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ABSTRACT: The brookite phase of TiO2 is hardly
prepared and rarely studied in comparison with the
common anatase and rutile phases. In addition, there exist
immense controversies over the cognition of the light-
induced liveliness of this material. Here, a novel, low-
basicity solution chemistry method was first used to
prepare homogeneous high-quality brookite TiO2 single-
crystalline nanosheets surrounded with four {210}, two
{101}, and two {201} facets. These nanosheets exhibited
outstanding activity toward the catalytic degradation of
organic contaminants superior even to that of Degussa
P25, due to the exposure of high-energy facets and the
effective suppression of recombination rates of photo-
generated electrons and holes by these facets as the
oxidative and reductive sites. In contrast, irregularly faceted
phase-pure brookite nanoflowers and nanospindles were
inactive in catalytic reactions. These results demonstrate
that the photocatalytic activity of brookite TiO2 is highly
dependent upon its exposed facets, which offers a strategy
for tuning the catalysts from inert to highly active through
tailoring of the morphology and surface structure.

Titanium dioxide is regarded as one of the most promising
materials and has played an increasingly important role in

the remission of environmental and energy crises in recent
years.1,2 Among the three main crystallographic forms of TiO2,
naturally metastable brookite is the least investigated in
comparison with the comprehensively studied anatase and
rutile phases because of the difficulties encountered in acquiring
its pure form.3 What is more, selective control over the
exposure of specific crystal faces, especially the higher-energy
facets of brookite, seems even harder in this respect.
In the catalytic area, cognition of the photocatalytic activity

of brookite TiO2 is highly controversial: some reports indicate
that brookite is inactive toward degradation of dyes,4 while
others conclude that brookite is more reactive than its
counterparts anatase and rutile in terms of unit specific surface
area.5,6 Over this issue, the synergy in the frequently anatase-
and rutile-contaminated brookite TiO2 enhances the photo-

catalytic activity, which to some extent might confuse people
about the origin of the activity.4 On the other hand, reactive or
high-energy facets in catalysts contribute significantly to their
excellent activities in catalytic reactions.7,8 To settle the
disputes and interpret how to heighten their catalytic
performances, we synthesized three forms of high-quality
brookite TiO2 single crystals, namely, uniform nanospindles,
nanoflowers, and nanosheets, using a novel solution chemistry
approach. Morphology characterizations showed that both the
nanospindles and nanoflowers were irregularly faceted, while
the nanosheets were bounded by well-defined {210}, {101},
and {201} facets. The catalytic activities of these three distinct
morphologies were evaluated by using light-catalyzed degrada-
tion of dyes as a probe reaction. It was found that both
nanospindles and nanoflowers were inert toward bleaching of
dyes. Surprisingly, brookite nanosheets possessing a similar
specific surface area and absorption edge as the nanospindles
were extraordinarily active in degradation reactions, superior
even to Degussa P25 TiO2, as a consequence of the presence of
the high-energy {101} facets and efficient suppression of
photoinduced electron−hole pair recombination by these
unfolded facets as the oxidative and reductive sites.9 Therefore,
the catalytic activity of phase-pure brookite TiO2 is highly
dependent upon its specific exposed facets. These results
demonstrate that one can tune any catalyst from inert to highly
reactive simply by means of exposing some designated facets.
High-quality brookite TiO2 nanosheets were prepared

through a low-basicity hydrothermal process utilizing TiCl4 as
a titanium source, urea as an in situ OH− source, and sodium
lactate as the complexant and surfactant. After reaction at 200
°C for 12 h, the product was phase-pure brookite TiO2, as
indicated by the X-ray diffraction (XRD) pattern in Figure 1a.
Transmission electron microscopy (TEM) observations
showed that the product consisted of a large number of small
nanosheets with a regularly truncated tetragonal shape (Figure
1b). High-resolution TEM (HRTEM) indicated the single-
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crystalline nature of the nanosheets, which had a length of ∼80
nm, a width of ∼60 nm, and a thickness of ∼15 nm.
On the basis of the fast Fourier transform (FFT) analysis of

