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ABSTRACT: In this work, we have succeeded in preparing
rutile and anatase TiO, mesoporous single crystals with diverse
morphologies in a controllable fashion by a simple silica-
templated hydrothermal method. A simple in-template crystal
growth process was put forward, which involved heterogeneous
crystal nucleation and oriented growth within the template, a
sheer spectator, and an excluded volume, i.e., crystal growth by
faithful negative replication of the silica template. A series of
mesoporous single-crystal structures, including rutile mesopo-
rous TiO, nanorods with tunable sizes and anatase mesoporous
TiO, nanosheets with dominant {001} facets, have been
synthesized to demonstrate the versatility of the strategy. The
morphology, size, and phase of the TiO, mesoporous single
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crystals can be tuned easily by varying the external conditions such as the hydrohalic acid condition, seed density, and
temperature rather than by the silica template, which merely serves for faithful negative replication but without interfering in the
crystallization process. To demonstrate the application value of such TiO, mesoporous single crystals, photocatalytic activity was
tested. The resultant TiO, mesoporous single crystals exhibited remarkable photocatalytic performance on hydrogen evolution
and degradation of methyl orange due to their increased surface area, single-crystal nature, and the exposure of reactive crystal
facets coupled with the three-dimensionally connected mesoporous architecture. It was found that {110} facets of rutile
mesoporous single crystals can be considered essentially as reductive sites with a key role in the photoreduction, while {001}
facets of anatase mesoporous single crystals provided oxidation sites in the oxidative process. Such shape- and size-controlled
rutile and anatase mesoporous TiO, single crystals hold great promise for building energy conversion devices, and the simple

solution-based hydrothermal method is extendable to the synthesis of other mesoporous single crystals beyond TiO,.
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B INTRODUCTION

The mesoporous framework of metal oxides with single
crystallinity has attracted great interest due to its high surface
area, good thermal and mechanical stability, and superior
charge-transport capability.' ™ These intriguing merits endow
high potential to the mesoporous single crystals of metal oxides
in wide ran%ing areas from power generation to energy
conversion.* ™ To date, many templating strategies, including
soft-"~'* and hard-templated approaches,"®™** have been
widely employed to construct mesoporous structures. However,
the soft-templated method requires complicated control of the
assembly processes and normally results in mesoporous
materials in amorphous or semicrystalline phases.”** By
contrast, the hard-templated method has been considered as
a general route to produce (mono)crystalline mesoporous
materials usin% presynthesized mesoporous silica or carbon as
templates.”> > Among the remaining problems is the difficulty
to completely fill the mesopores of the hard template, leadin
to the tendency of framework collapse after template removal.
As a wide-band-gap semiconductor, titanium oxide (TiO,)
has been extensively studied as an attractive material for
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photocatalysis, solar cell, water splitting, and battery devi-
ces.”” ! Importantly, the performance of those devices is
heavily dependent on the surface area, crystallinity, and the
exposure of reactive crystal facets.”> > Mesoporous TiO, made
up of preformed nanocrystals with high surface area has been
well developed recently,**™*" but possible carrier trapping or
recombination at grain boundaries may significantly decrease
device performance. Therefore, building long-range crystalline
order becomes equally important as the mesoporous control to
ensure the overall high device performance.*® Recently, a series
of novel rutile and anatase TiO, single crystals with tunable
exposed facets have been prepared and investigated for a vast
range of applications.”' ~** However, the application scope of
the as-made TiO, single crystals is clearly limited by their low
surface areas, especially for the large sized single crystals. In this
sense, it is important to build networks of pores within the
single crystals to preserve the structural coherence for long-
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range charge transport and to provide a large amount of highly
accessible surfaces for the desired physical or chemical
processes to enhance the pore-dependent performance.*’

Recently, synthesis of mesoporous monocrystalline TiO, has
been achieved by silica-templated thermolysis or hydrothermal
methods.***” Interestingly, the hydrothermal method yielded
anatase mesoporous TiO, single crystals (A-MSCs) with well-
defined facets, which delivered enhanced carrier mobility
relative to TiO, nanoparticle film.*” Compared to anatase
TiO,, rutile TiO, is known to have additional advantages
including better chemical stabili?f, higher refractive index, and
higher lithium insertion capacity.***’ However, there have been
no reports about the fabrication of rutile mesoporous TiO,
single crystals (R-MSCs) with well-defined facets in a delicately
controllable way. Therefore, it is necessary to extend the
templating strategy to synthesize such mesoporous single
crystals. More generally, it is important to understand the
mechanisms behind the templating strategy. Simply regarding
the template as a reaction media, some important questions up
in the air are: how different is the templating reaction process in
it from that in a solution? Can shape-, size-, and phase-controls
be achieved for the nanocrystal synthesis in such reaction media
as in a solution?

