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ABSTRACT: In this work, we develop a facile and general strategy to
control the crystal forms and crystal facets of TiO2 nanocrystals. Ti(OH)4
was used as the precursor and different anions were used as capping
agents without any other organic surfactants. These anions can selectively
adsorb on the specific crystal facets of anatase, inducing the trans-
formation of conventional {101} facets to unconventional {001} facets
and {100} facets or even phase transformation to rutile and brookite.
Rutile and brookite TiO2 nanocrystals as well as anatase TiO2
nanocrystals with different facets ({101}, {001}, and {100}) exposed
are obtained. Photocatalytic selective reduction of nitrobenzene and
selective oxidation of benzyl alcohol are employed as a probe reaction to
test the redox properties of the as-prepared TiO2 nanocrystals. The
results show that the photocatalytic redox properties of TiO2 NCs are
dependent on their crystal forms and crystal facets. Specially the
photocatalytic activities of different anatase crystal facets show different
orders in reduction and oxidation reactions, respectively. The reduction
ability of different anatase crystal facets can be ranked as {101} > {001} >
{100}. While the oxidation ability of different facets can be ranked as
{101} ≈ {001} ≈ {100}. Surface and electronic structures should be the
origin that account for their different activity orders in different reactions.
Based on the results in the two model reactions, one important principle
should be pointed out. When we discuss the crystal-facet-dependent
catalytic activities of TiO2 nanocrystals, we should analyze the results
based on specific reactions.

■ INTRODUCTION

TiO2, as one of the most widely used metal oxides, shows quite
promising applications in photoelectrochemical solar cells,
photocatalysis, lithium-ion batteries, and heterogeneous
catalysis.1−3 The building of various TiO2 nanostructures has
achieved great success due to the development of synthetic
methods. In the past few years, TiO2 nanocrystals (TiO2 NCs)
with specific facets exposed have drawn great attention due to
the new physicochemical properties.4,5 Through controllable
chemical synthesis, some infrequent crystal facets of TiO2 can
be obtained. These infrequent facets may show higher surface
energy and active surface reactivity compared to conventional
thermodynamically stable facets.6,7 In addition, these well-
defined TiO2 nanocrystals are superior model catalysts for us to
study the photocatalytic mechanism.

Generally, anatase, rutile, and brookite are three common
polymorphs of TiO2.

8 Recently, great progress has been made
in the crystal facets of anatase TiO2 NCs. A breakthrough was
first made by Gao Qing Lu and his co-workers.6 By utilizing F−

as a facet selective agent, anatase TiO2 microcrystals with {001}
facets dominated are prepared. Afterward, many subsequent
works have been done including synthesis of TiO2 nanocrystals
with {001} facets exposed, TiO2 NCs with other facets (e.g.,
{100} facets) exposed and their hierarchical structures.
However, most of the former works are concentrated on the

shape control of anatase NCs. Little attention is paid on the
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synthesis of rutile and brookite NCs. Rutile and brookite may
show better performances in some photocatalytic reactions
compared to anatase due to their different crystal structures.9,10

Moreover, in some previous studies, organic surfactants are
employed to control the exposing facets of TiO2 NCs.11−13

Since these organic surfactants are hard to remove, they will
seriously restrict the applications of TiO2 NCs, especially their
catalytic properties.14 If the surfactants are removed through
inconvenient methods, these TiO2 NCs will aggregate. Thus, it
is of great challenge to develop a green and general strategy that
is both effective for the crystal form control and shape control
of TiO2 NCs without using surfactants.
Except for the fast developments in the synthetic method-

ology, the investigations on morphology−activity relationships
in TiO2 are also intensively carried out. Majima and his co-
workers have investigated the reduction and oxidation reactivity
of different anatase crystal facets through single-particle
chemiluminescence imaging.15,16 They found that the reduction
ability of different anatase crystal facets can be ranked as {101}
> {001} ≥ {100}. Besides, the oxidation ability of different
anatase crystal facets can be ranked as {101} ≈ {001} ≈ {100}.
The activation of small molecules on TiO2 is also facet-
dependent. In the work of Zhao et al.,17 O2 may follow different
pathways when they participate in the oxidation of terephthalic
acid reaction. The electrons of {101} facets are more active in
activating water and O2. As for {001} facets, the adsorption of
O2 on {001} facets is more favorable than on the {101} facets,
resulting in the larger contribution ratio of O2 to water in the
hydroxylation reaction. These works imply that both surface
structures and electronic structures may be the origin that
accounting for the facet-dependent photoactivity of TiO2 NCs.
Because different model reactions or applications are used in

