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ABSTRACT: Due to its great importance in fundamental research and practical applications,
tailored synthesis of anatase TiO, dominated with highly energetic {001} facets has been
extensively studied during the past few years. However, clean (001) surface of anatase TiO, has
been evidenced to be unstable and usually tends to reconstruct under ultrahigh-vacuum
conditions. Thus, the stability of surface structure under other ambient conditions might be
one of the most critical issues for anatase TiO, with exposed high-reactive {001} facets. In this
study, the hydrothermal stability of {001} faceted anatase TiO, was systematically investigated
by using single-crystalline anatase TiO, nanosheets with 80% {001} facets as a model starting
material. Under hydrothermal conditions (200 °C in deionized water), anatase TiO, nanosheets
can grow into larger single crystals with a truncated bipyramidal shape through an oriented
attachment process along the [001] crystallographic direction, driven by the minimization of
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surface energy. Furthermore, the coarsening behavior and growth mechanism were discussed with the assistance of standard and
high-resolution transmission electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, and inductively coupled
plasma optical emission spectrometry, as well as theoretical calculations. A modified kinetic model was also developed to elucidate
the asymptotic growth of anatase TiO, nanosheets via oriented attachment mechanism. In addition, pH value and the solvents
adopted during the treatments were revealed to have significant influence on the oriented attachment-based crystal growth due to
suppression of hydrolysis of Ti—F groups on the surface. For example, the anatase TiO, nanosheets remained their original

morphology unchanged when ethanol, propanol, butanol, or 1.5 M HCI aqueous solution was used as reaction medium.
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B INTRODUCTION

Tailored synthesis of inorganic crystals with highly ener-
getic/reactive surfaces has attracted great research interest over
the past decades, due to their great imlportance in fundamental
research and practical applications.' "% In particular, as one of
the most important wide-band-gap semiconductors possessing
unique chemical, electronic, and optical properties, anatase
titanium dioxide (TiO,) has been studied extensively because of
its great potential applications in photovoltaic cells, photo/
electrochromics, photocatalysis, photonic crystals, smart surface
coatings, and sensors.* "7 According to the principle of mini-
mization of surface energy (0.90 J/m” for {001} > 0.53 J/m” for
{100} > 044 J/m> for {101}), specific surfaces with
high reactivity usually eliminate during the crystal growth
process.”'* ! Under equilibrium conditions, natural and syn-
thetic anatase TiO, single crystals mainly exist with a morphol-
ogy of octahedral bipyramid, in which the majority of the surface
is normally enclosed by energetically favorable {101} facets
rather than the more reactive {001} facets.””**~** Thus, it has
been a great challenge to synthesize anatase TiO, with a large
fraction of exposed {001} facets for a long time.

Recently, we synthesized high-quality anatase TiO, single
crystals with 35—47% {001} facets for the first time by using
HF as a capping agent under hydrothermal conditions.'® After
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that, by use of similar synthetic strategies, {001} facet-dominated
anatase TiO, crystals with various morphologies have been
prepared and their superior performances in areas such as photo-
catalytic degradation of organic pollutants, solar-hydrogen pro-
duction, and Li-ion batteries have been demonstrated as well. >~ *
With respect to fundamental research and practical applications of
anatase TiO, dominated with highly reactive {001} facets, it would
be desirable in most cases to remove the adsorbed species on the
crystal surfaces. However, clean (001) surfaces of anatase TiO,
were reported to be unstable and tend to reconstruct under
ultrahigh-vacaum (UHV) conditions according to both theoretical
and experimental results.”'®**~3” With the aid of low-energy
electron diffraction (LEED), X-ray photoelectron spectroscopy
(XPS), and angle-resolved mass spectroscopy of recoiled ions
(AR-MSRI), Herman et al.>® discovered the (1 X 4) reconstruc-
tion of anatase TiO, (001) surface and the subsequent formation
of microfacets such as {103} and {103} facets with a lower surface
energy than that of {001} facets, which indicates the low stability of
the (001) surface of anatase TiO,. Under UHV conditions, the
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reconstructed surfaces are strongly stabilized, leading to the
significant decrease of their reactivity.

