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Accelerated room-temperature crystallization of
ultrahigh-surface-area porous anatase titania by
storing photogenerated electrons†
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Room-temperature crystallization, a mild and energy-efficient process,

shows important application potentials for developing functional

materials. We significantly accelerated the crystallization of amorphous

TiO2 at room temperature by storing photogenerated electrons and

the resulting porous anatase titania exhibits ultrahigh surface areas

up to 736 m2 g�1.

In recent years, considerable research efforts have been made
for the development of mild chemical synthesis routes without
energy-intensive processes to meet the requirement of green
chemistry (eco-friendly and energy efficient) and prospective
applications.1,2 Furthermore, low- and room-temperature synthesis
steps are particularly needed for the preparation of functional
materials with specific structures. Compared with the energy-
intensive approaches, mild synthesis routes would be helpful in
maintaining some compositions, morphologies or structures, and
thus beneficial for related properties and functions of materials.2

Porous titania is one of the most important synthetic functional
semiconductors because of its excellent physical/chemical properties
and large surface area.3–5 The construction of pore channels
conventionally involves a final thermal treatment at T Z 400 1C
to remove the template/surfactants/remnants. In addition, in
most cases, an energy-intensive treatment process is needed to
improve their crystallinity, e.g. calcination, solvo/hydrothermal,
microwave treatment, etc. (Table S1 in the ESI†). Recently, we
reported the spontaneous crystallization of porous amorphous
TiO2 (Am-TiO2) to anatase titania with a large surface area and
excellent photocatalytic performance, at room temperature in
80 days.6

The development of such a room-temperature crystallization
process without any solvent, additive, or catalyst is significant for
exploring green and energy-efficient chemical synthesis. None-
theless, the acceleration of the process of room-temperature
crystallization is desirable for the research and application of
such a mild synthetic route in the development of functional
materials.

Herein, we report that the room-temperature crystallization
from amorphous to anatase porous titania can be significantly
accelerated by storing photogenerated electrons (e�) (Fig. 1). In
most cases, e� acts as an intermediate with a limited amount and
short lifetime. Recently, we have successfully stored abundant e� on
the surface of porous titania in the form of Ti3+ through photo-
chemical reduction.7 The stored e� exhibited unique applications,
such as chemoselective hydrogenation of nitroarene and room-
temperature ferromagnetism.7–9 A mechanism for the accelerated
room-temperature crystallization is also discussed in this work.

Porous Am-TiO2 was synthesized photochemically according
to our previous report.7 After 30 min of UV-light irradiation,
abundant e� were stored on the surface of porous Am-TiO2

suspended in aqueous methanol (methanol as a sacrificial
agent of photogenerated holes improves the accumulation of
photogenerated electrons on Am-TiO2

7). A self-made reactor
with a volume of 3.5 L was applied to provide irradiation,
constant cooling and stirring in a lightproof enclosure as
shown in Fig. S1 (ESI†). We can carry out the storage of e� in

Fig. 1 Schematic representation of the accelerated room-temperature
crystallization from Am-TiO2 to anatase titania. Crystallization time is
reduced from 80 d to 2 d by storing e�.
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at least 140 g titania sample each time. As e� is stored on the
titania surfaces (denoted as TiO2(e�)), the color of the reaction
mixture gradually turned from white to dark gray (Fig. 2a,
Movie 1 in the ESI†), indicating that e� are trapped by Ti4+

ions and then stored in the form of Ti3+ ions. A characteristic
Ti3+ signal at g = 1.948 was detected in the electron paramagnetic
resonance (EPR) spectrum of TiO2(e�) (Fig. 2b).7 Subsequently,
TiO2(e�) was preserved for 2, 5, and 40 days, and the washed and
dried samples (surface Ti3+/e� were oxidized by O2 during washing
and drying in air, Fig. S2 in the ESI†) were denoted as TiO2(e�)-2d,
TiO2(e�)-5d, and TiO2(e�)-40d, respectively. By contrast, the samples
crystallized in air at room temperature, including TiO2-80d and TiO2-
300d, were also synthesized according to the previous method.6