different works, the reactivity order of different facets may be
not unanimous.18−20 There are some controversies on the
photoactivities of different anatase crystal facets.21−23 More
importantly, some model reactions used in previous reports are
very complex (e.g., photodegradation of dyes), which are not
suitable for correlating the structures and activities.24,25 Some
reactions may need loading cocatalysts on TiO2, in which the
interface charge transfer may play an important role in the
catalytic processes.26,27 Thus, we need to employ some typical
reactions that are quite related to the intrinsic properties of
TiO2 NCs, so that we can better determine the relationships
between structures and activities. Recently, photocatalytic
organic reactions using semiconductors have attracted much
attention.28−32 The substrate molecules can be activated by the
semiconductors under light irradiation, leading to organic
transformation. The photocatalytic properties of the semi-
conductors are directly affected by their electronic and surface
structures. Therefore, photocatalytic organic reactions (selec-
tive oxidation and selective reduction) are suitable to be chosen
as probe reactions to investigate the redox properties of TiO2
nanocrystals with different crystal forms and crystal facets.
Herein, we present a new anion-assisted approach toward

controllable synthesis of TiO2 nanocrystals with different
crystal forms and crystal facets. Ti(OH)4 is used as precursor
for growth of TiO2 nanocrystals. Different anions (including
oxalates, lactates, fluorions, sulfates, and acetates) serve as
capping agents to control the growth direction of TiO2,
resulting in TiO2 nanocrystals with different crystal forms
(anatase, rutile, and brookite) and anatase TiO2 NCs with
different crystal facets ({101}, {001}, and {100}). Furthermore,
we try to study the crystal-form dependent and crystal-facet

dependent activities of the as-prepared TiO2 nanocrystals.
Photocatalytic selective reduction of nitrobenzene and selective
oxidation of benzyl alcohol are employed as probe reaction to
test the redox properties of the as-prepared TiO2 nanocrystals.
These two reactions can serve as the measurements of
reduction and oxidation abilities, respectively. Consequently,
we find that different crystal facets of anatase may show
different activity order in different model reactions. Surface
structures and electronic structures of different anatase TiO2
NCs should be the origins accounting for their discrepancies in
catalytic performance. This finding may deepen our under-
standings on the roles of crystal facets in photocatalysis, and
help us to design better photocatalysts with high activity and
selectivity.

■ EXPERIMENTAL SECTION
Synthesis of Ti(OH)4 Precursor. For the preparation of

Ti(OH)4, aqueous HCl with a concentration of 0.43 mol/L was
first prepared. Then 6.6 mL of TiCl4 was added to aqueous
HCl drop by drop under strong stirring in an ice bath to obtain
an aqueous TiCl4. This TiCl4 aqueous was then added to a 5.5
wt % aqueous NH3·H2O drop by drop under stirring. White
Ti(OH)4 precipitate could be formed during the process.
Afterward, about 10 mL of 4 wt % NH3·H2O aqueous was
added to adjust the pH value to 6−7. After aging at room
temperature for 2 h, the suspension was centrifuged, and the
precipitate was washed by water two times and ethanol one
time.

Synthesis of TiO2 Nanocrystals. For the synthesis of
octahedral anatase TiO2 nanocrystals, 2.0 g the fresh Ti(OH)4
precursor was first dispersed in the mixture of 15 mL water and
15 mL isopropanol. After stirring and ultrasonic treatment, a
suspension was obtained. Then the suspension was transferred
to a 50 mL Teflon-lined autoclave and heated for 24 h at 180
°C. After the reaction, the products were collected by
centrifugation and washed with deionized water three times
and ethanol one time.
To synthesize TiO2 nanocrystals with other crystal forms and

crystal facets exposed, the method is similar with the synthesis
of octahedral anatase except for the addition of other anions.
The experimental details can be seen in the Supporting
Information.

