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ABSTRACT: In this paper, the phase transformation in water at low
temperature from amorphous TiO2 to semi-crystalline anatase is reported.
Our approach is an environmentally friendly low energy consumer process
that requires no specific devices or instrumentation. The phase transition
occurs even at room temperature. However, the higher the temperature is,
the better the crystallinity is. Crystallization of amorphous titania occurs
through a rearrangement of the TiO6

2− octahedral units in amorphous TiO2.
The phase transformation is catalyzed by water, which adsorbs on the titania
surface to form bridges between the surface OH groups of different
octaedra. The obtained titania samples have been used for the photo-
degradation of methyl orange. Because of the formation of anatase,
mesoporous TiO2 exhibits a photocatalytic activity after treatment in water.
However, the activity is lower than that of the standard photocatalysts
because the TiO2 treated during 1 h in water at 120 °C has degraded 85% of
methyl orange within 240 min compared to 45 min for P25.
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■ INTRODUCTION

Because of their applications in energy conversion and storage,
catalysis, sensing, adsorption, and separation, ordered meso-
porous oxides such as SiO2, ZrO2, Al2O3 have attracted much
attention for the past few years.1,2 Among them, titania is of
particular interest for applications in electronics and electro-
chemical systems, including photoelectrochemical solar cells,
electrocatalysis, optoelectronic sensors devices, and high
performance photocatalytic films.3−7 The photocatalytic activity
of TiO2 is one of its distinctive features, mainly attributed to its
anatase phase,8,9 and it is reported that higher crystallinity
enhanced drastically the photocatalytic activity of TiO2
materials.10,11 In addition to crystallinity, the efficiency of the
photocatalyst will also depend on its specific surface area. From
this point of view, mesoporous TiO2 is an excellent candidate
for this application.12,13 Two mechanisms can lead to the
formation of these ordered TiO2 mesostructures.14 The first
way is the soft templating pathway that implies co-assembly of
the titania precursor and surfactant, similar to the preparation
of ordered mesoporous silica.15−23 However, using the
templated synthesis, TiO2 with amorphous walls are usually
recovered. The crystalline structure is obtained after heating the
material at higher temperature, but this process is often
responsible for the collapse of the framework. The second way

to prepare ordered mesostructures is the hard-templating
method. In that case, the mesoporous titania is prepared in a
confined space, for example, via replication of mesoporous silica
as a hard template. Because the template prevents collapse of
the mesostructure upon calcination, the main advantage of this
method is the preservation of the ordered mesopore channel
array during the crystallization step at high temperature.
However, this pathway is time consuming (long process), not
environmentally friendly, and can require specific devices and
instrumentation. The transformation of an amorphous wall into
a semi-crystalline framework without the collapse of the
mesostructure by a simple, low energy, and environmentally
friendly way is therefore still a challenge. In this paper, we
demonstrate that the amorphous walls of ordered mesoporous
TiO2 can be transformed into semi-crystalline anatase frame-
work by a simple, green, and low temperature treatment in
water.
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■ MATERIALS AND METHODS
Preparation of Amorphous Ordered Mesoporous Titania.

Mesoporous titania have been prepared and characterized according to
the procedure we have previously reported.22,23 The obtained
mesoporous titania materials have amorphous walls.
Anatase Formation. To carry out this study, 3 g of as-synthesized

mesoporous titania were placed in deionized water at room
temperature or refluxed at 80, 100, or 120 °C under stirring. After
various immersion times, solutions were filtered. The samples were
dried and analyzed.
Photocatalytic Activity. Methyl orange (Aldrich) was used as a

model dye. Analyses have been performed according to the procedure
we have previously reported.24 The error on the measurement is
estimated to 5%.

