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iO, has been investigated for appli-

cations in many areas, such as opti-

cal materials,” superhydrophobic
and superhydrophilic materials,>* photo-
catalytic devices,* dye-sensitized solar
cells,® and lithium-ion batteries.””® In par-
ticular, many researchers have focused their
studies on the control of the nanostructure
of TiO, for potential applications, because
the high surface area resulting from nano-
structure control improves the properties of
the TiO,. TiO,, as a result of its high refrac-
tive index, which is higher than that of dia-
mond (rutile TiO,, 2.76; anatase TiO,; 2.52;
and diamond, 2.42), is also very useful as an
optical material for such applications as ul-
traviolet emitters, lasers, and prisms. To use
TiO, as an optical material, it is necessary
to fabricate single TiO, crystals with a con-
trolled crystal phase and morphology. Large
single crystals of rutile TiO, with a rectangu-
lar parallelepiped morphology have been
prepared by a solution-based synthesis,®
but the fabrication of large single crystals
of anatase TiO, appears to be difficult or im-
possible, because anatase TiO, is a thermo-
dynamically metastable phase and rutile
TiO, is the more stable phase.'” Moreover,
there are no reports of the fabrication of
single-crystalline rutile TiO, nanopins on
large single-crystalline anatase TiO, by a
one-step reaction in the same solution. Al-
though many researchers have studied the
control of the TiO, crystal phase and mor-
phology, it is still difficult to control the fab-
rication process, particularly to produce a
single crystal with an equilibrium shape.
The theory of controlling the phase and
structure of TiO, from the nanoscale to the
microscale is a very interesting and impor-
tant problem from both academic and in-
dustrial points of view.
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ABSTRACT The solution synthesis of large single crystals of octahedron-like anatase Ti0, is reported, although

this novel result is unexpected in the light of reported theoretical calculations. Moreover, systematic control of

the crystal growth of rutile nanopins on the microanatase octahedron single crystal results in a nano—micro

chestnut-like Ti0, structure. The control of the formation of rutile nanopins on the large single crystals of anatase

in the same solution is an interesting and useful technique, based on thermodynamics and surface chemistry.
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In this work, we report the control of
the crystal phase and morphology of single-
crystalline TiO,. A large single-crystalline
anatase TiO, octahedron at the microme-
ter scale is first synthesized by a simple so-
lution method. Rutile nanopins with a maxi-
mum size of several nanometers can then
be fabricated on the anatase octahedron by
this simple solution method, forming a
nano-micro chestnut-like structure. This
control technique will promote a better un-
derstanding of the theory of crystal growth,
including that of TiO, phases, and lead to
many new potential applications of TiO,.

RESULTS AND DISCUSSION

Figure 1 shows scanning electron mi-
croscopy (SEM) images of TiO, crystals syn-
thesized by hydrothermal treatment of
aqueous titanium trichloride (TiCl;; 0.15
mol - dm~3) solutions with sodium dodecyl
sulfate (SDS; 0.0133 mol - dm ™ 3). We can see
nanopin-like crystals with an octahedral
morphology in Figure 1a. The morphology
shown in Figure 1b is similar to the chestnut
shown in Figure 1d. This nano-micro
chestnut-like morphology is observed in
the precipitated powder, as shown in Fig-
ure 1c. The micrometer-sized octahedral
crystals are covered by a nanopin structure.
High-magnification views and electron dif-
fraction (ED) patterns recorded by
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Figure 1. (a,b) SEM images of the film deposited on the substrate at 200 °C, 3 h after treatment of the precursor solution
with 0.0133 mol - dm™3 SDS: (a) nanopins on the octahedron structure and (b) chestnut-like structure. (c) SEM images of the
powder precipitated with 0.0133 mol - dm™3 SDS at 200 °C after 3 h. (d) Image of actual chestnuts, with the pin-like integu-

ment.

transmission electron microscopy (TEM) are shown in
Figure 2. Figure 2a and the ED patterns show that the
octahedral morphology and the nanopin structure are
single-crystalline anatase-phase TiO, and single-
crystalline rutile-phase TiO,, respectively. The top of
the rutile pin is a very sharp nanopin with a size of 5
nm, as shown in Figure 2b. Lattice images, which are
parallel to the wall, can be clearly seen as a result of
phase contrast in the inset image of Figure 2b. The dis-
tance between the lattice fringes can be assigned to
the interplanar distance of rutile TiO, (110), which is
dy10 = 3.247 A. The [110] axis is thus perpendicular to
the wall. The nanopin crystals therefore grew along the
[001] axis, which is perpendicular to the [110] axis.