The present study aims to address the questions and the like.
Toward this direction, we successfully prepared R-MSCs and A-
MSCs with diverse morphologies in a controllable fashion by a
simple silica-templated hydrothermal method. It was found that
the morphology, size, and phase of the TiO, MSCs can be
tuned easily by varying the external conditions such as the
hydrohalic acid condition, seed density, and temperature. A
series of interesting mesoporous single-crystal structures,
including rutile mesoporous TiO, nanorods with tunable
sizes and anatase mesoporous TiO, nanosheets with dominant
{001} facets, had been synthesized to demonstrate the
versatility of our strategy. To our knowledge, this is the first
report on shape-, size-, and phase-controlled preparation of R-
MSCs and A-MSCs. To demonstrate the application value of
such TiO, MSCs, photocatalytic activity was tested. The
obtained TiO, MSCs were found to exhibit remarkable
photocatalytic performance thanks to the single-crystal
structure and the exposure of reactive crystal facets coupled
with the three-dimensionally connected mesoporous architec-
ture.

B EXPERIMENTAL SECTION

Preparation of Seeded Silica Templates. Seeded silica
templates were prepared according to a literature procedure with
some modifications.*” First, ~50 nm silica spheres (see Figure S1 in
the Supporting Information) were synthesized by mixing 10.6 mL of
H,0 (182 MQ, Millipore Milli-Q), 6 mL of ammonium hydroxide
(28%, VWR International S.A.S.), and 250 mL of ethanol (>99.9%,
Merck) in a 500 mL three-neck flask at room temperature. Next, 33
mL of tetraethyl orthosilicate (98%, Aldrich) was added in the flask
quickly, and the mixture was stirred for 24 h. Then the product was
centrifuged at 7000 rpm for 1 h, and the translucent solid was collected
and sintered at 500 °C for 30 min (ramping time 150 min).

The silica templates were seeded by titanium tetrachloride (TiCl,,
>99%, Aldrich) aqueous solutions (0.03—15 mM), which were
prepared from aqueous dilution of 2 M TiCl, stock solution. An
amount of S g of the sintered silica template was put in 30 mL of TiCl,
solution and seeded at 70 °C for 1 h. Then the template was rinsed
with 1 L of H,O and resintered at 500 °C for 30 min (ramping time
150 min).

Synthesis of R-MSCs and A-MSCs. TiO, MSCs were synthesized
by a silica-templated hydrothermal method. For the R-MSCs, 14 mL

of deionized water was mixed with 14 mL of concentrated
hydrochloric acid (HCl, 37%, VWR International S.A.S) in the
Teflon-lined stainless steel autoclaves (50 mL volume). The mixture
was stirred at room temperature for 10 min before adding 0.4 mL of
titanium butoxide (TBOT, 97%, Aldrich). After stirring for another 10
min, 360 mg of the seeded silica template was added in the autoclave.
Then, the sealed vessel was heated at 150—200 °C for 12 h in an oven.
Afterward, the vessel was cooled to room temperature naturally, and
the solid particles settled at the bottom were collected. Then the solid
particles were washed with a large amount of water by vacuum
filtration. Finally, the silica template was removed by etching in 2 M
NaOH at 80 °C for 1 h. Then the remaining TiO, products were
collected by centrifugation and washed with H,O and ethanol several
times. The A-MSCs with a high percentage of exposed {001} facets
were prepared by adding 0.05 M hydrofluoric acid (HF, 50%, Aldrich)
in the HCI aqueous solution, and the following procedures were the
same as that for the preparation of R-MSCs. In the control
experiments, solid TiO, single crystals were prepared in the same
hydrothermal system without the addition of seeded silica template.

Evaluation of Photocatalytic Activity for Hydrogen (H,)
Evolution and Methyl Orange (MO) Degradation. The H,
evolution experiments were carried out in a commercial water splitting
measurement system (Labsolar-III, Beijing Perfect light Technology
Co., Ltd.). First, 30 mg of the obtained TiO, sample was dispersed in
10 mL of methanol aqueous solution (30 v/v %) by ultrasonication for
10 min, and then an aqueous H,PtClg solution (76.8 uL, 0.02 mol:
L™") was added into the mixture under magnetic stirring for 30 min.
Next, the suspension was illuminated under a 300 W Xe lamp (PLS-
SXE-300UV) for 30 min, to in situ photodeposit Pt nanoparticles (Pt
NPs) as cocatalyst for photocatalytic hydrogen evolution. The color of
the suspension turned gray, indicating successful loading of Pt NPs on
the TiO, samples. Next, the suspension was transferred into a reaction
chamber under cooling circulation at 5 °C, and another 90 mL of
methanol solution (30 v/v %) was added under stirring. Then the
chamber was sealed and evacuated to remove the air. Under irradiation
of the 300 W Xe lamp (with the wavelength of 320—780 nm), the
evolved gases were detected by online gas chromatography.