Moreover, hydrothermal coarsening (i.e., Smoluchowski ripening)
of anatase TiO, in aqueous solution have been extensively studied by
Banfield and other researchers over the past decades.>® *' It was
found that when the aggregates of nanocrystalline TiO, particles
coarsen under hydrothermal conditions, oriented attachment (OA)
becomes an important crystal growth mechanism, which is quite
different from the traditional Ostwald ripening (OR) process.***!
Driven by surface energy reduction, adjacent anatase TiO, nano-
crystals can self-organize spontaneously through sharing a common
crystallographic orientation and then emerge together at a planar
interface. Due to their unique two-dimensional (2D) shape, which
can lead to easy stacking in a layer-by-layer mode, and the large
amount of undercoordinated Tis. and functional groups on the clean
(001) surface, anatase TiO, crystals with a 2D morphology might
suffer significant structural re-forming, mainly caused by OA coarsen-
ing process. Unfortunately, the stability of anatase TiO, crystals
dominated by high-reactive {001} facets under hydrothermal condi-
tions has never been reported up to now.

In this work, we systematically investigated the hydrothermal
stability of {001} faceted anatase TiO, nanosheets (NS) in an
aqueous environment, and a plausible coarsening kinetic model
was also developed. By monitoring the evolution of crystal
structure and morphology of the TiO, NS during the hydro-
thermal treatment, it can be found that plane-to-plane crystal
overlapping occurred and subsequently perfect lattice integra-
tions along [001] crystallographic orientation took place, which
is believed to be a typical OA process. Interestingly, the global
single crystallinity of anatase TiO, was well-maintained after
hydrothermal treatment. The findings in this work indicate that,
under hydrothermal conditions, highly reactive {001} facets of
the anatase TiO, NS tend to eliminate steadily via OA process
along [001] crystallographic direction, which opens a pathway to
a deeper understanding of their structural stability as well as the
persistence of reaction in an aqueous environment.

B EXPERIMENTAL METHODS AND THEORETICAL
CALCULATIONS

Synthesis of {001} Faceted Anatase TiO,. In this work,
anatase TiO, NS with a high percentage of {001} facets was used as
the starting material, which can be readily prepared through a simple
hydrothermal method by using tetrabutyl titanate [Ti(OBu),, 98%,
Aldrich] as Ti source and hydrofluoric acid (HF, 48%, Sigma—Aldrich)
as capping agent.”®>>%%
without further purification. Caution: Hydrofluoric acid (HF) is extremely
corrosive and toxic and it should be handled with extreme care! For a typical
experiment, S mL of Ti(OBu), and 0.6 mL of HF were added dropwise
into a dried Teflon-lined stainless steel autoclave with a capacity of
50 mL. Then the autoclave was sealed and heated at 180 °C for 24 hin an
electric oven. After completion of the reaction, the autoclave was taken
out and cooled to room temperature. The product was collected by
washing the precipitate thoroughly with absolute ethanol and deionized
water for three times to remove the residual contamination. After drying
at 80 °C in vacuum overnight, anatase TiO, NS dominated with {001}
facets were finally harvested and then kept carefully for further char-
acterization and the following experiments.