the lattice fringes (Figure 1c), it can be concluded that the
brookite nanosheets are surrounded with facets parallel to the
sharply terminated (210), (2̅1 ̅0), (101 ̅), (1 ̅01), (111), and
(1 ̅1̅1 ̅) edges (incident beam parallel to [12̅1]). Careful
examinations of the lattice fringes of single nanosheets
indicated that the contrast is alike in the areas close to two
{210} and two {101} boundaries, which is apparently higher
than that for {111} ones. Hence, four borders (i.e., two {210}
and two {101} boundaries) shape the side facets of each
nanosheet, while the other edges like (111) and (1̅1 ̅1 ̅) do not
[also see Figure S4a in the Supporting Information (SI)]. When
the sample holder was tilted to render the nanosheet to be
[12̅2 ̅] oriented (Figure 1d), the lattice fringes were observed to
terminate sharply at (201) and (2̅01 ̅) boundaries, indicating
that these edges form the facets of the nanosheet surface. In
addition, the spacing of the fringes parallel to the top and
bottom of the vertical nanosheet was 0.351 nm (Figure 1e),
which can be attributed to the (21 ̅0) and (2̅10) facets of
brookite TiO2. Further observations on various erected
nanosheets revealed angles of ∼68° between the exposed
(2̅10) and (101 ̅) planes and ∼100° between the (2̅10) and
(2 ̅1 ̅0) facets (Figure S4b,d), which agree well with the
theoretical angles of 68.05° and 99.82°, respectively. Therefore,

each nanosheet is surrounded by four {210}, two {101}, and
two {201} facets. With these analyses, a stereo-shape model
was constructed (see Figure 3d). Projections obtained by
rotating this model were in complete accordance with the
appearances that we observed experimentally. For instance, case
I in Figure 1f corresponds to Figure 1c, while cases II−VI
match well with Figures 1d, S4a, 1e, S4b, and S4d, respectively.
As indicated by Raman spectra [Figure S5(II)], samples of

nanosheets, nanospindles, and nanoflowers showed high phase
purity of the brookite structure. Additional scanning electron
microscopy (SEM) and HRTEM observations on both
nanospindles and nanoflowers indicated a single-crystal
structure of brookite but with no particular facets exposed
(Figure S5). Furthermore, regardless of morphology, similar
brookite absorption edges and band-gap energies were
observed. As manifested by UV−vis diffuse reflectance spectra
(Figure S6a), the absorption edges were found to be 389.1,
386.3, and 382.6 nm for the nanoflowers, nanospindles, and
nanosheets, respectively. The corresponding band-gap energies
were 3.03, 3.05, and 3.13 eV, as determined from plots of
(Ahν)1/2 versus energy (hν) (Figure S6b);5 these all fall
between the values of ∼3.2 eV for anatase and 3.0 eV for
rutile5,10 but are smaller than that of 3.4 eV for granular
brookite nanoparticles reported elsewhere.11,12

The formation of brookite nanoflowers and nanospindles
might proceed through the decomposition of titanates, as
previously reported.6,13 Recently, a few water-soluble titanium-
containing organic complexes have been explored as precursors
in the synthesis of phase-pure brookite TiO2,

14,15 although the
precursor preparation is cumbersome and the resulting grains
are usually irregularly faceted. Herein we initially adopted a
novel in situ-generated precursor, [Ti(C3H4O3)3]

2−, for the
formation of phase-pure brookite. This precursor (chiral space
group P213)

16 is more asymmetric than the commercial TALH
complex used for brookite synthesis by Bahnemann and co-
workers.15 Since brookite is featured by its low symmetry, our
[Ti(C3H4O3)3]

2− complex could be more efficient in forming
the brookite architecture under mild conditions such as a much
lower urea concentration and a shorter preparation period. The
preparation conditions were further optimized by a collection
of contrast experiments (Figures S2, S10, S11, and S12) and
sample characterizations (Figures S2 and S3). When the TiCl4
starting material was dissolved in water, the water-soluble
complex [Ti(OH)2(OH2)4]