We consider that this interesting morphology is a re-
sult of the presence of SDS. Figure 3 shows images of
TiO, crystals synthesized in the absence and in the pres-
ence of SDS at concentrations of 0.0133, 0.025, and
0.133 mol - dm ™3, When SDS is not present in the pre-
cursor solution, rectangular parallelepiped rutile TiO, is
obtained, as shown in Figure 3a.° In the case of low con-
centrations of SDS, such as 0.0133 and 0.025
mol - dm~3, rutile nanopins grew on the facets of the
anatase octahedron, as shown in Figure 3b,c. In the
presence of 0.133 mol - dm ™2 SDS, which is 10 times as
much as in the case that led to the formation of the oc-
tahedral shape with nanopins shown in Figure 3b, all
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Figure 2. (a) TEM images of the film deposited on the sub-
strate at 200 °C, 3 h after treatment of the precursor solu-
tion with 0.0133 mol - dm™2 SDS. The ED patterns indicate
that the nanopin and octahedral structures are constructed
by single-crystalline rutile TiO, and single-crystalline ana-
tase TiO,, respectively. (b) The top of the nanopin structure,
with the size of 5 nm. The nanopin grows in the [001]
direction.
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Figure 3. SEM images of the film deposited on the substrate at 200 °C,

3 h after growth of the precursor solution (a) without SDS and after treat-

ment with (b) 0.0133, (c) 0.025, and (d) 0.133 mol - dm~3 SDS.

of the crystals appear to have an octahedral morphol-
ogy, as shown in Figure 3d. Figure 4a is a TEM image of
the octahedral crystals in Figure 3d. The distance be-
tween the tops of the bipyramids is around 2.5 pm. Fig-
ure 4b is a high-resolution TEM of the surface corre-
sponding to the side facet shown in Figure 4a. Lattice
images, which are parallel to the facet, can clearly be
seen with phase contrast. The distance between the ad-
jacent lattice fringes can be assigned to the interplanar
distance of anatase TiO, (101), which is d,,, = 3.52 A.
Figure 4c shows an ED pattern of an octahedral crystal.
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Figure 4. (a) TEM image of one of the anatase TiO, octahe-
drons deposited on the substrate at 200 °C, 3 h after treat-
ment with 0.133 mol - dm™3 SDS. The size of the crystal is
around 2.5 pm. (b) High-resolution TEM image, showing the
lattice of the crystal. (c) ED pattern of the anatase single-
crystalline TiO, octahedron. (d) Equilibrium shape of ana-
tase TiO, according to the Wulff construction and a surface
energy calculation.
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The spot pattern indicates that the crystal
has a single-crystalline nature. We mea-
sured the crystallinity by Raman spectros-
copy, as shown in Figure 5a for octahedral
anatase TiO, and in Figure 5b for nanocrys-
talline anatase TiO, (ST-01, Ishihara
Sangyo). The octahedral anatase TiO,
showed a 100 times greater intensity in its
Raman spectrum than did nanocrystalline
anatase. This shows that the TiO, formed
has a high crystallinity. If the octahedral
particles were constructed from nanosized
particles, as in a mesocrystal or oriented
architecture,’*"'* the Raman spectrum
should be similar to that of ST-01. In this
case, however, the Raman spectrum shows
very sharp peaks. Moreover, we investi-
gate the particles after milling of the octa-
hedral anatase TiO,. The fractured parts
had sharp edges and were similar to the
fractured parts of single-crystalline par-
ticles in general (Supporting Information,
Figure S1). Thermogravimetry/differential
thermal analysis (TG-DTA) of the octahe-
dral anatase TiO, particles showed the

presence of flat TG curves without any weight loss.
This indicates that organic compounds are not present
in the TiO, particles (Supporting Information, Figure S2).
From these results, we can conclude that this crystal
consists of single-crystalline anatase TiO.,.

The equilibrium shape of an anatase TiO, crystal, ac-
cording to the Wulff construction and a surface energy
calculation,'® is shown in Figure 4d. Judging from the
SEM, TEM, and calculated images, the octahedral ana-
tase TiO, crystal has a near-equilibrium shape.

The formation of large anatase crystals, over a mi-
crometer in size, greatly deviates from the theoretical
calculations.”” A recent theoretical report suggests that
an anatase phase will transform into a rutile phase
when the particle size is larger than several tens of na-
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Figure 5. Raman spectra of (a) the large single-crystalline
anatase TiO, and (b) the nanocrystalline anatase TiO, (ST-
01, Ishihara Sangyo). The intensity was expanded 50 times.
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nometers;'" in fact, the reported maximum size of ana-
tase TiO, is around several tens of nanometers.'®