Characterizations. X-ray diffraction (XRD) measurement
patterns were recorded on a Philips X’pert Pro diffractometer
using Ni-filtered Cu Kα radiation (λ = 0.15 nm). The X-ray
tube was operated at 40 kV and 40 mA. Transmission electron
microscopy (TEM) images were taken on a JEM-2100
instrument at an acceleration voltage of 200 kV. The samples
were crushed and dispersed in A.R. grade ethanol and the
resulting suspensions were allowed to dry on carbon film
supported on copper grids. X-ray photoelectron spectroscopy
(XPS) analysis was performed on a PHI 5000 VersaProbe
system, using monochromatic Al Kα radiation (1486.6 eV)
operating at 25 W. The sample was outgassed overnight at
room temperature in a UHV chamber (<5 × 10−7 Pa). All
binding energies (BE) were referenced to the C 1s peak at
284.6 eV. The experimental errors were within ±0.1 eV. UV−
vis diffuse reflectance spectroscopy (UV−vis DRS) were
recorded in the range of 200−800 nm by a Shimadzu UV-
2401 spectrophotometer with BaSO4 as reference.

Photocatalytic Activity Test. Photocatalytic Selective
Reduction of Nitro Compound. Each nitro compound (0.08
mmol) was dissolved in 25 mL of isopropanol solution. The
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solution and catalyst were added to a Pyrex glass tube, and the
tube was sealed with a rubber septum cap. A total of 10 mg
catalyst was dispersed well by ultrasonication for 5 min, and N2
was bubbled through the solution for 5 min. The tube was
photoirradiated at λ > 300 nm with magnetic stirring using a
500 W Hg lamp, where the light intensity at 300−450 nm was
35 W m−2. The solution temperature during photoirradiation
was 303 K. After the reaction, the catalyst was recovered by
centrifugation, and the resulting solution was analyzed by GC-
FID or GC-MS. The substrate and product concentrations
were calibrated with authentic samples. Analysis was performed
at least three times and the errors were ±0.2%.
Photocatalytic Selective Oxidation of Alcohol. Each

alcohol compound (0.1 mmol) was dissolved in 15 mL of
benzotrifluoride solution. The solution and catalyst were added
to a Pyrex glass tube, and the tube was sealed with a rubber
septum cap. A total of 20 mg catalyst was dispersed well by
ultrasonication for 5 min, and O2 was bubbled through the
solution for 5 min. The tube was photoirradiated at λ > 300 nm
with magnetic stirring using a 500 W Hg lamp, where the light
intensity at 300−450 nm was 35 W m−2. The solution
temperature during photoirradiation was 303 K. After the
reaction, the catalyst was recovered by centrifugation, and the
resulting solution was analyzed by GC-FID or GC-MS. The
substrate and product concentrations were calibrated with
authentic samples. Analysis was performed at least three times
and the errors were ±0.2%.

■ RESULTS AND DISCUSSION
Because the surface of TiO2 NCs are composed with both Ti
atoms, O atoms, and hydroxyl group, anions containing atoms
with large electronegativity (like F and O) will show strong
electronic interaction with the surface of TiO2 and be enriched
on the surface of TiO2 particles.

33 Due to this interaction, the
surface energy of TiO2 will change, leading to the surface
reconstruction and anisotropic crystal growth.33,34 To exclude
the intrusion of other anions in the usual Ti complex, we
prepared Ti(OH)4 as precursor for synthesis of TiO2 NCs. As
shown in Scheme 1, Ti(OH)4 can be converted into TiO2 NCs

during hydrothermal process (step 2). During the hydrothermal
crystallization, we can introduce different anions to control the
growth direction of TiO2 NCs. As a result, we can obtain TiO2
NCs with different crystal forms (anatase, rutile, and brookite,
in step 3a) and anatase nanocrystals with different facets
({101}, {001}, and {100} facets, in step 3b). To the best of our
knowledge, this is the first report for tuning the crystal forms
and crystal facets of TiO2 NCs in only one synthesis system.

The anions used in the synthesis can be easily removed by
washing with aqueous NaOH and water. XPS and XRF have
proved that no F− and SO4

2− can be detected. These TiO2 NCs
are free of organic surfactants and show regular shapes, which
are ideal model platforms to investigate the catalytic properties
of TiO2.
Ti(OH)4, obtained from the precipitation of TiCl4, shows an

amorphous structure according to XRD and TEM results
(Figures S1 and S2). The fresh Ti(OH)4 is then dispersed in
the mixture of water and isopropanol (v/v = 1:1) to form a
suspension. After hydrothermal treatment for 24 h at 180 °C,
Ti(OH)4 can be converted to octahedral TiO2 NCs with a size
of 20−50 nm (Figure 1a). XRD pattern indicates that these

octahedrons are anatase TiO2, denoted as TiO2-A-O. From the
HRTEM images (Figure 1b), we can figure out that there are
eight {101} facets exposed in TiO2-A-O. Besides, a small
fraction of {001} facets (<5%, calculated according to the
geometric model by Wullf construction, see Figure S3) also
exist.35 We have tracked the evolution process from Ti(OH)4
to TiO2-A-O by TEM (Figure 2) and XRD (Figure 3). The
TEM results for products at different reaction times show that
anatase TiO2 seeds are formed at the beginning stage (1 h).
With prolonging the time, these seeds gradually grow larger,