Photodegradation of MO (50 mL, 4 X 10> M) was carried out in
the reaction chamber under cooling circulation at 20 °C in the
presence of TiO, photocatalysts (10 mg) under illumination of a 300
W Xe lamp (with the wavelength of 320—780 nm). The mixture of
TiO, in a MO solution was stirred in the dark at ambient temperature
for 1 h to ensure adsorption—desorption equilibrium. Upon
equilibrium, 2 mL of the suspension was extracted out to determine
the initial concentration of MO solution, which was recorded as the
base concentration C,. Then, the remaining mixture was illuminated
with a 300 W Xe lamp, and 2 mL of the suspension was extracted out
at a series of time intervals. Next, the extracted suspensions were
centrifuged to separate any suspended solid. UV—vis spectra of the
upper supernatant were measured using a Hitachi 3010 UV—vis
spectrophotometer to determine the concentration of the remaining
MO as a function of reaction time, which is designated as C.

Characterization. Morphology analysis was performed on a
scanning electron microscope (SEM, JEOL 6700F) at an accelerating
voltage of S kV. More detailed structural examinations were carried out
by transmission electron microscopy (TEM, JEOL 2010F) and high-
resolution TEM with an accelerating voltage of 200 kV. X-ray
photoelectron spectroscopy (XPS) was carried out by a Kratos Axis
Ultra DLD multitechnique surface analysis system. Powder X-ray
diffraction (XRD) patterns were recorded on a Philips high-resolution
X-ray diffraction system (model PW1830) with Cu Ka radiation (4 =
1.5406 A). Brunauer—Emmett—Teller (BET) surface areas and
nitrogen adsorption—desorption isotherms of the samples were
measured by a Coulter SA 3100 surface area analyzer. UV—vis spectra
were measured by a Hitachi 3010 UV—vis spectrophotometer.

B RESULTS AND DISCUSSION

Formation of the Rutile and Anatase Mesoporous
TiO, Single Crystals. Scheme 1 illustrates the growth
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Scheme 1. Schematic Illustration of the Growth Pathways of R-MSCs and A-MSCs in the Silica Template by a Hydrothermal

Method
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processes of R-MSCs and A-MSCs in the silica template by
hydrothermal treatment. By changing the reaction conditions
during the crystal growth process, it is in principle feasible to
control the structures and phases of the final TiO, crystals. We
chose hydrohalic acid solutions (HCl and HF) as the reaction
media because they could act as a morphology controlling
agent to effectively fabricate single crystals with preferred
crystal facets and phases.*”*? At high concentrations of HCI,
TiO, prefers to form a [001]-oriented tetragonal rutile nanorod
because HCI works like a catalyst to lower the activation energy
for the rutile formation (step 2a).*”*° Differently, a small
quantity of HF can act as a capping agent to evolve anatase
TiO, nanosheets with predominant {001} facets (step 2b).*5!
Owing to the quasi-close packing of the silica template, R-
MSCs and A-MSCs, after negatively replicating the template,
can be obtained by removing the silica sphere template (step
3). Taken together, the shape-, size-, and phase-controlled
MSCs can be prepared by the combination of careful
preseeding, tuning of the in-template growth, and post-template
removal.

To implement the aforementioned concept in the synthesis
of mesoporous single crystals, we performed hydrothermal
treatment of TBOT in hydrohalic acid reaction media. As
shown in Figure 1 (al without HF and bl with HF), solid
tetragonal TiO, nanorods (average width of ~350—400 nm and
length of ~2.5—3 um) and highly truncated bipyramid-shaped
nanosheets (average width of ~2 ym and thickness of ~350
nm) were obtained in aggregated states when the silica
template was not used. In the presence of the silica template,
however, homogeneously dispersed mesoporous TiO, nano-
rods (Figure 1(a2), without HF) (average width of ~300—400
nm and length of ~500—600 nm) and nanosheets (Figure
1(b2), with HF) (average width of ~700—800 nm and
thickness of ~150 nm) were obtained with mesopores
(diameter ~SO nm) negatively replicating the removed silica
template. It appears that the seeded silica template could
provide a more effective crystal growth environment than the
solution for fixing the crystals in place and avoiding their
aggregation. The overall morphologies of the MSCs have
largely retained those of the solid TiO, nanostructures under
the respective reaction conditions due to the specific halogen-
dependent surface-selective stabilization effect.