As shown in Fig. 2c, TiO2(e�)-2d began to crystallize after
2 days, which was significantly accelerated compared with TiO2-
80d (began to crystallize after 80 days). The inset in Fig. 2c
shows the powder X-ray diffraction (XRD) patterns of Am-TiO2,
TiO2(e�)-2d and TiO2-80d. In contrast to Am-TiO2 with no
observable XRD peaks, both of TiO2(e�)-2d and TiO2-80d show
a set of characteristic peaks of anatase titania without any
impurity phase after crystallization at room temperature.
Although the crystallization time of TiO2(e�)-2d is one-fortieth
of that of TiO2-80d, TiO2(e�)-2d shows higher crystallinity. The
high crystallinity of TiO2(e�)-2d can be further confirmed by
high-resolution transmission electron microscopy (HR-TEM,
Fig. S3 in the ESI†) and selected-area electron diffraction
(SAED) patterns (Fig. S4 in the ESI†). The lattice spacing 0.35,
0.24, and 0.19 nm observed by HR-TEM correspond to the (101),
(004) and (200) crystal planes of anatase, respectively. The
diffraction rings observed in the SAED pattern also agree with
these results.

In addition, N2-adsorption measurements reveal that both
of TiO2(e�)-2d and TiO2-80d inherit the highly porous texture

from Am-TiO2 (Fig. 3). In particular, to our knowledge, TiO2(e�)-2d
possesses the maximum surface area (736 m2 g�1) of porous anatase
titania reported so far, a value nearly twice that of TiO2-80d
(400 m2 g�1) (Table S1 in the ESI†). It is known that the
crystallization process tends to impart tightness and regularity
to particle packing, which would increase both the number and
size of pores in a material. TiO2(e�)-2d from the accelerated
crystallization possesses more pores and smaller pore sizes,
which result in a larger Brunauer–Emmett–Teller (BET) surface
area compared with TiO2-80d. As anticipated, after a longer
crystallization time than that of TiO2(e�)-2d, TiO2(e�)-5d dis-
plays a slightly smaller BET surface area (689 m2 g�1) and larger
pore sizes (Fig. S5 and Table S2 in the ESI†). Therefore, the
storage of e� during the room-temperature crystallization pro-
cess of titania not only significantly reduces the reaction time,
but also contributes to the ultrahigh surface area of the as-
obtained porous anatase.

As shown in Fig. 4a, we compared the crystallization curves
of titania with and without e� based on the evolution of XRD
patterns10 (Fig. S6 and S7 in the ESI†). It was revealed that the
crystallinity of titania increased at distinct rates, and both of
the nucleation and crystal growth rates were accelerated by the
storage of e�. In our synthetic process of anatase (Fig. S8 in the
ESI†), titanium glycolate (TG) as the precursor of Am-TiO2 is
constructed by infinite chains, which consist of edge-sharing
TiO6 octahedra and organic ligands.11 After removing the
organic ligands by UV irradiation, TG was transformed into
Am-TiO2, which consists of randomly arranged TiO6 octahedra

Fig. 2 (a) Photographs of Am-TiO2 and TiO2(e�) in the photochemical
reactor. (b) The electron paramagnetic resonance (EPR) spectra of
TiO2(e�) at 77 K and room-temperature. (c) Crystallization time of TiO2-
80d (grey) and TiO2(e�)-2d (red); inset: the powder X-ray diffraction (XRD)
patterns of Am-TiO2, TiO2(e�)-2d, and TiO2-80d.

Fig. 3 (a) N2 adsorption–desorption isotherms and (b) pore size distribution
of TiO2(e�)-2d and TiO2-80d.