Scheme 1. Anion-Assisted Crystal Form and Crystal Facet
Control of TiO2 Nanocrystals

Figure 1. (a, b) TEM and HRTEM images of octahedral anatase TiO2
nanocrystals (TiO2-A-O); the inset in (b) is a geometrical model; (c,
d) TEM and HRTEM images of rutile TiO2 nanorods (TiO2-R), the
inset in (d) is a geometrical model; (e, f) TEM and HRTEM images of
brookite TiO2 nanocrystals (TiO2−brookite), the inset in (f) is a
geometrical model; (g) XRD patterns of the above three samples; (h)
atomic crystal cells of TiO2 nanocrystals with different crystal forms.
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turning to octahedral TiO2 NCs (as described in Figure 2g).
XRD patterns corresponding to the products at different
reaction time show that only anatase TiO2 nanoparticles are
formed throughout the hydrothermal process. The dominant
percentage of {101} facets is in accordance with the low surface
energy of {101} facet in normal environment.35

Interestedly, rutile TiO2 NCs (Figure 1c,d) can be obtained
after hydrothermal reaction when we add (NH4)2C2O4 into the
suspension of Ti(OH)4. According to the calculations in Figure
S4, these rutile nanorods with a length of 100−200 nm mainly
show {110} facets (ca. 88%) as well as {111} facets (ca.

12%).36,37 From Figure 4, we can figure out that anatase TiO2
seeds with poor crystallinity are formed at the beginning stage.

After hydrothermal reaction for 2 h, rutile TiO2 nanocrystals
with small sizes are also formed. Further prolonging the
reaction time to 6 h, large rutile nanorods will appear with
some anatase nanocrystals around them (Figure 4e). The phase
transformation is confirmed by the XRD patterns (Figure 5).
After hydrothermal reaction for 18 h or longer, uniform and
well-crystalline rutile nanorods can be obtained. The transition
process from amorphous Ti(OH)4 to anatase seeds to rutile
TiO2 NCs are described in Figure 4g.

Figure 2. Evolution of octahedral anatase TiO2 nanocrystals during the
hydrothermal process. The TEM images are corresponding to
products obtained at different reaction time: (a, b) 30 min; (c, d) 1
h; (e, f) 6 h. (g) Schematic illustration of the growth mechanism of
anatase TiO2 octahedrons.

Figure 3. XRD patterns of products obtained at different reaction time
during the synthesis of octahedral anatase TiO2 nanocrystals.

Figure 4. Evolution of rutile TiO2 nanocrystals during the hydro-
thermal process. The TEM images are corresponding to products
obtained at different reaction time: (a, b) 30 min; (c, d) 1 h; (e, f) 6 h.
(g) Schematic illustration of the growth mechanism of rutile TiO2
nanorods.

Figure 5. XRD patterns of products obtained at different reaction time
during the synthesis of rutile TiO2 nanorods.
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Nevertheless, if we use lactates as capping anions, brookite
TiO2 NCs (TiO2−brookite) can be synthesized after hydro-
thermal treatment of Ti(OH)4, as presented in Figure 1e and
Figure 1f. The as-prepared brookite TiO2 NCs have a length of
∼80 nm, a width of ∼60 nm. HRTEM analysis suggests that
{201}, {210} and {101} facets are exposed in TiO2−brookite
sample.9,38 A similar phase transformation from anatase to
brookite can also be observed during the formation process of
TiO2−brookite NCs (Figures S5 and S6). Anatase TiO2 seeds
with a size of 20 nm are formed after 30 min of hydrothermal at
180 °C. Subsequently, brookite TiO2 NCs (ca. 50 nm) as well
as anatase TiO2 nanoparticles (ca. 8 nm) surrounding them can
be obtained. When the reaction time increases to 6 h or longer,
only brookite TiO2 NCs with good crystallinity can be seen. A
schematic illustration about the stepwise transition is displayed
in Figure S7.
In the above three sets of experiments, although the final