Hydrothermal Stability Study. Based on the as-prepared anatase
TiO, NS with a large percentage of {001} facets, further hydrothermal
treatments were performed in deionized water to investigate the stability of
TiO, NS in aqueous environment. Typically, 15 mg of the as-synthesized

2 . .
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dried TiO, NS was dispersed into 20 mL of deionized water under
sonication, and subsequently the resulting mixture was carefully transferred
to a Teflon-lined stainless steel autoclave with a capacity of 50 mL. Then
the autoclave was sealed and heated at 200 °C for 88 h in an electric oven.
Similar experiments were also carried out by altering the treatment time or
replacing deionized water with other solvents such as ethanol, propanol,
butanol, and 1.5 M HCI aqueous solution while keeping the other
parameters unchanged. As a comparison, anatase TiO, single crystals with
nearly 100% exposed {101} facets were also applied. The detailed synthetic
method of the {101} faceted anatase TiO, single crystals has been
described in our previous work.>® For all experiments, after the reaction,
the clear supernatant in the reactor was taken out with a dropper and kept
in a clean container for further characterization while the precipitate on the
bottom was harvested by centrifugation and then rinsed thoroughly with
deionized water.

Characterization. Powder X-ray diffraction (XRD) pattern was
recorded on a Bruker D8 advanced X-ray powder diffractometer with Cu
Ka radiation (4 = 1.5406 A). The data was collected in the 26 ranging
from 10° to 80° with a scanning rate of 3°/min. Crystallographic
morphology and lattice structure were observed by transmission elec-
tron microscopy, high-resolution transmission electron microscopy, and
selected area electron diffraction (TEM/HRTEM/SAED, JEOL
JEM2100) with an acceleration voltage of 200 kV. Chemical composi-
tions as well as the surface bonding states of the samples were analyzed
with X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD).
All binding energies were referenced to the C 1s peak (285.0 eV) arising
from adventitious carbon. Prior to peak deconvolution, X-ray satellites
and inelastic background (Shirley-type) were subtracted for all spectra.
Moreover, the quantitative analysis of the surface species for each sample
was determined by the fitted peak area. Concentration of Ti element in
aqueous solution was analyzed by inductively coupled plasma optical
emission spectrometry (ICP-OES, Thermo Elemental IRIS1000).

All TEM samples were prepared by depositing a drop of diluted
suspension in ethanol on a copper grid. Samples for XRD and XPS
analysis were prepared by drying the sedimented particles in vacuum
overnight at 80 °C. Besides, liquid samples for ICP-OES analysis were
obtained by centrifuging the supernatant in the Teflon container after
reaction.The average particle size was derived statistically by using TEM
images, and more than S0 particles were analyzed for each sample.

Theoretical Calculations. Spin-polarized density functional
theory (DFT) calculations have been carried out with the DMol3
code.*® The generalized gradient approximation (GGA) with the
Perdew—Burke—Ernzerhof functional (PBE)** was utilized for all
geometric optimization and single-point energy calculations. Effective
core potentials with double-numeric quality basis and all electron
potentials with double-numeric polarized basis have been employed
for the description of core electrons during the optimization and the
energy calculation, respectively. During our calculations, the conver-
gence criteria for structure optimizations were set to (1) energy
tolerance of 1.0 x 10~° Ha/atom, (2) maximum force tolerance of
1.0 x 107* Ha/A, and (3) maximum displacement tolerance of 1.0 X
10® A. Monkhorst—Pack grid of 3 x 3 is used for the k-space
sampling. Larger sets of k points were tested, making sure that there
is no significant change in the calculated energies when a larger number
of k points were used.

Also, (001) and (101) surfaces are modeled by 2 X 2 slabs with 12
atomic layers (four titanium layers), with a vacuum of 15 A between
neighboring slabs. During the geometric optimization, no atom is fixed,
except that lattice parameters were fixed to experimental values. To
investigate the coverage effect, three coverages, including Y4 /2 and 1
monolayer (ML), have been investigated and fluorine-covered surfaces
are also compared with clean ones. The relative stabilities of fluorine-
terminated surfaces are indicated by the surface energies, which have
been described in our previous publications.'**>?7"
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Figure 1. (A) Typical XRD pattern of the TiO, nanosheets synthesized
by hydrothermal reaction of S mL of Ti(OBu), and 0.6 mL of HF at
180 °C for 24 h. (B) Overview TEM image of the as-synthesized TiO,
nanosheets. (C, D) HRTEM images of individual TiO, nanosheet
recorded along [100]/[010] and [001] crystallographic directions,
respectively, and (inset) corresponding SAED pattern. (E) Morpholo-
gical model of a single {001} faceted TiO, nanosheet.

