0.9 9.8 54.5 44.5 – 127 9.56 0.2559
TiO2-G 0:1 8.5 72.3 27.7 – 133 10.4 0.2944

a Calculated using the Scherrer formula.

W

w
a
a
a
a

T
f
i

b Calculated using formulas in Refs. [14,15].
c BET surface area calculated from the linear part of the BET plot.
d BJH desorption average pore diameter (4 V/A).
e Single point total pore volume of the pores at P/P0 = 0.97.

B = KBAB

KAAA + AR + KBAB
, (3)

here WA, WR, and WB represent the weight fractions of the
natase, rutile, and brookite phases, respectively. AA, AR, and AB
re the integrated intensities of the anatase (1 0 1), rutile (1 1 0),
nd brookite (1 2 1) peaks, respectively. The variables KA and KB

re coefficients with values 0.886 and 2.721, respectively [14,15].

According to the phase contents of the TiO2 samples shown in
able 1 and their synthesis conditions, it can be concluded that the
ormation of the multi-crystalline TiO2 occurs due to the follow-
ng two factors. The first is that gradual growth is necessary for

Fig. 2. SEM images of (a) TiO2-A,
the formation of a single-phase system. The reaction rate of TiO2
formation with Ti4+ ions is too fast to attain thermodynamic equi-
librium under the condition of a high molar ratio of Ti4+. Thus, more
nuclei may be formed in a solution system, which subsequently
results in the formation of multi-phase resultants due to a high
degree of supersaturation. In contrast, heterogeneous nucleation
occurs when the degree of supersaturation is controlled by a low

level of Ti4+ [16,17]. A slow reaction rate can be maintained with an
increasing molar ratio of Ti3+ because Ti3+ must be first oxidized to
Ti4+ in order to form a TiO2 crystal. This slow oxidation by dissolved
oxygen results in the preferential formation of large single crystals
(pure rutile) with a thermodynamic equilibrium shape. The second

(b) TiO2-B, and (c) TiO2-F.
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[18,21], which indicates that the samples contain mesoporous
(2–50 nm) structures. The formation of mesoporous structures
for samples TiO2-F and TiO2-G is attributed to the aggregation
of TiO2 nanoparticles. As the molar fraction of the Ti3+ ions was
ig. 3. TEM micrographs of TiO2-B and TiO2-F samples: (a) overview image of TiO
attern of a TiO2 nanorod. (d) Overview image of TiO2-F.

actor is related to the pH of the precursor solutions [18]. Gener-
lly speaking, anatase is easily formed in a solution with a relatively
igh pH, while rutile requires a low pH [19]. A large amount of TiCl3
an provide a relatively high pH, which is one of the key reasons
hy samples TiO2-F and TiO2-G retain anatase as their main phase.

The crystalline sizes of TiO2 composites calculated by the Scher-
er equation [20] (˚ = K�/ˇ cos �, where ˚ is the crystallite size,
= 0.154 nm is the wavelength of the X-ray irradiation, K is usually

aken to be equal to 0.89, ˇ is the peak width at half-maximum
eight, and � is the diffraction angle of the (1 0 1) peak) are also
hown in Table 1. In general, the crystalline sizes of TiO2 composites
ecrease with increasing Ti3+ contents in the precursor solutions,
lthough the crystalline sizes of samples TiO2-B and TiO2-C are
lightly larger than that of TiO2-A, which are attributed to their
ifference of crystal structure formed under different precursor
olutions.

SEM and TEM studies reveal that an increasing TiCl3 content in
recursor solutions influences the morphology of TiO2 samples. By
arying the Ti4+/Ti3+ molar ratio from 1:0 to 0.3:0.7, TiO2 nanorods
ould be obtained, while mixtures of nanorods and nanoparticles
ere produced when the molar ratio of Ti4+/Ti3+ was varied from

.3:0.7 to 0:1. Especially in comparison with the sample synthe-
ized in a Ti4+ solution (Fig. 2a), more regular TiO2 nanorods were
btained after the addition of a certain amount of Ti3+. Three typical
EM images of TiO2 samples synthesized under different Ti4+/Ti3+

olar ratios are shown in Fig. 2. The SEM images of TiO2 samples
ynthesized under molar ratios from 0.9:0.1 to 0.3:0.7 are simi-
ar to the image in Fig. 2b, while Fig. 2c is representative of molar
atios from 0.2:0.8 to 0:1. The images also show that the morpholo-
ies of TiO2 samples correspond to their phase compositions and
reparation conditions.