The phase identity and purity of the solid and mesoporous
TiO, were verified by XRD patterns, and the results were
shown in Figure 2. The mesoporous nanorods give an XRD
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Figure 1. SEM images of solid (al) TiO, nanorods and (b1) TiO,
nanosheets prepared without SiO, template. (a2, b2) SEM images and
(a3, b3) TEM images of mesoporous TiO, short nanorods (a2, a3)
and mesoporous TiO, nanosheets (b2, b3). Seeding concentration: 0.3
mM, 180 °C, 12 h. The corresponding selected-area electron
diffraction (SAED) patterns were shown in the insets. Left panels
(a): no HF. Right panels (b): [HF] = 0.05 M.

pattern that agrees well with the standard rutile TiO, (JCPDS
No. 76-0319), whereas the mesoporous nanosheets are in the
phase of anatase TiO, (matching the standard pattern of
JCPDS No. 84-1285). Importantly, the sharp diffraction peaks
and absence of impurity peaks indicate the high crystallinity and
high purity of the mesoporous TiO,. Finer details of the
mesoporous nanorods and nanosheets were provided by the
TEM images in Figure 1, which show evenly distributed
mesopores with a uniform diameter of ~50 nm, forming a
connected network by channels 10—20 nm wide throughout
the whole framework. The corresponding SAED patterns
shown in the insets display the single crystalline nature of the
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Figure 2. XRD patterns of (a) solid and mesoporous rutile TiO, nanorods in the absence of HF and (b) solid and mesoporous anatase TiO,

nanosheets in the presence of HF.

mesoporous TiO, products, wherein [001]-oriented tetragonal
R-MSCs (Figure 1(a3) without HF) with dominant {110}
facets and A-MSCs (Figure 1(a3) with HF) with dominant
{001} facets are successfully prepared with the silica-templated
hydrothermal method. In addition, the XPS spectra of the A-
MSCs shown in Figure S2 (Supporting Information) manifest
the existence of F 1s core electrons at the binding energy of
684.5 eV, which is typical of the Ti—F species on the TiO,
{001} crystal surface and clearly arises from our HF treatment
process.”® Therefore, we have proved that the hydrohalic acid
media could act as effective morphology and phase controlling
agents for the preferential formation of R-MSC nanorods and
A-MSC nanosheets with well-defined facets in much the same
way as for the synthesis of the corresponding solid TiO,
nanostructures.

The control over the crystal structure and facets of TiO,
single crystals has been extensively investigated.>>>* It has been
found that hydrohalic acids (HCl and HF) can not only
modulate the phase transformation between rutile and anatase
but also control the facets of the crystals. The key relates to the
differences in the structure of the two polymorphs: in rutile,
[TiO4] octahedra associate by sharing edges along the ¢ axis
and then by corner-sharing to form the three-dimensional
framework, whereas in anatase, the [TiOg] octahedra are joined
together all with edge-shared bonding throughout the three-
dimensional framework.>* In the presence of concentrated HCI,
a high concentration of H* (acidic) strongly protonates the
surface of [TiOg] octahedra and effectively decreases the
number of OH™ ligands and thus the number of potential
bridging sites for dehydration reactions. This shall lead to the
suppression of the edge-shared bonding probability and thus
the tendency to form the rutile phase.”®>* However, when a
certain amount of HF is added to the HCI solution, the phase
transformation from rutile to anatase occurs. Conceivably, HF
can play dual roles here. On one hand, HF serves as a facet-
controlling agent in stabilizing the (001) facets of anatase. On
the other hand, HF acts as a ligand to form H,TiF with Ti*" in
the strongly acidic solution. This species could promote the
bridge formation with H,O due to the strong electronegativity
of the F~ ion, and subsequently dehydration occurs. In this
case, the probability of edge-shared bonding is enhanced, which
is beneficial to the formation of the anatase phase.’*®
Nevertheless, the surface chemistry and the detailed mechanism
of the morphology and phase evolution of the TiO,
mesoporous single crystals with controllable crystallographic
facets still need further investigation.
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Effect of Seeding Concentrations. Apart from the
hydrohalic acid reaction media, seeding concentration is
another important factor in controlling the size and shape of
the mesoporous TiO, single crystals. As clearly shown in Figure
3, large sizes of mesoporous branched nanorods (Figure 3a)
and a mixture of olive-shaped mesoporous TiO, together with
mesoporous nanosheets (Figure 3b) were obtained at the low
seeding concentration (0.03 mM), whereas the high seeding
concentration (15 mM) yielded small sizes of mesoporous thin