B RESULTS AND DISCUSSION

To investigate the stability of {001} facets of anatase TiO,, it is
essential to prepare anatase TiO, sample with a high percentage of
{001} facets. Our approach in this work is based on the one-pot
hydrothermal synthesis of anatase TiO, NS with approximately
80% {001} facets.*®™***** XRD and TEM were employed to
confirm the crystal structure and morphology of the as-prepared
TiO, sample. Figure 1A shows the typical XRD pattern of the
resulting product, and the diffraction peaks with 20 = 25.3°, 37.8°,
and 48.1° can be indexed to (101), (004), and (200) crystal planes
of anatase TiO, (tetragonal, I4,/amd, JCPDS 21-1272), respec-
tively, indicating its pure anatase TiO, phase. Figure 1B presents
the TEM image of the product, which reveals that the obtained
TiO, product consists of uniform, well-defined sheet-shaped
structures possessing a rectangular outline. Statistically, the anatase
TiO, NS have a side length of 50 nm and a thickness of S nm on
the average. HRTEM images of the anatase TiO, NS viewed along
[100]/[010] and [001] crystallographic directions (Figure 1C,D),
as well as the SAED pattern (inset, Figure 1D) further confirm that
the square surfaces are {001} facets of the single-crystalline anatase
TiO, NS. The corresponding schematic illustration of a free-
standing anatase TiO, nanosheet is presented in Figure 1E, in
which the top and bottom surfaces stand for the dominant {001}
facets and the other surfaces represent the thermodynamically
stable {101} facets. Because the angle between neighboring (001)
and (101) surfaces is 68.3°,'%* and the average side length and
thickness is 50 and 5 nm, the percentage of exposed {001} facets
can be calculated to be ~80%. On the basis of this structural
information, it can be concluded that anatase TiO, NS with
dominant {001} facets has been readily prepared and can be used
for the following stability experiments.

In the present work, the hydrothermal stability of {001}

faceted anatase TiO, in an aqueous environment was examined

Figure 2. (A) Low- and (B, C) high-magnification TEM images of the
product prepared by hydrothermal treatment of as-synthesized TiO,
nanosheets in deionized water at 200 °C with a reaction time of 105 min.
The areas marked by red dotted circles in panel A indicate the Moiré
patterns frequently observed in the TEM images. The areas marked by
blue dotted circles in panel B and yellow dotted circles in panel C present
the irregular “nonflat” surfaces of the resulting product and the small
particles attached on the adjacent nanosheets, respectively.