■ RESULTS AND DISCUSSION
As shown in Figure 1, the materials recovered after treatment in
water at room temperature (RT) or at 80 °C adopt hexagonal

structure (Figure 1A and B). The (100), (110), and (200)
reflections lines characteristic of the hexagonal array are
detected at 12.2, 6.9, and 5.9 nm. The unit cell parameter a0
(a0 = 2d100/3

1/2) is calculated to 14.1 nm after 0.25 h in water
at RT. By increasing the temperature to 100 (Figure 1C) or
120 °C (Figure 1D), the secondary reflections disappear when
the treatment in water is prolonged, meaning that disorganiza-

tion of the mesopore network occurs. After treatment at 100 °C
during 32 h, the presence of the main diffraction peak at 11.7
nm means that the mesopores are still present, but no
organization exists. The higher the temperature is, the more
pronounced the phenomenon is. At 120 °C after 8 h (Figure 1
D), no peak is observed on the SAXS patterns. In that case,
collapse of the mesostructure has occurred, and the materials
adopt a completely random-oriented pore structure. After
treatment in water at room temperature according to the
IUPAC classification,25 the samples exhibit a type IV isotherm,
characteristic of mesoporous materials (Figure S1A, Supporting
Information). The isotherms exhibit a hysteresis in accordance
with pore necking. The pore size distribution is rather narrow,
and taking into account the error on the measurement, about
5%, we can consider that the pore diameter, determined by the
BJH (Barret, Joyner, Halenda) method,26 remains constant to
about 9.0 nm (Figure S1A, insert, Supporting Information).
The value of the specific surface area sharply reaches a plateau,
about 340 m2/g, after 15 h (Figure S2A, Supporting
Information). A similar behavior is noted after treatment at
80 (S1B and S2B) or 100 °C (Figures S1C and S2C,
Supporting Information). In addition no significant variation of
the specific surface area is observed with an increase in
temperature (Table 1).
By increasing the temperature to 120 °C, from Figure S1D of

the Supporting Information, we can note that up to 1 h of
treatment the shape of the isotherm and the pore size
distributions are not modified. We can also consider that in

Figure 1. SAXS patterns of the started mesoporous titania and after
immersion of TiO2 in water during different times at room
temperature (A), 80 (B), 100 (C) and 120 °C (D).

Table 1. Specific Surface Area, Pore Diameter, and Pore
Volume of Mesoporous TiO2 After Treatment in Water

temperature
duration
(h)

specific surface
area (m2/g)

pore
diameter
(nm)

pore volume
(cm3/g)

room
temperature

0.25 170 8.4 0.24
0.5 258 8.6 0.37
1 267 8.9 0.35
2 270 8.9 0.37
5 288 8.8 0.41
8 305 9 0.33
24 345 9 0.45

80 °C 0.25 278 8.4 0.44
0.5 261 8.4 0.4
1 259 8.6 0.38
2 280 8.8 0.43
5 301 8.3 0.45
8 307 8.2 0.46
24 356 8.4 0.51

100 °C 0.25 275 8.3 0.40
0.5 300 9.3 0.51
1 296 8.9 0.47
2 319 9.3 0.48
5 307 8.2 0.43
8 318 8.3 0.36
24 356 8.4 0.51

120 °C 0.25 422 9.1 0.52
0.5 420 9.1 0.5
1 289 8.4 0.21
2 226 - 0.16
5 234 - 0.17
8 202 - 0.12
24 149 - 0.09
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this period the pore diameter is unchanged. After 1 h at this
temperature, the disorganization of the mesostructure detected
by SAXS is also reflected by nitrogen adsorption−desorption
analyses by both the spreading of the capillary condensation
and the drop of the dV/dD values (Figure S1D, insert,
Supporting Information). The pore size distribution is also
broader. Until 1 h of treatment, the value of the specific surface
area is in the same range as the one obtained after immersion in
water at lower temperatures (Figure S2D, Supporting
Information). Beyond 1 h of treatment, SBET sharply decreases
to reach 200 m2/g after 8 h (Table 1). As a consequence, to
keep the hexagonal pore ordering with a high specific surface
area, the treatment in water at 120 °C of the mesostructure
TiO2 should not exceed 1 h.
In the range of 2θ, comprised between 10 and 40°, no peak is

observed on the diffractogram of the untreated mesostructured
titania (Figure 2). Upon treatment in water, the (101) and