(e) Seeding concentration
0.3 mM 15 m

0.03 mM

uoljeIjUaoU0D 4

Figure 3. SEM images of (a) mesoporous TiO, branched nanorods
(seeding concentration: 0.03 mM), (b) the mixture of olive-shaped
mesoporous TiO, and mesoporous nanosheets (seeding concen-
tration: 0.03 mM, HF: 0.05 M), (c) mesoporous TiO, thin nanorods
(seeding concentration: 15 mM), and (d) nonporous TiO, nanosheets
(seeding concentration: 15 mM, HF: 0.05 M). (e) The morphology
and size evolution of solid and TiO, MSCs at different concentrations
of HF and with different seeding concentrations.
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nanorods with some fragments (Figure 3c) and nonporous
nanosheets (Figure 3d). The size evolution of the TiO,
products as a function of seeding concentrations was illustrated
in Figure S3 (Supporting Information). In general, the size of
the TiO, products is found to decrease with the increase of
seeding concentration, which demonstrates explicitly that the
mesoporous TiO, domain sizes depend more on the seeding
concentrations rather than the pore dimension of the silica
template as in the silica-templated themolysis methods.***”
Moreover, it is interesting to note that the sizes of the
mesoporous TiO, crystals obtained at low seeding concen-
tration are even larger than those of the solid single crystals,
showing that the silica template is a better crystal growth media
than the bulk solution due presumably to the less external
interference.

As mentioned above, the shape of mesoporous TiO,
products basically follows that of the solid TiO, products
prepared under the same reaction conditions: nanorods were
obtained in the HCI system, and nanosheets were obtained
when HF was used. Essentially, the process of crystal growth
appears to be independent of the template morphology.
Referring to Figure 1 and Figure 3, it can be inferred that the
seeding concentration plays a primary role in controlling the
size as well as the shape of the mesoporous TiO, single crystals.
When the seeding concentration was low, relatively large
amounts of the Ti*' precursor can take part in the growth
around each nucleation site, and there was ample seed-to-seed
spacing throughout the template, resulting in the large size of
mesoporous TiO, crystals with some interesting crystal
structures such as mesoporous branched-nanorod-shaped
(Figure 3a) and olive-shaped (Figure 3b) crystals. When the
seeding concentration was increased, the amount of the Ti**
precursor available for each nucleation site as well as the seed-
to-seed spacing were decreased, and hence smaller sizes of
mesoporous TiO, crystals were produced. Finally, when the
seeding concentration was further increased, much smaller
mesoporous TiO, crystals, even nanosized nonporous TiO,
single crystals, were obtained owing to the limited Ti*"
precursor supply for each nucleation site and the small seed-
to-seed spacing (Figure 3c,d). To demonstrate the indispens-
ability of the TiCl, seeding, we performed a control experiment
by using a nonseeded silica template for the reaction. It was
found that a majority of the TiO, crystals nucleated and grew in
the bulk solution instead of growing inside the silica template,
resulting in mostly the nonporous products and only very few
mesoporous crystal products (see Figure S4 in the Supporting
Information).

XRD patterns, TEM images, SAED patterns, and the related
HRTEM images (see Figures S5—S8 in the Supporting
Information) further revealed the tunable phases and the
single-crystal nature of the MSCs with well-defined crystal
facets, where rutile mesoporous nanorod single crystals were
obtained in the HCIl system and the shape and phase
transformation from rutile nanorod to anatase nanosheets
evolves when the HF was added. Exceptionally, the XRD
pattern of mesoporous TiO, obtained at low seeding
concentration (0.03 mM) exhibited rutile and anatase mixed
phase rather than the pure anatase phase when HF was added
(Figure SSb, Supporting Information). The detailed TEM and
corresponding SAED patterns reveal that the large size of olive-
shaped mesoporous TiO, single crystals shows rutile phase
together with a small amount of mesoporous anatase nanosheet
single crystals (Figure S6, Supporting Information), and only

mesoporous anatase nanosheets existed when HF concen-
tration was increased to 0.1 M (see Figure S9 in the Supporting
Information), indicating F~ played the key role for the phase
transformation from rutile to anatase. For convenience,
hereafter, we designate various TiO, structures as “X—SC
(MSC)—C”, where X refers to the phase of TiO, (R for rutile
and A for anatase), SC (MSC) is denoted as single crystal or
mesoporous single crystal, and C is the TiCl, seeding
concentration.