by dispersing 15 mg of as-synthesized TiO, NS in deionized
water and then treating the suspension at 200 °C for a specific
time. Figure 2 illustrates representive TEM images of the
product with a reaction time of 105 min. From the low-
magnification TEM image shown in Figure 2A, it can be
observed that most of the anatase TiO, NS still have a sheetlike
shape with a thickness of 4—6 nm and a side length of
30—60 nm. On the whole, the crystal size and morphology of
the anatase TiO, NS on current stage have no significant
change compared to the starting material. However, according
to the high-magnification TEM images (Figure 2B,C), it can be
concluded that (001) surfaces of the TiO, NS after hydro-
thermal treatment became rough with some small particles
attached, as indicated by the circles with dashed lines in
Figure 2B,C. These phenomena can be considered as results
of surface hydrolysis and subsequent partial dissolution of the
starting anatase TiO, NS. For monodisperse anatase TiO, NS,
Ti atoms on the surface can dissolve into the reaction medium
and finally lead to rough surface. Meanwhile, the Ti-containing
complex formed by dissolving the original TiO, crystals may
nucleate homogeneously on the high-energy (001) surface of
existing anatase TiO, NS. Herein, ICP-OES was performed to
examine the concentration of Ti-containing species in the
solution after hydrothermal reaction. The relative mass con-
centration of Ti element in the aqueous solution was 7.8 X
10~ *. That is, around 0.5% of the original solid anatase TiO, NS
was dissolved into water during the hydrothermal treatment,
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Figure 3. (A) Low-magnification TEM image and (B) corresponding
HRTEM image of the sample prepared by hydrothermal treatment of as-
synthesized TiO, nanosheets in deionized water at 200 °C with a
reaction time of 200 min. (C) Typical TEM image of larger intermedi-
ates frequently observed in the product. (D) Schematic model of
oriented attachment of {001} faceted anatase TiO, nanosheets. Blue
dotted lines in panel B represent boundaries between individual
nanosheets; areas marked with white dotted circles show the holes/
gaps within larger particles composed of nanosheets.

which was determined by solid—liquid equilibria principles and
thus led to the slight morphology/size changes.

Interestingly, many Moiré patterns can be observed on
the stacked anatase TiO, NS, as shown in Figure 2A. This
phenomenon was due to interference between the crystalline
lattices of the stacked anatase TiO, NS, as reported by Weller and
co-workers*® during the synthesis of PbS sheets via OA. The
stacking of anatase TiO, NS increases the possibility of OA,
which resulted in the elimination of {001} facets. OA has been
experimentally proved to be one of the most important mechan-
isms for crystal coarsening under hydrothermal conditions.
During the process, adjacent particles often organized sponta-
neously with common crystallographic orientation. In the pre-
sent study, due to the similar structural features and surface
properties of anatase TiO, NS, stacking of NS decorated by small
dots along [001] crystallographic direction can be frequently
observed in the TEM images (see Figure 2B,C).

Figure 3 shows the TEM images of the product derived from
hydrothermal treatment of the anatase TiO, NS in deionized
water for alonger time. As the reaction time extended to 200 min,
the original shape of anatase TiO, NS can hardly be identified, as
shown in Figure 3A,C. Secondary particles formed and most of
them were generated by OA of 2—8 original anatase TiO, NS,
which can still be judged. Arrows in Figure 3B indicate that all the
anatase TiO, NS building blocks self-assemble along the same
crystallographic direction. The interplanar crystal spacing of
0.235 nm demonstrates the OA of anatase TiO, NS along the
[001] crystallographic direction. Figure 3D schematically shows
the OA-based assembly process. It should be noted that, on the
current stage, many tiny holes and narrow gaps exist between the

Figure 4. (A) TEM image of the product derived from hydrothermal
treatment of TiO, nanosheets in deionized water at 200 °C for 88 h.
Areas enclosed by dotted and solid lines denote representative particles
with flat and stepped surfaces, separately. (B) Corresponding morpho-
logical models of the marked particles shown in panel A. (C) TEM image
of an individual particle. (D) HRTEM image and (inset) SAED pattern
recorded in the circled area in panel C.

individual anatase TiO, NS, as shown in Figure 3B, which is
caused by the OA of TiO, NS with nonflat rough surfaces and
can be eliminated through further crystal growth. Even though
twins, stacking faults, and misorientation are usually involved
during the OA process,****** primary building units do have the
capability of rotation alignment to get structurally consistent
secondary anatase TiO, crystals.