The formation of the large single-crystalline anatase
TiO, and the rutile nanopin on the anatase octahedral
TiO, occurs by the following mechanism. The most im-
portant point is that gradual growth is necessary for the
formation of a single-crystal system. Until now, the typi-
cal method for synthesizing TiO, has involved use of
Ti(IV) as a titanium source in conventional sol-gel or so-
lution syntheses. However, the rate of reaction of Ti(IV)
in forming TiO, is too fast to permit control to allow
thermodynamic equilibrium to be attained. Generally,
the formation of large single crystals in solution systems
is difficult because of the formation of many nuclei as
a result of the high degree of supersaturation, which re-
sults in the formation of many nanoparticles. When
the degree of supersaturation is controlled at a low
level, heterogeneous nucleation occurs,’” homoge-
neous nucleation decreases, and inorganic materials
such as metal oxides are deposited on the substrate.
To obtain a low degree of supersaturation, it is there-
fore necessary to control the reaction rate in the solu-
tion. In this study, a slow reaction rate was maintained
by using Ti(lll) as a titanium source. Ti(lll) must first be
oxidized to Ti(lV) in order to construct the TiO, crystal.
This slow oxidation by dissolved oxygen results in the
preferential formation of large single crystals with a
thermodynamic equilibrium shape.

The second most important point is the use of SDS.
Generally speaking, anatase TiO, is formed under con-
ditions of relatively high pH, and rutile TiO, is formed
under conditions of low pH."® In the experiment for the
production of pure octahedral anatase by using SDS at
a concentration of 0.133 mol - dm ™3, the pH values of
the solution before and after the reaction were 0.91 and
0.44, respectively. Under these pH conditions, the depo-
sition of rutile-phase TiO, is possible. Actually, a rutile
phase was deposited in the precursor solution (pH 0.94)
without SDS. If the pH of the precursor solution is main-
tained at a high value in order to obtain an anatase
phase, the chemical potential of the titanium species is
increased. Hence, it is theoretically very difficult to form
large single-crystalline anatase TiO,, because many
nanocrystalline nuclei are formed in the solution as a re-
sult of the high degree of supersaturation, although an
anatase phase is formed. The resultant particles are very
small nanoparticles, in the range of several nanome-
ters to several tens of nanometers.

Note, however, that it has been reported that ana-
tase nanoparticles are formed with a crystallite size of
3.5 nm in a solution containing SO, as a result of the
chelating effects of the TiO4 complex, despite the pH
conditions being more suitable for rutile formation.'®
In our work, it is considered that SO,*~ ions were
formed by the hydrolysis of SDS into 1-dodecanol and
sulfuric acid. In fact, after the reaction, the pH of the
solution was decreased, and we could see a hydropho-
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Figure 6. (a) Attenuated total reflectance FT-IR spectrum of

the liquid formed after the reaction. (b) XRD pattern of the
solid converted from the liquid by cooling.

bic liquid floating in the Teflon-lined autoclaves. This
liquid was confirmed to be 1-dodecanol by Fourier
transform infrared spectroscopy (FT-IR) and X-ray dif-
fraction (XRD) (see Figure 6). The FT-IR spectrum (Fig-
ure 6a) of the liquid shows peaks corresponding to
C-H (stretching and deformation), O-H (stretching),
and S-0 (stretching) vibrations. The liquid was solidi-
fied by cooling and confirmed to be 1-dodecanol
(JCPDS No. 36-1708; mp 23.4 °C) by XRD (Figure 6b).
The difference in the peak intensity ratio is caused by
orientation, because the solid was formed from the lig-
uid on the glass folder for XRD. The critical energy bar-
rier for heterogeneous nucleation is smallest when the
nuclei/substrate interfacial energy is at a minimum. On
smooth surfaces, such as glass, the lowest interfacial en-
ergy is attained when the lowest-energy planes of the
nuclei are aligned parallel to the substrate surface.
Judging from the XRD and the S-O vibration, we con-
sidered that the liquid consists of 1-dodecanol with
SO,%".

The FT-IR spectrum of the fabricated octahedral
TiO, (Supporting Information, Figure S3) confirmed
the presence of the sulfate species.?’ The FT-IR spectra
were measured by using the KBr method. The peaks
show the presence of a sulfate species and of Ti-O
bonding. The sulfate species was formed by the hydrol-
ysis of SDS and adsorbed onto the TiO,.

These results show that the sulfate species derived
from SDS caused the formation of the anatase phase.
The mechanism for the formation of the anatase single
crystal with an equilibrium shape is as follows. First,
S0,2" is formed:

Cy,H,5050; Na* + H,0 —C,,H,50H + HSO, Na*
HSO,~ + H,0 —H,0" + S0,*~

The slow oxidation process from Ti(lll) to Ti(IV) oc-
curs via dissolved oxygen:®

www.acsnano.org



TiOH?" 4 0, — Ti(IV) oxo species with SO~ + 0%~
— anatase TiO, with sulfate species

These reaction processes result in a very low de-
gree of supersaturation, so heterogeneous nucleation
and crystal growth occur. The resultant anatase TiO,
grows into a large single crystal with an octahedral
shape. This equilibrium octahedral shape is caused not
only by the slow oxidation of Ti(lll) to Ti(IV) but also by
the decomposition of SDS to give SO,% . Large crystals,
identified as anatase TiO, by XRD, were also obtained
when we conducted the experiment in the presence of
0.1 M sulfuric acid instead of SDS. The SEM images (Sup-
porting Information, Figure S4a) show pyramidal
shapes: this morphology is similar to that observed in
the presence of SDS. However, the TEM image
(Supporting Information, Figure S4b) shows slender
octahedron-like shapes. A gradual increase in 50,2~
concentration, as achieved by decomposition of SDS,
is needed in order to obtain the equilibrium octahedral
shapes.