The detailed morphology, size, and phase evolutions were
summarized in Figure 3e. It is shown clearly that two elements
are keys to the successful growth of shape- and size-controlled
R-MSCs and A-MSCs, i.e. the strong hydrohalic acid
hydrothermal system and the TiCl, seeding treatment. First,
the use of hydrohalic acid media as morphology and phase
controlling agents favors the formation of R-MSCs and A-
MSCs with well-defined facets;****%%! j.e,, MSCs form [001]-
oriented tetragonal rutile mesoporous nanorods at high
concentration of HCl and evolve anatase mesoporous nano-
sheets with dominant {001} facets when adding a small
quantity of HF. Second, the TiCl, pretreatment facilitates TiO,
single crystals to heterogeneously nucleate and grow within the
silica template, generating uniform mesopores negatively
replicating the silica template. Moreover, different seeding
concentrations result in diverse morphologies and sizes of TiO,
MSCs that influence local Ti** precursor concentration and
seed-to-seed spacing in the silica template. Specifically, large
sizes of TiO, MSCs were obtained at low seeding
concentrations because relatively large amounts of the Ti*"
precursor can take part in the growth around each nucleation
site, and there was ample seed-to-seed spacing throughout the
template. When the seeding concentration was increased,
however, smaller sizes of TiO, MSCs were produced, owing to
the less amount of Ti*" precursor avaliable for each nucleation
site and the smaller seed-to-seed spacing. Thus when seeding
concentration was high, MSCs of small sizes, even nanosized
nonporous TiO, single crystals, were obtained.

Nitrogen adsorption—desorption isotherms of the selected
samples together with the corresponding pore-size distributions
were shown in Figure 4 and Figure S10 in the Supporting
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Figure 4. N, adsorption—desorption isotherms and the corresponding
pore size distribution derived from adsorption isotherm of (a, b) R-
MSC-0.3 and (¢, d) A-MSC-0.3 (HF: 0.05 M).
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Information. The mesoporous single crystals show type-IV
isotherms and exhibit a broad hysteresis loop, which is
characteristic of mesoporous materials.***” The mesoporous
single crystals exhibit relatively narrow pore size distributions
with an average pore diameter of S0 nm, in agreement with the
value observed from SEM and TEM images. BET specific
surface areas of these TiO, products were listed in Table 1. The

Table 1. BET Specific Surface Area of the TiO, Products

sample Sper (m* g7) sample Sper (m® g7")
R-SC 7.00 A-SC 2.89
R-MSC-0.03 9.76 R+A-MSC-0.03 14.92
R-MSC-0.3 11.22 A-MSC-0.3 15.62
R-MSC-15 33.20 A-SC-15 37.98
P25 56.51

specific surface areas of mesoporous single crystals obtained at
different seeding concentrations are generally larger than those
of the solid TiO, crystals but still smaller than that of P25 due
to their relatively large mesopores and crystal sizes. By reducing
the silica sphere size, one should be able to increase the surface
area of the mesoporous single crystals, which is under
investigation in our laboratory.

Effect of Hydrothermal Treatment Temperature. As an
alternative to the seeding concentration, reaction temperature
can also be varied to control the sizes of the TiO, MSCs
(Figure S). We first look at the situation of a low seeding
concentration (0.03 mM). For the rutile products, large sized,
branched-rod-shaped MSCs (~1—1.5 ym in width, ~5 ym in

Figure S. SEM images of (a) R-MSC-0.03 (180 °C), (b) R-MSC-0.03
(200 °C), (c) R-MSC-0.3 (180 °C), (d) R-MSC-0.3 (150 °C), (e) A-
MSC-0.3 (HF: 0.05 M, 180 °C), and (f) A-MSC-0.3 (HF: 0.05 M, 150
°C).

length) were obtained when the hydrothermal treatment
temperature was 200 °C (Figure Sb), whereas considerably
smaller sized MSCs were obtained at 180 °C (average width of
~700—900 nm and length of ~3—4 ym) (Figure Sa). Similarly,
with a seeding concentration of 0.3 mM, smaller sizes of
nanorod-shaped MSCs were obtained (Figure Sd, ~300—350
nm in width, ~400 nm in length) at 150 °C than those at 180
°C (Figure Sc, average width of ~300—400 nm and length of
~500—600 nm). Such temperature dependency also holds for
the situation of the anatase products. For example, the anatase
mesoporous nanosheets obtained at 150 °C (Figure 5f, average
width of ~500—600 nm and thickness of ~100 nm) are smaller
than those at 180 °C (Figure Se, average width of ~700—800
nm and thickness of ~150 nm). This result clearly
demonstrates that increasing the reaction temperature can
effectively increase the size of the TiO, MSCs at a given
seeding concentration and reaction time. A simple explanation
lies in the increased reaction rate and thus crystal growth rate
due to the nature of the activated process.”®*” There is a limit
to this trend, however, when the seeding concentration is too
high, e.g, up to 15 mM; now the sizes of MSCs are almost
unchanged with the growth temperature (see Figure S11 in the
Supporting Information). In such a high seeding concentration
regime, the seeding concentration predominates in the control
of the sizes of MSCs.