‘When anatase TiO, NS were heat-treated in deionized water
for 88 h, large anatase TiO, single crystals can be synthesized
with sizes ranging from 50 to 100 nm, as shown in the TEM
image in Figure 4A. According to the morphology evolution on
different stages, the current product should possess a truncated
bipyramidal shape with lower percentage of {001} facets. More-
over, most of the anatase TiO, crystals on the current stage
exhibit smooth flat surfaces and only a few crystals have a stepped
surface, which are highlighted by solid and dotted lines, respec-
tively, in Figure 4A. Accordingly, Figure 4B gives structural
models of these two typical single crystals. According to the
proposed OA-based formation mechanism, anatase TiO, crystals
with a stepped surface were generated by the OA of TiO, NS
with a different lateral size. Figure 4C shows the TEM image of a
typical anatase TiO, crystal, and the corresponding HRTEM/
SAED results are provided in Figure 4D. The SAED pattern
indicates the single-crystalline characteristic of the as-obtained
anatase TiO, particles, and the HRTEM image clearly demon-
strates atomic planes of (200) or (020) crystal faces with d-
spacing of 0.189 nm and an interfacial angle of 90°. On the basis
of this structural information, the top and bottom surfaces of the
truncated bipyramid can be assigned to highly reactive {001}
facets of anatase TiO,. Furthermore, the average crystal size
along the [001] direction was statistically estimated to be
28.3 nm, which is about 6 times the thickness of the original
{001} faceted TiO, NS. However, the side length of the product
on the current stage is 67.5 nm on average, which is quite close to
that of the starting anatase NS, providing strong evidence for the
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Figure 5. High-resolution XPS spectra of F adsorbed on the surfaces of
anatase TiO, nanosheets (a) before and (b) after hydrothermal treat-
ment in deionized water at 200 °C for 88 h. (O) Raw data; black and blue
lines represent base and fitted lines, respectively.

OA-based crystal growth mechanism. Therefore, the percentage
of {001} facets of anatase TiO, crystals was calculated to be
45.6% on this stage.

By monitoring the morphology evolution of anatase TiO, NS
within 88 h under hydrothermal conditions, it can be concluded
that {001} faceted TiO, NS is unstable and can eventually
develop into TiO, crystals with a lower percentage of {001}
facets in deionized water. Furthermore, as indicated in Figure S1
(Supporting Information), if the time of hydrothermal treatment
was extended as long as 120 h, it can be found that the final
product shows a round shape, which may illustrate more {101}
facets formed.

Because the absorbates on the crystal surface can change the
surface energy and also have the capability to alter the OA mode
between the primary nanoparticles, XPS was applied to analyze
the surface species and bonding states. Figure S2 panels A and B
(Supporting Information) show the wide-scan XPS survey
spectra of the starting anatase TiO, NS and the corresponding
product synthesized through hydrothermal treatment for 88 h,
respectively. Obviously, wide-scan XPS spectra of the two
samples possess a similar pattern on the whole. The oxidation
state of the Ti element (Ti 2p3/2, binding energy 458.8 eV; Ti
2p1/2, binding energy 464.3 eV) can be assigned to that of bulk
TiO,, as reported previously.'® Figure S shows the high-resolu-
tion XPS spectra of F element existing on the surface of the initial
anatase TiO, NS and the final product after hydrothermal
treatment, where the binding energy was measured to be
684.5 eV, corresponding to the typical value for the surface
Ti—F species.* Judging from the calculated peak areas, it can be
revealed that the relative F content adsorbed on the surface
decreased remarkably, and nearly 67% of the original F element
adsorbed on the surface was removed after hydrothermal
reaction.

Under equilibrium conditions, the shape of a crystal is gen-
erally determined by the principle of minimization of the total
surface free energy under the constraint of fixed volume.”
Stability of the facets (or the growth rate in different crystal
orientations) often results in a shape that is uniguely defined by
the nature and concentration of the adsorbates.* On the basis of
the XPS analysis and morphology evolution discussed above, it
can be summarized that the concentration of F ions adsorbed on
the TiO, surface plays a major role in shape controlling for the

Table 1. Calculated Energies of (001) and (101) Surfaces and
Corresponding Sgo;/Stota1 28 @ Function of F Coverage (6) for
Anatase TiO, Single Crystals Exposed Only with {001} and
{101} Facets