In the theoretical calculation, a thermodynamic
model based on surface free energies and surface ten-
sions obtained from first principles affected the mor-
phology and phase stability of TiO,. However, the
model was limited to a surface with only H, OH, and O
present.'’ We believe that the presence of other surface
chemical species, such as SO,%~, would change the
TiO, surface energy and possibly result in the forma-
tion of a large-size anatase phase.

The mechanism of the production of the octahedral
anatase TiO, by 50,2~ derived from SDS explains the
formation of the specific morphology, which is rutile

EXPERIMENTAL SECTION

Single-crystal anatase TiO, was synthesized by hydrother-
mal treatment of aqueous titanium trichloride (TiCl; 0.15
mol - dm™3) solutions with sodium dodecyl sulfate (SDS;
0-0.133 mol-dm 3 (Wako Pure Chemicals, Japan). The solu-
tion of TiCl; in dilute aqueous HCl was supplied by Wako
Pure Chemicals. The precursor solution (40 mL) was placed
in a Teflon-lined autoclave (model 4744, Parr Instrument Co.).
Glass slides (S-1111, Matsunami Glass Ind., Ltd., Japan) were
used as substrates and were immersed in the solutions. The
solutions were then heated at 200 °C for 3 h in a dry oven.
The TiO, deposited on the substrates was rinsed with deion-
ized water and dried at room temperature.

The crystal structure was examined by X-ray diffraction (XRD)
analysis with a Bruker AXS D8 Advance instrument using Cu Ka
radiation. The morphology of the film was examined by field-
emission scanning electron microscopy (FESEM; Carl Zeiss
Gemini Supra) and by high-resolution transmission electron mi-
croscopy (HRTEM; JEOL JEM-2010F). Infrared (IR) spectra of the
composite materials were recorded by using an FT/IR-6200 IR
spectrophotometer (JASCO Corp., Tokyo, Japan). Raman spectra
were recorded in the backward geometry on a NIHON BUNKO
Ventuno spectrometer (NSR-1000DT) at room temperature. The
powder samples were excited by using the 632.8 nm wavelength
line from a He-Ne laser.
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TiO, nanopins on anatase octahedrons. As shown in
Figure 1, the octahedral anatase TiO, is formed first on
the glass substrate, because the amount of S0,%~ is
large in the early stages of the reaction. The formation
of anatase TiO, consumes the SO,%~ in the solution. In
the later stages, the small amount of SO, that is
present cannot promote the formation of anatase TiO,,
because the effect of adsorption of SO,?~ decreases,
and the thermodynamically favored rutile phase is
therefore formed. We consider that the nanopin mor-
phology is the result of the adsorption of small amounts
of SO,*~ on rutile TiO,. The chestnut-like morphology
is formed through aggregation of large octahedrons,
which can be seen next to the chestnut-like morphol-
ogy (Supporting Information, Figure S5).

In conclusion, large single-crystalline anatase TiO,
with an octahedron-like equilibrium morphology was
formed. The size of this anatase TiO, was much larger
than the theoretical limit. The important point in the
crystal growth is the control of the chemical reaction
in the solution. Slow oxidation of Ti(ll) — Ti(lll) and de-
composition of SDS into SO,2~ result in the mainte-
nance of a low degree of supersaturation, which is es-
sential to achieve the conditions necessary for crystal
growth. The difference in the concentration of SDS can
be easily used to control the crystal phase and morphol-
ogy, such as a rectangular parallelepiped rutile TiO,, a
chestnut-like morphology with rutile nanopin TiO, on
the octahedral anatase TiO,, and octahedral anatase
TiO,. The one-step formation of rutile nanopin on large
single-crystalline anatase in the same solution is a re-
sult of the progression of the chemical reaction in the
solution.

Supporting Information Available: Figure S1, SEM image of
the broken particles after milling of the octahedron anatase
TiO,; Figure S2, TG-DTA curves of the octahedron anatase TiO,
particles; Figure S3, FT-IR spectrum of the deposited anatase
TiO,; Figure S4, SEM and TEM images of the precipitated ana-
tase TiO,; and Figure S5, SEM images of the film deposited on
the substrate. This material is available free of charge via the In-
ternet at http://pubs.acs.org.
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