products show totally different crystal forms (Figure 1h),
anatase TiO2 seeds are formed at the starting stage. These
anatase seeds should result from the fast aggregation and
crystallization of Ti(OH)4 in a water−isopropanol mixture at
high temperature. If no additives are introduced, the
thermodynamically stable octahedral anatase TiO2 NCs will
formed after enough time. However, if specific anions are
added, they will adsorb on the surface of anatase seeds, leading
to the change of surface energy. Due to the strong interaction
between anions and TiO2 surface, reconstruction, and
recrystallization may occur, leading to phase transformation
from anatase to rutile or brookite.39 Because of the different
structures of different anions, they will show diverse influences
during the hydrothermal reaction, resulting in TiO2 NCs with
various structures and morphologies. In this anion-assisted
synthetic method, we can easily obtain high-quality TiO2 NCs
with tunable crystal forms.
In addition, we have utilized other anions for the shape

control of TiO2 NCs with the same crystal form. As displayed
in Figure 6a, truncated octahedral anatase TiO2 NCs (TiO2-A-
TO) are formed when F− is used as the capping anions. The
TiO2-A-TO sample show both {101} facets and {001} facets
according to the HRTEM images (Figure 6b). From the
geometrical model of TiO2-A-TO, we can figure out that the
percentage of {001} facets and {101} facets are 25% and 75%,
respectively (Figure S8). Through the TEM images of products
at different reaction time (Figure 7), we can conclude that the
formation of TiO2-A-TO should follow a stepwise ripening-
crystallization mechanism. With the increase of reaction time,
the size and crystallinity of TiO2-A-TO will grow simultaneous,
which is confirmed by the XRD (Figure 8). This growth
mechanism is similar with that of TiO2-A-O. No phase
transformation can be observed in both hydrothermal
processes. However, the introduction of F− will show significant
effects on the morphology of anatase seeds and interim TiO2
nanocrystals. Because of the capping effect of F− on {001}
facets, the percentage of {001} facets in the interim TiO2
nanocrystals are larger than those in the synthesis of TiO2-A-O.
The capping effect of F− on {001} facets is similar with the
work of Yang and his co-workers.6 F− will be selectively
adsorbed on {001} facets and lower the surface energy, leading
to larger percentage of {001} facets than TiO2-A-O.
When we change F− to SO4

2‑ or Ac−, the hydrothermal
products are anatase TiO2 nanorods: long nanorods (TiO2-A-
LR) for SO4

2− (Figure 6c,d) and short nanorods (TiO2-A-SR)
for Ac− (Figure 6e,f). HRTEM analysis confirms that {100}

facets are the dominant facets in these two samples, as well as
{101} facets and {001} facets. Notably, the percentage of {100}
facets in TiO2-A-LR (ca. 79%, as shown in Figure S9) is larger
than that in TiO2-A-SR (ca. 61%, as shown in Figure S13). The
growth processes of TiO2-A-LR and TiO2-A-SR are also tracked
with XRD and TEM. The results are presented in Figures S10−
S12 and S14−S16. Similar to situation in synthesis of TiO2-A-
TO, no phase transformation occurs during the hydrothermal
process. As we can see in Figure 6h, the atomic structures of
{101}, {001}, and {100} are quite different from each other.
Because of the distinct atomic structures, different anions will
selectively adsorb on specific crystal facets and lower their
surface energy. However, no matter what kind of anions we use,
truncated octahedral anatase TiO2 seeds with {101} facets
exposed can all be found at the beginning stages, implying that
the role of different anions should be controlling the growth
direction of the starting TiO2 seeds. When Ac− and SO4

2− are
added, surface reconstruction of {101} facets may occur and
produce {100} facets. Afterward, Ac− and SO4

2− can facilitate
the growth along c axis, resulting anatase nanorods with {100}
facets exposed. Furthermore, because the interaction between
{100} facets and SO4

2− may be much stronger, the
corresponding products are longer with a higher percentage
of {100} facets.