2+ could be initially formed, and the
reaction solution became strongly acidic.17,18 This complex may
then be transformed into the brookite precursor [Ti-
(C3H4O3)3]

2− upon addition of sodium lactate to the reaction
solution. Considering the roles of lactate ions in forming the
[Ti(C3H4O3)3]

2− complex as reported in the literature,14,16 the
formation process for the current brookite precursor can be
expressed as follows:
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Such a precursor could not be transformed into the brookite
lattice but instead gave anatase when urea was incompletely
dissociated within the first 2 h of hydrothermal reaction at pH
<8 (Figure S2). When the reaction period was prolonged from
2 to 12 h, the urea was completely disintegrated to create a
moderately alkaline solution (i.e., pH 8−9), and the precursor

Figure 1. (a) Typical XRD pattern and (b) low-magnification TEM
image of phase-pure brookite nanosheets prepared after reaction at
200 °C for 12 h. (c−e) HRTEM images and (insets) corresponding
FFT results for (c, d) horizontally and (e) vertically oriented
nanosheets. (f) Views of the nanosheet model in various orientations
({210}, {101}, and {201} facets are represented in green, blue, and
red, respectively).
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was entirely condensed to form brookite through oxolation
during the crystallization process (Figure 2). Meanwhile, the

initial anatase structure progressively turned into brookite as a
result of assimilation triggered by the primary brookite lattice in
the presence of Na+, as reported for other sodium-containing
systems.19 However, when sodium lactate was replaced by a
mixture of lactic acid and NaCl during the preliminary 2 h of
reaction, complexation of [Ti(OH)2(OH2)4]

2+ by lactic acid to
engender [Ti(C3H4O3)3]

2− did not proceed effectively because
the strong acidity of the reaction solution restrained the
ionization of weak lactic acid. As a result, the subsequent course
was mainly the dissociation of [Ti(OH)2(OH2)4]

2+ to form a
large quantity of anatase with little rutile and brookite (Figure
S11b).
The present methodology is evidently characterized by a

lower solution basicity (pH 8−9) resulting from the use of the
hydrosoluble precursor [Ti(C3H4O3)3]

2−, which permits the
successful preparation of high-quality brookite nanosheets with
specific facets exposed (Figure 1) at a lower temperature (200
°C) for a shorter period of reaction (12 h). It should be
mentioned that specific facets of brookite could not be
successfully obtained under strongly basic (pH ≥10) or acidic
(pH <2) solution conditions even at temperatures of ≥220 °C
for reaction times of ≥20 h, as documented previously.3,20 With
these in mind, the exposure of specific facets is closely related
to the absorption of extra lactate ions known as the surfactant
onto the specific planes of brookite to reduce the surface
energy,21 thus causing the kinetically selective control of the
growth rates of various faces of a grain seed. Consequently,
brookite particles with well-developed facets were obtained.
The atomic structures of the exposed {210}, {201}, and

{101} facets are illustrated in Figure 3a−c. From the stereo-
shape model in Figure 3d, the percentages of these facets are
estimated to be ∼76, ∼12, and ∼12%, respectively. Previous
theoretical calculations22 have shown the sequence of surface
energies of brookite TiO2 to be 0.87 J/m

2 for {101} and 0.70 J/
m2 for {210}. Therefore, the {101} facets are expected to have

a much higher reactivity than the common {210} facets because
of the increased catalytically active sites on the highly energetic
surfaces.7 Another set of high-index {201} facets is barely
accessible, although once they appear, they may show a catalytic
activity superior to those of flat planes with atoms closely
packed.23 Furthermore, photodeposition of Pt and PbO2 on
brookite nanosheets was studied, following the methods
reported in the literature for rutile and anatase.24,25 It was
found that the {201} facets serve as oxidation sites, while the
remaining {210} and {101} facets act as reduction sites (Figure
S8). Although the nanosheet thickness is small, the percentages
of the {101} and {201} lateral facets are each as high as 12%,
since these facets are not perpendicular to the basal planes.
Therefore, brookite nanosheets are anticipated to be reactive in
catalytic reactions by virtue of the exposure of high-energy
{101} facets, and the photocatalytic efficiency can be evidently
enhanced via trapping of the photoinduced holes and electrons
by these redox sites,9 which is of great interest.
The photocatalytic activity of brookite TiO2 nanosheets was