(004) reflections of anatase appear on the XRD patterns
(Figure 2). The higher the temperature is, the higher the
intensity and better the resolution of these reflections are. We
can also observe that Ti3O5 appears after treatment at 120 °C.
Using the Scherrer formula,27 the mean size of the crystalline
domains [D = 0.9 λ/(w cos θ), w is the width at half-maximum
of the (101) peak] has been evaluated and the values are
reported in Table 2. It is clear that bigger crystallites are
obtained when the temperature or the immersion time in water
is increased. For example, after 24 h, D varies from 4.2 to 8.7

nm if the temperature is changed from room temperature to
120 °C. We can also note that the particles size is lower than 10
nm whatever the experimental conditions. The formation of
anatase is further confirmed by Raman analysis. The typical
vibrations of anatase22,23 are detected on the Raman spectrum
of commercial anatase (Figure 3, insert). As expected, no

vibration due to the anatase is detected on the Raman spectrum
before treatment (Figure 3). After immersion during 8 h at
room temperature, traces of anatase can be detected on the
Raman spectra (Figure 3), in particular the band at 153 cm−1,
which is attributed unambiguously to the Eg mode. However,
the Raman peaks are broad, and their intensity is rather low,
indicating that the titania is not well crystallized, in accordance
with the XRD results. By increasing the temperature, the
intensity of the Raman vibrations of the water-treated
mesoporous titania increases. We can also observe that the Eg
mode is shifted to lower wave numbers. For example, after
immersion at 100 °C, this band is located at 148 cm−1. The Eg
mode provides information about the size of the anatase
crystallite.28,29 The Eg band is located at 146 cm−1 for the
material plunged in water at 120 °C during 8 h and at 145 cm−1

for the titania recovered after 24 h at this temperature,

Figure 2. XRD patterns of mesoporous TiO2 after immersion in water
during 8 h (A) or 24 h (B) at different temperatures.

Table 2. Variation of Coherent Domain Size of Anatase with
Temperature

duration of immersion room temperature 80 °C 100 °C 120 °C

8 h − 3.5 nm 4.2 nm 6.9 nm
24 h 4.2 nm 4.3 nm 4.4 nm 8.7 nm

Figure 3. Raman spectra of mesoporous TiO2 after immersion in
water during 8 h (A) or 24 h (B) at different temperatures. Spectrum
of commercial anatase with particle size above 20 nm is also given as
reference.

ACS Sustainable Chemistry & Engineering Letter

dx.doi.org/10.1021/sc400323w | ACS Sustainable Chem. Eng. 2014, 2, 120−125122



confirming the presence of a nanosized crystallite domain when
the temperature of the water is raised. The formation of the
nanocrystalline anatase particles upon treatment in water is
further evidence by the TEM images. As depicted in Figure 4,
anatase nanocrystallites are clearly observed on the dark field
TEM images (Figure 4A), even after a stay in water at room
temperature. Because either the honeycomb like arrangement
or the hexagonal stacking of the channels are observed in
Figure 4B, it should also be noted that the TEM micrographs
support the SAXS results, i.e., that the channel arrangement is
preserved after treatment in water.
Two main tendencies can be drawn from the results reported

above. First, the hexagonal pore ordering is maintained when
the mesostructured titania are immersed in water at room
temperature, 80, 100, or 120 °C for short duration (≤1 h); for
longer time at this temperature, the mesostructure collapses.
Second, during the treatment, nanocrystalline anatase appears.
The higher the temperature is, the better the crystallization is.
The appearance and the growth of the crystalline structure with
temperature thus lead to the loss of mesopore ordering when
the treatment at 120 °C is prolonged. Anatase is composed of
TiO6 octahedra sharing faces, and to obtain this structure from
amorphous titania, rearrangement of the TiO6

2− octahedral
units in the amorphous TiO2 are necessary. In such a process,
water plays a key role. As a matter of fact, in a paper dealing
with the crystallization of anatase from amorphous titania using
the hydrothermal techniques, Yanagisawa et al.30 have

investigated the mechanism of anatase crystallization from
amorphous titania. In their study, the authors have prepared the
amorphous TiO2 by different methods, but never in the
presence of surfactant. In addition, no mesopore ordering is
obtained. The amorphous to anatase phase transition is
catalyzed by water, which adsorbs to the titania surface. In
the first step, water molecules form bridges between surface
OH groups of different octahedra, which has only one common
vertex using the two lone pairs of electrons on the oxygen.
Then, dehydration and eventually the addition of a third
tetrahedron, driven by water, will involve the formation of the
more thermodynamically stable anatase nuclei. Finally, the
crystallization of amorphous titania proceeds through a
dissolution−precipitation process in which randomly distrib-
uted TiO6