Figure 6. (a, b) TEM and HRTEM images of truncated octahedral
TiO2 nanocrystals (TiO2-A-TO), the inset in (b) is a geometrical
model; (c, d) TEM and HRTEM images of long-rod shaped anatase
TiO2 nanocrystals (TiO2-A-LR), the inset in (d) is a geometrical
model; (e, f) TEM and HRTEM images of short-rod shaped TiO2
nanocrystals (TiO2-A-SR), the inset in (f) is a geometrical model; (g)
XRD patterns of the above three samples; (h) atomic models of
different facets of anatase.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp4064774 | J. Phys. Chem. C 2013, 117, 18578−1858718582



For the state-of-art shape control of metal nanocrystals, small
adsorbents like CO, Br− or amines can show dramatic impact
on their crystal facets and shapes.40,41 However, this strategy
has not been widely applied in the synthesis of metal oxides. In
our work, we have extended this strategy to different anion
adsorbents, including halide ions, hydroxide anions, and organic
anions. By choosing different anions, we can adjust the surface
energy of different anatase crystal facets, which will change the
growth direction of TiO2 NCs during hydrothermal synthesis.
Besides, if the interaction between the anions and the anatase
TiO2 seeds are strong enough, surface reconstruction will
occur, leading to the phase transformation to rutile and

brookite. Due to the above driving force, tuning the crystal
forms and crystal facets of TiO2 NCs can be realized. On the
other hand, by extending this strategy, we can utilize or design
anions or molecules as capping agents for controllable
synthesizing metal or other oxide nanocrystals.
Generally, the photocatalytic reactions by TiO2 are caused by

the photogenerated electrons and holes. In some reactions (like
photocatalytic degradation of organic molecules), both
electrons and holes participate in the process.24,25 Besides, in
some other reactions (like water splitting), other metal or metal
oxides should be loaded on TiO2 as cocatalysts, which may
hinder the activity comparison between different crystal facets
of TiO2 because of the charge transfer between TiO2 and
cocatalysts.26,27 Thus, to show the intrinsic roles of electronic
structures and surface structures of TiO2 NCs in photocatalytic
process, we have chosen two typical organic reactions
(reduction of nitrobenzene and oxidation of benzyl alcohol)
as probe reaction to investigate the crystal-form-dependent and
crystal-facet-dependent photoredox activity of TiO2 NCs. In
this work, TiO2 nanosheets (TiO2-A-NS) with about 80%
{001} facets exposed (Figures S17 and S18) are also
synthesized for comparison.
As shown in Figures 9 and S19, the photocatalytic reduction

of nitrobenzene to aniline by TiO2 NCs is performed.

Nitrobenzene is reduced by electrons produced by TiO2
under UV irradiation.42 P25 is employed as a standard sample
for comparison and about 50% conversion is achieved after
reaction for 30 min. For TiO2 NCs with different crystal forms,
brookite (TiO2−brookite) with a 58 μmol h−1 conversion rate
shows poor activity compared to rutile (TiO2-R, 144 μmol h

−1)
and anatase (TiO2-A-O, 192 μmol h−1). Their different activity
can be ascribed to their different crystal and electronic
structures. As for anatase TiO2 NCs with different crystal
facets exposed, the photoactivity vary greatly when the
percentages of {101}, {001}, and {100} facets change. Only
{101} and {001} facets are exposed in TiO2-A-O, TiO2-A-TO,
and TiO2-A-NS. The conversion of nitrobenzene gradually
drop with the decrease of percentage of {101} facets, suggesting
that {101} facets show higher activity than {001} facets. TiO2-
A-SR and TiO2-A-LR samples are dominated with {100} facets.
Interestingly, the conversions in TiO2-A-SR and TiO2-A-LR are
both lower than TiO2-A-NS, which infers that {100} facets are

Figure 7. Evolution of truncated octahedral anatase TiO2 nanocrystals
during the hydrothermal process. The TEM images are corresponding
to products obtained at different reaction time: (a, b) 15 min; (c, d) 1
h; (e, f) 6 h. (g) Schematic illustration of the growth mechanism of
anatase TiO2 truncated octahedrons.

Figure 8. XRD patterns of products obtained at different reaction time
during the synthesis of truncated octahedral anatase TiO2 nanocrystals.

Figure 9. Photocatalytic performances of TiO2 NCs with different
crystal forms and crystal facets in reduction of nitrobenzene to aniline
after reaction for 30 min.
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inert in photocatalytic reduction of nitrobenzene compared to
{101} and {001} facets. Notably, the TiO2-A-LR sample with a
larger percentage of {100} facets achieve only 30% conversion.
From the above analysis, we can conclude that the activities of
different anatase crystal facets in photocatalytic reduction
reaction follow this order: {101} > {001} > {100}. The
selectivity of nitrobenzene to aniline is also displayed in Figure
9. TiO2-A-O with high activity also shows excellent selectivity,
while TiO2-A-LR shows low selectivity. It seems that {100}
facets of anatase TiO2 are not suitable for this reaction.
Photocatalytic reduction reactions of nitroaromatics with