The results presented above point to an interesting scenario
that the morphology, size, and phase of the resultant
mesoporous TiO, single crystals depend more on the external
conditions such as reaction solution media, seeding concen-
tration, and growth temperature rather than on the silica
template itself. In other words, the silica templates are rather
dutiful in the sense that they allow faithful negative replication
but without interfering in the crystallization process. Moreover,
the silica template used in this work provides several additional
advantages: (1) it is facile to fabricate highly monodisperse
silica particles with controllable size,** meaning that the internal
mesopore size and the resulting surface area are adjustable by
using silica templates of different diameters; (2) the peculiar
colloidal properties of the silica beads make it easy to form
quasi-close-packed templates by simple centrifugation and
calcination; (3) the high hydrophilicity of the internal surfaces
full of hydroxyl groups facilitates the seeding of TiO, nucleation
sites on the silica templates and the guiding of the subsequent
growth;®! (4) the silica templates can be readily removed after
templating reactions by NaOH or HF solutions without the
need of high-temperature calcination, thereby maintaining the
integrity of the mesoporous structures; and (5) last but not
least, the apparent insensitivity of the overall morphological
characteristics of the obtained mesoporous single crystals to the
silica templates provides a handle to tune the structure of the
TiO, MSCs by changing the external conditions and attests the
universality of the template method for the synthesis of other
MSCs beyond TiO,.

Photocatalytic Activities of Rutile and Anatase
Mesoporous TiO, Single Crystals. Owing to the three-
dimensionally connected mesoporous architecture and the
single-crystal nature of the TiO, MSCs, charge transport from
the bulk to surface is expected to quicken, and this can help to
alleviate recombination between the photogenerated electrons
and holes, thereby great?r improving the photocatalytic
activities of TiO, MSCs.**™® To confirm this, we investigated
the reductive and oxidative photocatalytic activities of the R-
MSCs and A-MSCs. Figure 6a and Figure S12a (see Supporting
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Figure 6. (a) Hydrogen evolution curves of R-SC, R-MSC-0.3, A-SC
(HF: 0.05 M), and A-MSC-0.3 (HF: 0.05 M). (b) Methyl orange
(MO) degradation versus irradiation time in the presence of R-SC, R-
MSC-0.3, A-SC (HF: 0.05 M), and A-MSC-0.3 (HF: 0.05 M),
respectively. (c) The mechanism of photoreduction for hydrogen
evolution on R-MSCs and photoxidation MO degradation on A-
MSCs, respectively. Error bars represent the standard deviations of the
measured data points (based on three as-prepared samples).

Information) showed photocatalytic hydrogen evolution curves
of the TiO, MSCs together with the solid single crystals as a
function of irradiation time. For comparison, the photocatalytic
performance of commercial P25 was also tested. The hydrogen
evolution rates were summarized in Table S1 (Supporting
Information). As shown in Figure 6a, the hydrogen evolution
rates of the R-MSCs and A-MSCs are both much higher than
those of the corresponding solid single crystals, confirming the
positive effect of their increased surface area and the more
efficient charge separation and transport in the porous single
crystals. It is noteworthy that the R-MSCs prepared at the high
seeding concentration (15 mM) exhibit even higher photo-
catalytic activity than that of P25 (Figure S12a and Table S1,
Supporting Information) in spite of its relatively lower specific
surface area (Table 1). P25 was known to be an excellent TiO,
photocatalyst due to the small particle size and the presence of
both anatase and rutile.® So the result clearly indicates that the
single crystalline nature of the porous MSCs has contributed to
the high photocatalytic activity due to fast charge transport and
low recombination.