0 Yoo1 U‘miz) Y101 U'miz) So01/ Stotar (%)
0 0.96 0.41 0.3
0.25 0.44 0.20 0.5
0.50 —0.03 0.00 100
1 —0.71 —0.39 100

final product and the percentage of {001} facets as well. Through
theoretical calculation of the surface energy, the percentage of
{001} facets was estimated as a function of the F coverage () on
the anatase TiO, surface. The calculated data and corresponding
diagram are presented in Table 1 and Figure 6 respectively. In
addition, the insets in Figure 6 provide the thermodynamic
models for anatase TiO, single crystals with different percentages
of {001} facets. It is worth noting that the corner effect resulting
from the cross part of two surfaces was not considered in the
calculation. For anatase TiO, NS with 80% {001} facets, the
corresponding 6 was estimated to be 0.45. Thus, according to the
relative F concentration in XPS results, the F coverage for the
sample treated in deionized water can be calculated to be about
0.1 and the derived percentage of {001} facets should be around
0.4% only. This value indicates the trend of the elimination of the
{001} facets, which is consistent with the TEM observations in
Figures 2—4.

In addition to the changes of crystal morphology after hydro-
thermal treatment, the size alteration along one specific crystal
growth direction is also helpful to understand the kinetics.
Figure 7 presents XRD patterns of anatase TiO, products after
different hydrothermal treatment time. When the anatase TiO,
NS were treated in deionized water for a reaction time ranging
from 60 min to 88 h, all of the diffraction peaks match well with
the crystal structure of the anatase TiO, phase and no other
phases can be detected. Nevertheless, diffraction peaks of the
samples became stronger and sharper with increasing reaction
time, especially for the diffraction peaks at 26 = 37.80° corre-
sponding to (004) planes of anatase TiO,, which suggests
oriented growth of anatase TiO, NS along the [001] direction.
By use of the Scherrer equation, crystal dimensions in the [001]
direction are determined to be 16.5, 16.5, and 44 nm for the TiO,
samples shown in Figures 2, 3, and 4, respectively. The calculated
sizes of the products at these early stages does not match well
with the values derived from TEM images, which might be
attributed to some close stacking of the anatase TiO, NS in the
[001] direction.

To investigate the crystal growth kinetics of anatase TiO, NS
in an aqueous environment, systematic hydrothermal experi-
ments with different reaction time were carried out. Figure S1
(Supporting Information) shows TEM images of the resulting
products with reaction time of 1, 6, 11, 48, and 120 h. By
comparison with the starting anatase TiO, NS, it can be
concluded that the shape and size of the products changed
insignificantly in the early stages of hydrothermal treatment.
With increasing reaction time, monodisperse anatase TiO, NS
was eliminated steadily and larger aggregates of TiO, NS
appeared within the initial stages of hydrothermal treatment.
According to detailed analysis of the sample in this critical period,
the larger particles have been evidenced to form via OA of the
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Figure 6. Relationship between calculated Spg1/Siora and F coverage of
the single-crystalline anatase TiO, crystals enclosed by low-index {001}
and {101} facets. (Insets) Corresponding thermodynamic models for
anatase TiO, with 0.3%, 0.5%, and 80% exposed {001} facets,
respectively.
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Figure 7. XRD patterns of the samples derived from hydrothermal
treatment of TiO, nanosheets in deionized water at 200 °C for (a)
105 min, (b) 200 min, and (c) 88 h.

original anatase TiO, NS as building blocks along the [001]
crystallographic direction. With reaction time further prolonged,
the large particles became smooth and well-faceted along with a
significant increase in size, especially for the crystal dimension in
[001] orientation. Therefore, OA-based crystal growth played a
leading role in the crystal coarsening that occurred during
hydrothermal treatment of anatase TiO, NS in deionized water.