evaluated under UV irradiation using methyl orange (MO) as a
probe molecule, as shown in Figure 4a. The relevant data for

other morphologies surrounded with irregular surfaces (e.g.,
flower- and spindlelike brookite TiO2) are also given for
comparison. When no catalysts were involved, decomposition
of MO was negligible within the test period of 3 h.
Furthermore, flower- and spindlelike brookite did not show
any catalytic activity toward MO decomposition. Compara-
tively, brookite nanosheets showed excellent activity in
decolorization of MO with a complete degradation time of

Figure 2. Formation mechanism proposed for phase-pure nanosheets
of brookite TiO2.

Figure 3. (a−c) Surface structures of brookite TiO2: (a) {210}; (b)
{201}; (c) {101} planes. (d) Stereo-shape model proposed for
brookite nanosheets and its frame diagram.

Figure 4. (a) MO photocatalytic degradation in the presence of
brookite nanosheets, nanoflowers, and nanospindles, Degussa P25, and
no catalyst. (b) Fluorescence intensities for these samples at 425 nm
using terephthalic acid as a fluorescence probe of ·OH.
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70 min. Increasing the preparation period of the nanosheets
shortened the decomposition time by 10 min, indicating a
catalytic activity superior to that of Degussa P25 in terms of
unit specific surface area (Figure S9). Such an activity
improvement could be ascribed to the evidently increased
nanosheet thickness, which boosts the percentage of reactive
{101} facets and oxidative {201} facets (Figures S4c, S4d).
The nature of the catalytic activity was further confirmed

through ·OH measurements using terephthalic acid as a
fluorescence probe under UV irradiation (Figure 4b and Figure
S7). It was found that brookite nanospindles and nanoflowers
showed a higher photoinduced electron−hole recombination
rate, as represented by the faint fluorescence intensities. In
contrast, the nanosheets showed a higher production rate of
·OH radicals relative to Degussa P25 TiO2, which demonstrates
an effective suppression of electron−hole recombination. The
remarkable difference in activities for these morphologies could
not derive from the surface areas, since the inert nanospindles
have a surface area of 12.70 m2/g, slightly smaller than that of
28.93 m2/g for the highly active nanosheets (Table S1 in the
SI). On the other hand, light-absorption discrepancies for these
morphologies can be ignored under the present experimental
conditions, as indicated by nearly the same absorption edges
and band-gap energies (Figure S6). Therefore, the above
experimental results testify that the photocatalytic property of
brookite TiO2 is highly dependent on its surface structure, and
through exposure of high-energy {101} facets and effective
separation of photoinduced electrons and holes for more ·OH
radicals by these oxidative ({201}) and reductive ({210} and
{101}) sites, one can tune this material from inert to highly
reactive.
In summary, high-quality brookite TiO2 nanosheets

surrounded with four {210}, two {101}, and two {201} facets
have been prepared using a novel low-basicity solution
chemistry method. These nanosheets showed an outstanding
activity toward degradation of organic contaminants that is
even better than that of Degussa P25, while other morphologies
such as irregularly faceted nanoflowers and nanospindles were
catalytically inactive. These results indicate that the catalytic
activity of brookite TiO2 is highly morphology-dependent,
which provides a new path for tuning the catalysts from inert to
highly reactive. Furthermore, the facile synthesis and massive
applications of pure brookite and explorations of the relation-
ship between specific facets of brookite TiO2 and their
reactivities together with other related properties, which
could not be realized in the past, are now feasible.
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