Fig. 4 (a) Room-temperature crystallization curves of titania with (red)
and without (black) e�. (b) Comparison of H2 production rates. Reaction
conditions: 50 mg catalyst; 1 wt% Pt loading; aqueous methanol solution
(50 vol%, 100 mL); and 300 W Xe lamp as a light source.
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or their edge-shared fragments (Fig. S9 in the ESI†).6 An orderly
rearrangement and connection of octahedral TiO6 units would
produce anatase titania (containing ordered edge/corner-sharing
TiO6 octahedra). Infrared spectroscopy (Fig. S10 in the ESI†),
thermogravimetric analysis (Fig. S11 in the ESI†), and elemental
analysis (Table S3 in the ESI†) suggested that Am-TiO2, TiO2(e�)-2d
and TiO2(e�)-5d contained ethylene glycol,12 which gradually
decreased as the crystallization time increased from Am-TiO2 to
TiO2(e�)-2d, and then to TiO2(e�)-5d. The residual ethylene glycol
remaining after the TG transformation may hinder the rearrange-
ment and interconnection of the TiO6 octahedra in Am-TiO2.
Therefore, we propose that the storage of e� facilitates the removal
of residual ethylene glycol from TiO6 octahedra and thus
accelerates the room-temperature crystallization of porous titania.
This is because the storage of e� turns some Ti4+ sites into Ti3+,
and weakens the Ti–O bond between titania and ethylene glycol
(Fig. S8, I, in the ESI†). In addition, we demonstrated that a proton
was attached to the surface oxygen combined with an e� stored on
the neighboring Ti3+,7 which is consistent with the concept
‘‘proton-coupled electron transfer (PCET)’’ proposed by Schrauben
et al.13 These protonated surfaces would be easily combined with
the hydroxyl group of other TiO6 octahedra in the vicinity.14

Thus, after eliminating a H2O molecule, a bridging oxygen bond
(Ti–O–Ti) would form between two neighbouring TiO6 octahedra,
which favors the connection of TiO6 octahedra to form anatase
(Fig. S8, II, in the ESI†). In addition, we flew oxygen through
TiO2(e�) and the resulting sample without e� could not crystallize
in the same solvent system even after 40 days. This observation
confirmed the key role of e� rather than the solvent in accelerating
the room-temperature crystallization process.

It was previously demonstrated that TiO2-80d was an efficient
photocatalyst for H2 evolution under UV light, due to its large
surface area and anatase structure.6 Photocatalytic H2 production
performance of the samples synthesized via accelerated room-
temperature crystallization was also investigated (see the ESI† for
details). In a control experiment, there was no H2 detected in the
absence of the photocatalyst or light. It should be noted that e� was
not stored in the catalyst during photocatalysis, but rapidly trans-
ferred to the loaded Pt co-catalyst and then reacted with H2O.
Fig. 4b presents the comparison of photocatalytic H2 evolution
rates of Am-TiO2, TiO2-80d, TiO2(e�)-2d, TiO2(e�)-5d and P25
(a benchmark photocatalyst). TiO2-80d, TiO2(e�)-2d, and TiO2(e�)-
5d show higher H2 evolution rates than those of P25 and Am-TiO2,
due to their larger surface areas and anatase structure resulting
from the mild room-temperature crystallization process. Compared
with TiO2-80d, TiO2(e�)-2d and TiO2(e�)-5d exhibited enhanced
photocatalytic activities and higher photogenerated charge separa-
tion efficiency (Fig. S12 in the ESI†). There was no obvious
difference of absorption onset or band gap among TiO2-80d,
TiO2(e�)-2d and TiO2(e�)-5d (Fig. S13 in the ESI†). The enhanced
photocatalytic performance should be mainly attributed to their
much larger surface area and higher crystallinity. TiO2(e�)-5d was
proved to be the sample with the highest photogenerated charge
separation efficiency and photocatalytic activity. This is mainly
due to its high crystallinity, although its BET surface area is

somewhat smaller than that of TiO2(e�)-2d. In addition, 10 cycles
of photocatalytic H2 evolution were performed over TiO2(e�)-2d,
and excellent stability was observed with no obvious loss of catalytic
activity (Fig. S14 in the ESI†) and no change in the crystal structure
(Fig. S15 in the ESI†).

In this work, a technology for storing photogenerated electrons is
for the first time applied for accelerating the amorphous–anatase
phase transition of porous titania materials with large surface areas
at room temperature. Thanks to the storage of e�, the reaction time
of such a mild room-temperature crystallization process was drasti-
cally reduced from 80 to 2 days. The as-prepared porous anatase
titania materials possess ultrahigh surface areas (up to 736 m2 g�1)
and high photocatalytic activity. Such a facile process permits easy
scale-up and is promising for wide applications in both fundamental
research and industrial productions.

This work was financially supported by the National Natural
Science Foundation of China (21403140 and 21403141). We
thank Dechun Qiu and Yi Zhang for their support to this work.
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