various substituents by TiO2-A-O are also performed (Table
S1). The corresponding anilines show >95% yields, indicating
the superior catalytic activity of anatase TiO2 NCs with {101}
facets exposed. The stabilities of TiO2 NCs in photocatalytic
reactions are also investigated. We take TiO2-A-O with {101}
facets dominant as an example. As presented in Figure S20,
TiO2-A-O shows good activity after five cycles for reduction of
nitrobenzene. TEM images and HRTEM images (Figure S21)
prove that the octahedral morphology is preserved and the
exposed facets are still {101} facets, inferring the stability of the
crystal facets during photocatalytic redox reactions.
The BET surface areas for different TiO2 NCs are

summarized in Table S2. Rutile and brookite TiO2 NCs
show relative low surface areas because of their large particle
sizes. Their low surface areas may be one reason accounting for
their low activity compared to anatase TiO2 NCs. As for
anatase TiO2 NCs, the surface areas are quite closed to each
other although their exposed crystal facets are different. In the
previous study, the photocatalytic reduction of nitrobenzene by
TiO2 is affected by the surface structures of TiO2 and the
reduction ability of photogenerated electrons.42−44 Due to their
different crystal structures and smaller surface area, TiO2-R and
TiO2−brookite shows lower activity compared to anatase TiO2
NCs. As for anatase TiO2 NCs with different facets exposed,
the different structures of crystal facets should be important
factors because they show similar surface areas. The selective
adsorption of nitroaromatics may have relationship with the
surface atomic structures, which affects the catalytic activity.45,46

Due to the enrichment of electrons in the nitro group, surface
oxygen vacancies are the adsorption sites for nitrobenzene.21 In
anatase TiO2 NCs, the surface oxygen vacancies are usually
companied with Ti3+.47,48 Thus, surface Ti3+ should be the
binding sites for nitrobenzene. In situ ESR spectra are used to
measure the content of Ti3+. No Ti3+ signals can be found in
dark environment for the five samples. As shown in Figure S22,
ESR signals corresponding to Ti3+ can be obtained after UV
light irradiation.14,49 Due to their distinct atomic structures and
electronic structures, Ti3+ show different stability and
concentration on different anatase crystal facets.14,50,51 The
contents of Ti3+ in anatase TiO2 NCs follow this order: TiO2-
A-NS > TiO2-A-TO > TiO2-A-O > TiO2-A-SR > TiO2-A-LR.
TiO2-A-NS with {001} facets dominated have more Ti3+ than
TiO2-A-O with {101} facets dominated. The lowest content of
Ti3+ in TiO2-A-LR is consistent with its low activity. However,
TiO2-A-O shows better activity than TiO2-A-NS, implying
some other factors may also affect the activities in photo-
catalytic reduction of nitrobenzene.
Except for the surface structures, the electronic structures of

different crystal facets may also have great influences on their
different activity. Because the reducing agent in the reduction of
nitrobenzene is photogenerated electrons, the energy of
electrons should be another factor that affects the activity.

We also investigate the band structures of these TiO2 NCs with
UV−vis spectra (Figure S23 and Table S3) and XPS valence
spectra (Figure S24) Therefore, we can get a rough band
structure diagram of TiO2 NCs with different crystal facets
exposed (Figure 10). As we can see, the five samples show

similar VB (valence band) levels and different CB (conduct
band) levels. According to the band structures, the reduction
abilities of different anatase crystal facets can be ranked as
{101} > {001} > {100}. The order of the reduction ability of
different anatase crystal facets is different with the previous
reports. In the work of Cheng et al., anatase microcrystals are
used to compare the reduction abilities of different crystal
facets.21 The large discrepancy in particle size may be the
reason accounting for the different order.8 Besides, the
oxidation ability of different anatase crystal facets can be
ranked as {101} ≈ {001} ≈ {100}. The order of the reduction
ability of different anatase crystal facets is very consistent with
their activities in photocatalytic reduction of nitrobenzene.
Excited electrons in TiO2-A-O have stronger reduction ability
than those in TiO2-A-NS, although there are more Ti3+ sites in
TiO2-A-NS. The photocatalytic results indicate that the
electronic structures play a more dominating role in photo-
catalytic reduction reactions.
To further test the oxidation activity of TiO2 NCs with

different crystal forms and crystal facets, we employ the
selective oxidation of benzyl alcohol as probe reaction. As
presented in Figures 11 and S25, rutile (18 μmol h−1) and
brookite TiO2 NCs (15 μmol h−1) show relatively poor
compared to octahedral anatase TiO2 NCs (26 μmol h−1).