The TiO2 nanorods and nanoparticles shown in Fig. 2 appear
o be stuck together; however, separated nanorods and nanopar-
icles can be observed in TEM images that show that the contact
orce between the TiO2 nanorods or nanoparticles is weak, although
o dispersant was added into the precursor solution during the
eaction process. Fig. 3 shows TEM images of TiO2 nanorods
nd nanoparticles obtained from samples TiO2-B and TiO2-F and
resents typical morphologies of TiO2 samples synthesized under
hese precursor conditions.

An overview of sample TiO2-B at a low magnification (Fig. 3a)
hows that it almost exclusively contains nanorods with lengths of
0–200 nm and diameters of 25–35 nm. The corresponding high-

esolution TEM (HRTEM) images are displayed in Fig. 3b and c.
he mono-crystalline nature of the nanorods with a perfect rutile
tructure is clearly visible. The fringe spacing parallel to the main
xis of the nanorod is estimated to be 0.32 nm, similar to the find-
ngs of Huang and Gao [4] and Tahir et al. [8]. This is close to the
b) and (c) HRTEM images of TiO2-B. The inset in (c) shows an electron diffraction

(1 1 0) lattice spacing of the rutile phase, indicating that crystal
growth is preferentially in the (1 1 0) direction, which results in
the anisotropic growth of the nanocrystals, leading to elongated
nanoparticles (nanorods) [8]. Furthermore, the diffraction pattern
shown in the inset of Fig. 3c (taken from a corresponding nanorod)
is consistent with the rutile phase. An overview of sample TiO2-F at
a low magnification in Fig. 3d shows that it contains a small quan-
tity of nanorods and a mass of nanoparticles, which indicates that
the formation of nanorods could be prevented if precursor solutions
containing an excess of Ti3+ ions were used.

The nitrogen adsorption-desorption isotherm and
Barret–Joyner–Halenda (BJH) pore size distribution analyses were
carried out to characterize the surface states of the TiO2 samples,
with typical results shown in Fig. 4. The curves corresponding to
samples TiO2-A and TiO2-D display type II adsorption-desorption
isotherms, which are typical characteristics of macroporous
materials. These macropores can be formed through the interag-
gregation of nanorods. The curves corresponding to samples TiO2-F
and TiO2-G are type IV isotherms (BDDT classification) [18,21].
At high relative pressures from 0.6 to 1.0, the isotherms exhibit
type H3 hysteresis loops that can be associated with aggregates
of plate-like particles that give rise to narrow slit-like pores
Fig. 4. Nitrogen adsorption–desorption isotherms and Barret–Joyner–Halenda
(BJH) pore size distribution plots (inset) of the TiO2-A, TiO2-D, TiO2-F, and TiO2-G
samples.
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Fig. 5. Photocatalytic degradation ratios of methylene blue vs. irradiation time using
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rutile), and pure rutile TiO nanomaterials with nanorod and
iO2 samples synthesized in different Ti4+/Ti3+ precursor solutions. Molar ratios of
i4+/Ti3+ for TiO2-A to TiO2-G are 1:0, 0.9:0.1, 0.7:0.3, 0.5:0.5, 0.3:0.7, and 0.1:0.9,
espectively.

ncreased, the hysteresis loops shifted towards smaller relative
ressures, and the areas of the hysteresis loops gradually became
igger. The BET surface area, pore parameter, and pore volume of
he as-prepared samples are summarized in Table 1. Concerning
he data presented in Table 1, it is considered that the BET surface
reas of the TiO2 nanorods are curved in their morphologies, and
he smaller BET surface area of the TiO2 nanorods compared to that
f the nanoparticles can be ascribed to a more regular morphology
f the nanorods.

.2. Photocatalytic activities of the TiO2 photocatalysts

Fig. 5 shows the degradation ratio of methylene blue vs. irradia-
ion time using the as-synthesized TiO2 photocatalysts. Samples
ynthesized with different Ti4+/Ti3+ precursor solutions present
ifferent photocatalytic activities corresponding to their physic-
chemical properties. Samples TiO2-A, TiO2-B, TiO2-F, and TiO2-G
how much higher photocatalytic activities compared to samples
iO2-C, TiO2-D, and TiO2-E.