2−‑ octahedra are dissolved and rearrange themselves
driven by water and precipitate. This dissolution−precipitation
process is favored at high temperature.30 In the same way,
Yanagida et al.31 have also investigated the synthesis of pure
anatase by the hydrothermal method under autoclaving
conditions at 200 °C by using amorphous TiO2 as the starting
material and various acids as catalysts. They have shown that in
the presence of HCl or HF, narrow-sized anatase TiO2 with
regular crystalline surface is obtained, where the use of citric or
nitric acid leads to the formation of rutile. More recently, the
phase transition induced by water was also exploited by Wang
et al.32 and by Que et al.33 to develop the crystallization of
amorphous titania nanotubes at low temperature. Here, even if

Figure 4. Bright field TEM showing anatase crystallite (A) and TEM micrographs (B) of mesoporous TiO2 after immersion in water during 8 or 24
h at different temperatures.
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no autoclave treatment is performed and no acid is used as
catalyst, we can assume that the amorphous walls of
mesoporous titania are transformed into anatase according to
a similar mechanism than the one propose by Yanagisawa et
al.30 In our case, the phase transition occurs spontaneously. To
the best of our knowledge, this is the first time that such a
phenomenon is observed for ordered mesoporous titania
materials. So, when the mesostructured TiO2 with amorphous
walls is placed in water, the latter catalyzes the nucleation of the
anatase phase according to the mechanism described above,
even at room temperature. As observed on the XRD spectra, on
the Raman spectra and on the TEM images, by increasing the
temperature, the crystallinity of titania can be enhanced, and
the particles grow. However, at 120 °C, both an increase in the
crystallite size and the dissolution−precipitation process, which
is accelerated with temperature, involve a complete collapse of
the mesostructure if the treatment is prolonged beyond 1 h.
The obtained mesoporous titania materials have been tested for
the photodegradation of methyl orange. As shown in Figure 5,

after treatment in water, the photocatalyst efficiency is
enhanced. Indeed, for the TiO2 recovered after 1 h at 120
°C, 85% of methyl orange is degraded with 240 min. The
photoactivity can be related to the appearance of anatase.34

Using a model of pseudo-first-order reaction,24 the degradation
rate (k) has been calculated, and its value varies from 0.005 (1
day at 120 °C) to 0.0017 min−1 (24 h at room temperature),
depending on the immersion condition time of TiO2 into
water. Usually to transform the amorphous TiO2 to anatase,
calcination is used. So, to investigate the role of crystallinity, we
have also compared the efficiency of the photocatalysts
recovered after immersion in water and after calcination. To
get the mesoporous titania with crystalline walls, the
amorphous TiO2 was calcined at 400 °C under the same
conditions previously reported.23 In addition, the photocatalytic
activity of the highly ordered mesoporous titania has been
compared with the one of the commercial photocatalysts.
Degussa P25 (70% anatase, 30% rutile, and 50 m2 g−1 BET
surface area), Nanopowder [NP−TiO2−A−10a TiO2 (anatase,
99%, 10 nm, and 210 m2 g−1 BET surface area)] from MTI
Corporation, and anatase from Aldrich (25 nm and 45−55 m2

g−1 BET surface area) have been considered. From Figure 5, we
can see that P25 and TiO2 anatase from Aldrich show superior
photocatalytic efficiency compared to the mesoporous TiO2
arising from the crystallization under treatment in water. Even if

its specific surface area is lower (165 m2/g BET surface area), a
similar tendency is obtained with calcined TiO2. As a matter of
fact, in that case, about 100% of the dye is degraded within 240
min. This confirms that the degree of crystallinity of TiO2 is a
key parameter for the design of photocatalyst. However, it
should be noted that Nanopowder (NP−TiO2−A−10a TiO2)
has a lower activity. This shows that the photocatalyst efficiency
depends also on the size of the particles.

■ CONCLUSIONS
Ordered mesoporous TiO2 with a semi-crystalline framework
has been prepared by a green, relatively simple, and effective
method without post-treatment. The anatase structure is
obtained by phase transformation of amorphous TiO2 in
water. The Raman, DRX, and TEM analyses show that the
phase transformation can occur even at room temperature. The
formation of anatase is favored when the temperature is
increased; however, if the immersion at 120 °C is higher than 1
h, the mesopore ordering is lost.
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