Figure 10. Schematic illustration of band structures of anatase TiO2
nanocrystals.

Figure 11. Photocatalytic performances of TiO2 NCs with different
crystal forms and crystal facets in oxidation of benzyl alcohol to
benzaldehyde after reaction for 4 h.
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Combining the results in Figures 9 and 11, we can conclude
that anatase TiO2 catalysts are the superior catalysts in both
photocatalytic organic reactions. Notably, anatase TiO2 NCs
with different crystal facets exposed show similar activity (the
conversion rates range from 24 μmol h−1 of TiO2-A-NS to 28
μmol h−1 of TiO2-A-LR), which is in contrast with their big
discrepancies in photocatalytic reduction of nitrobenzene.
Therefore, the activities of different anatase crystal facets in
photocatalytic oxidation reaction follow this order: {101} ≈
{001} ≈ {100}. From Figure 11, we can find that the five
anatase TiO2 catalysts show high selectivity of benzaldehyde.
Photocatalytic selective oxidation reactions of alcohol with
various substituents by TiO2-A-O are also performed (Table
S4). High activity and selectivity are achieved. Cyclability of
TiO2-A-O is also excellent in photocatalytic oxidation of
alcohols (Figure S26). The morphology and dispersion of
TiO2-A-O are preserved after five cycles (Figure S27).
Jincai Zhao and his co-workers have demonstrated the

oxygen atom transfer mechanism in the photocatalytic
oxidation of alcohol.52 According to the band structures in
Figure 10, the oxidation abilities of photogenerated holes on
different anatase crystal facets are almost identical due to their
identical VB potential, which is consistent with their closed
catalytic activities in Figure 11. In addition, in the photo-
catalytic oxidation of alcohols, the surface hydroxyl groups play
an important role in bonding alcohols.53,54 The amount of
hydroxyl groups will vary with the crystal facets. According to
the surface model of {101}, {001}, and {100} facets and the
optimized structures in a moderate environment, the density of
a surface hydroxyl group on different crystal facets can be
determined.28,55 The {100} facets show the highest hydroxyl
group density. The {101} facets are the medium and {001}
facets show the lowest density of hydroxyl groups. Through
XPS spectra, we can obtain the relative amounts of hydroxyl
groups on TiO2 NCs with different crystal facets exposed. As
we can see in Figure S28 and Table S5, TiO2-A-NS shows the
lowest amount of hydroxyl group, whereas TiO2-A-LR shows
the highest amount. The experimental results are in line with
the theoretical calculations. Due to the low content of surface
hydroxyl sites, the oxidation of alcohol over {001} facets are
not favored.
Comparing the activity order of anatase TiO2 NCs in the

above two model reactions, we can find that the activity order is
unanimous. This inconsistency is caused by different catalytic
mechanisms of two reactions. Electronic structures and surface
structures are the origins accounting for their different activity
order. Moreover, based on the above analysis, one important
principle should be pointed out. When we discuss the crystal-
facet-dependent catalytic activities of TiO2 nanocrystals, we
should analyze the results based on specific reactions.

■ CONCLUSIONS
In summary, we report a facile strategy to synthesize TiO2
nanocrystals with controllable crystal forms and crystal facets.
Anions with different molecular structures are used as
absorbents to control the crystal forms and crystal facets
during the crystallization of TiO2 NCs. These well-defined
TiO2 NCs are used as model catalysts to test their crystal-form-
dependent and crystal-facet-dependent catalytic activities.
Combining the catalysis results in both photocatalytic reduction
of nitrobenzene and photocatalytic oxidation of benzyl alcohol,
we can find that both the crystal forms and the crystal facets are
important factors that affect their photoactivity. Anatase TiO2

NCs show better activity in both reactions. More importantly,
different crystal facets of anatase may show different activity
order in different model reactions. The reduction ability of
different anatase crystal facets can be ranked as {101} > {001}
> {100}. While the oxidation ability of different facets can be
ranked as {101} ≈ {001} ≈ {100}. Surface structures and
electronic structures of different anatase TiO2 NCs should be
the origins accounting for their discrepancies in catalytic
performance. To some extent, when we try to correlate the
photoactivity of TiO2 NCs with their morphologies, we should
only discuss their relationship on specific reactions. On the
other hand, aiming at specific reactions, figuring out the crucial
factors in the catalytic process will help us design more efficient
photocatalysts.
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