To further evaluate their photocatalytic activities, we also
performed photocatalytic decomposition of methyl orange
(MO) as a probe reaction under the irradiation of a 300 W Xe
lamp (with the wavelength of 320—780 nm). Figure 6b and
Figure S12b (Supporting Information) show the photo-
degradation efficiency of MO versus irradiation time, which
was estimated by examining the variation of the characteristic
adsorption peak intensity of MO at 465 nm. In the absence of
the photocatalyst, the MO was hardly decomposed, although
the condition was otherwise identical. Clearly, the TiO, MSC
samples show remarkably higher efficiencies (90% for R-MSC-
0.3 and 97% for A-MSC-0.3) in the photocatalytic degradation
of MO than the corresponding solid single crystals (56% for R-
SC and 74% for A-SC) after the irradiation of a 300 W Xe lamp
for 180 min (Figure 6b). Significantly, the existence of the
mesoporous structure has allowed not only the effective charge

transport and separation but also the rapid diffusion of
reactants and products.®”

Apart from the surface area and crystallinity, the photo-
catalytic activities of TiO, are also strictly related to the many
other factors, such as band gap structure, photoexcited
electron—hole (e—h) lifetime, and external exposed crystal
facets.®®® In general, anatase crystals exhibit higher photo-
catalytic activity than rutile ones since the anatase possesses
higher Fermi level, longer photoexcited electron—hole lifetime,
and higher electron mobility.”>”" Interestingly, the R-MSCs
and A-MSCs show distinctly different photocatalytic activities;
that is, the rutile crystals show higher reductive photocatalytic
activity (9005 umol h™" g™* for R-MSC-0.3 and 4158 ymol h™*
g™' for A-MSC-0.3), while the anatase ones exhibit better
oxidative photocatalytic activity (90% for R-MSC-0.3 and 97%
for A-MSC-0.3 after the irradiation for 180 min) (Figure 6).
The different photocatalytic activities of the TiO, MSCs may
be ascribed to the different exposed crystal facets. The role of
crystal facets in the photocatalytic processes has been
intensively studied. Each crystal facet owns its unique surface
atomic arrangement and electronic configuration and thus
results in different photocatalytic properties.”>”’* Many
experimental results have shown that rutile {001} or {111}
facets and anatase {001} facets provide the sites for oxidation,
while the rutile {110} and anatase {101} facets offer the sites
for reduction,”””> "®and theoretical calculations have also
indicated that adsorption and dissociation of the water
molecule is energetically favored on the rutile {110} facets
and anatase {101} facets.”” Therefore, the high reductive
photocatalytic activity of the rutile MSCs we observed can be
ascribed to the effective reduction sites provided by the
abundantly exposed {110} facets, while the preferentially
exposed {001} facets of the anatase MSCs are responsible for
the high oxidative photocatalytic activity. As depicted in Figure
6¢c, the {110} facets of R-MSCs provide reduction sites for
hydrogen evolution, while the {001} facets of A-MSCs are the
oxidation sites for MO degradation. Clearly, the enhancement
of photocatalytic activity can be mainly ascribed to the
increased surface area, single crystal nature, and the exposure
of reactive crystal facets coupled with the three-dimensionally
connected mesoporous architecture of the TiO, MSCs.

B CONCLUSIONS

In summary, the silica-templated hydrothermal method has
been demonstrated to be a facile approach to the shape-, size-,
and phase-controlled synthesis of R-MSCs and A-MSCs. Our
systematic studies have led to a plausible in-template crystal
growth model, which involves heterogeneous crystal nucleation
from the preformed nucleation sites and oriented growth of
TiO, crystals by filling the void spaces. A series of mesoporous
single-crystal structures, including rutile mesoporous TiO,
nanorods with tunable sizes and anatase mesoporous TiO,
nanosheets with dominant {001} facets, have been synthesized
to demonstrate the versatility of the strategy. The morphology,
size, and phase of the TiO, MSCs were found to be virtually
independent of the silica template, in much the same way as in
the solution synthesis of the solid single-crystal counterpart but
with an added advantage of less aggregation. In other words,
the attributes of the MSCs could be simply adjusted by
changing the external conditions (precursor solution, seeding
density, growth temperature, etc.), demonstrating the universal-
ity of the template method for the synthesis of other
mesoporous single crystals beyond TiO,. On the application

dx.doi.org/10.1021/am403482g | ACS Appl. Mater. Interfaces 2013, 5, 11249—11257



ACS Applied Materials & Interfaces

Research Article

side, the resultant TiO, MSCs exhibited remarkable photo-
catalytic performance on both photoreductive activity for
hydrogen evolution and photooxidative activity for the
degradation of MO, which could be largely attributed to their
increased surface area, single-crystal nature, and the exposure of
reactive crystal facets coupled with the three-dimensionally
connected mesoporous architecture. Further improvement in
the photocatalytic activity should be possible by increasing their
surface area and modifying their electronic and optical
properties by doping or by forming heterojunction structures.
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SEM characterization of the silica template, TEM and SEM
images of TiO, products obtained at different conditions, size
evolution of the TiO, MSCs as a function of seeding
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conditions, and photocatalytic performances of the TiO, MSCs.
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