It is generally accepted that the activities of TiO2 photocatalysts
epend on a large number of parameters, including phase struc-
ure, specific surface area and crystalline size [2,20–23]. Combined
ith the results presented in Fig. 1 and Table 1, the differ-

nt photocatalytic activities of these TiO2 photocatalysts can be
ttributed to their phase structures and specific surface areas. Pre-
ious reports indicate that composite photocatalytic materials with
ixed crystalline structures have higher reactivities because their

pecific crystalline structures lead to a suppressed recombination of
lectron–hole pairs [22,23]. The band gaps of the brookite, rutile,
nd anatase phases are 3.4, 3.0, and 3.2 eV [15], respectively. As
ndicated above, samples TiO2-A and TiO2-B are tri-phase (anatase,
utile, and brookite) and thus present higher photocatalytic activ-
ties due to their larger useful band gaps, and correspondingly,
hey exhibit more powerful redox abilities [23], although they have
ower specific surface areas.

Similarly, samples TiO2-F and TiO2-G are composed of two
hases (anatase and rutile), which can suppress the recombination
f electron–hole pairs and, consequently, enhance photocatalytic

ctivity [24]. Therefore, the narrow band gap of the rutile phase
ill absorb photons with longer wavelengths, while electrons and
oles excited in the rutile phase will not easily recombine due to
heir transfer into the anatase phase. In addition, the large spe-
Fig. 6. UV–vis diffuse reflectance spectra of samples TiO2-A, TiO2-D and TiO2-G.

cific surface areas of samples TiO2-F and TiO2-G explain why they
demonstrated high photocatalytic activities. Samples TiO2-C, TiO2-
D, and TiO2-E exhibited low photocatalytic activities because they
contain only the rutile phase, regular nanorod morphologies, and
relatively smaller specific surface areas.

The UV–vis diffuse reflectance spectra of the TiO2 samples
were recorded to obtain insight into their light absorption char-
acteristics, and typical results are shown in Fig. 6. In comparison
to samples TiO2-A and TiO2-D, sample TiO2-G shows a stronger
absorption in the 250–325 nm range and a blue shift in the band gap
transition, which can be attributed to differences in crystallite size
and the phase structure of the samples. The increased absorption
at wavelengths less than 390 nm is known to be caused by electron
excitations from the valence band to the conduction band of TiO2
[15]. The adsorption edge shift towards shorter wavelengths in the
sequence of TiO2-D, TiO2-A, and TiO2-G clearly indicates a grad-
ual increase of the band gap. The band gap energies are calculated
according to the following formula [25]:

Eg (eV) = 1240
�g

, (4)

where �g is the wavelength corresponding to the intersection point
of the vertical and horizontal parts of the spectra in Fig. 6. Thus, sam-
ples TiO2-A, TiO2-D, and TiO2-G Exhibit 3.04, 3.0, and 3.1 eV band
gap energies, respectively. The band gap of brookite is 3.4 eV [15],
which is higher than that of anatase or rutile, and can explain the
fact that the band gaps of samples TiO2-A and TiO2-G are slightly
larger than that of TiO2-D. The larger band gap of sample TiO2-G
compared to that of TiO2-A can be ascribed to a significantly smaller
brookite phase content of sample TiO2-A. These data agree well
with those reported by Luo et al. [26] and also with the above pho-
tocatalytic results. It can be concluded that the general differences
in the photocatalytic activities of these TiO2 samples are obvious,
although it is not easy to compare their photocatalytic activities by
using the full spectrum of the Hg lamp (from 250 nm to the visi-
ble region), taking into account that these catalysts absorb light in
different wavelength regions.

4. Conclusions

Tri-phase (anatase, rutile, and brookite), bi-phase (anatase and

2

nanoparticle morphologies have been successfully synthesized
in a hydrothermal autoclave through simple adjustments of the
Ti4+/Ti3+ molar ratios in the precursor solutions. Nanorods and
nanoparticles can be synthesized by increasing the Ti4+/Ti3+ molar
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atios from 1:0 to 0.3:0.7 and 0.2:0.8 to 0:1, respectively. It is con-
idered that the formation of nanorods takes place due to the slower
eaction rate associated with increasing molar fractions of Ti3+

ecause Ti3+ must first be oxidized to Ti4+ in order to form a TiO2
rystal. A change in the acidity of the precursor solutions is another
ey factor. Tri-phase TiO2 nanorods and bi-phase TiO2 nanoparti-
les exhibit higher degradation abilities to methylene blue aqueous
olutions compared to purely rutile TiO2 nanorods under irradia-
ion from a medium mercury lamp at ambient temperatures, which
an be mainly attributed to their mixed crystalline structure, larger
seful band gap, and suppressed recombination of electron–hole
airs.
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