In general, the kinetics of crystal growth and coarsening are
mainly determined by the nature of the interface between
primary crystals and the surrounding solution, the format of
metal-containing species in the solution, and the structure of the
crystals.*****! For OA-based crystal growth of {001} faceted
anatase TiO, NS, perfect OA involves spontaneous self-organi-
zation of adjacent TiO, NS, which makes them share a common
[001] crystallographic orientation, removal of the adsorbed
capping agents such as F, and formation of the new chemical
bonds at the interface between primary crystals. Bonding be-
tween the original anatase TiO, NS can reduce overall surface
free energy through complete elimination of the crystal—liquid
interface. As aresult, the secondary anatase TiO, crystals are new
single crystals composed of oriented subunits. In the present
work, a kinetic model is proposed to elucidate the crystal growth
process of {001} faceted anatase TiO, NS via OA mechanism
during the hydrothermal reaction, which have been confirmed

50
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Figure 8. Experimental data and simulation result showing the increase
of particle size along the [001] crystallographic direction vs treatment
time. The average particle size of the samples with different reaction time
was calculated from the XRD pattern shown in Figure S3 (Supporting
Information) by use of the Scherrer equation.

through TEM/HRTEM analysis of typical samples with different
reaction time. Moreover, the thickness of the products multi-
plied in a short time while the side length of the products was
nearly unchanged during the process. Herein, the average crystal
size in the [001] direction and the number of initial particles were
supposed to be Hy and Nj at t = 0, respectively. After growth via
OA for a period of time t, the number of primary particles is N(t),
and the average particle size along the [001] direction of newly
generated particles is H, separately. It should be noted in this
kinetic model that the TiO, crystals were supposed to be
rectangular if viewed through the [001] zone axis, and the side
length was unchanged during crystal growth.

On the basis of the general kinetic model applied for OA-based
crystal growth,*”** the proposed kinetic equation in this work
was simulated to be

- H()(nklt + 1)

(kit + 1) (1)
In this formula, k; = kNp, and 7 is a constant representing the
average number of building blocks composing a single particle.
According to the average crystal size along the [001] direction of
the starting material and the final product, n was assumed to be 6.
In this case, eq 1 changes to

_ Ho(6kit + 1)

(kit + 1) @)
Based on eq 2, OA-based crystal growth of anatase TiO, NS can
be fitted well by the least-squares method and Hj and k; can be
calculated as 7.2 nm and 0.22, respectively (see Figure 8).
Moreover, the value of Hy is close to the average thickness of
the initial TiO, NS.

In addition to the kinetic mechanism, the interfacial integra-
tion process was also illustrated to help understanding the crystal
growth of anatase TiO, NS via elimination of high-energy {001}
facets. According to our previous work, the surface of the anatase
TiO, NS produced with HF as capping agent is covered by F
atoms that exist by binding to pentacoordinate Ti atoms on the
(001) and (101) surfaces.'® When the anatase TiO, NS were
dispersed in deionized water and treated under hydrothermal
conditions, Ti—F bonds on the surface would hydrolyze and F
atoms can be replaced by hydroxyl (-OH) groups.”” For this
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Figure 9. Proposed growth mechanism of stacked anatase TiO,
nanosheets dominated by {001} facets at their interfacial regions:
(a) Stacking of TiO, nanosheets with F-terminated surfaces; (b)
hydrolysis of Ti—F groups on the surfaces and accordingly the formation
of Ti—OH; (c) formation of Ti—O—Ti linkages via condensation
between Ti—OH on the (001) surfaces of the adjacent TiO, nanosheets
and the resulting elimination of (001) surfaces.

Figure 10. (A) TEM image of the product derived from hydrothermal
treatment of anatase TiO, nanosheets in HCl aqueous solution (1.5 M)
at 200 °C for 88 h. (B) HRTEM image of a typical anatase TiO, crystal
shown in panel A. (Insets) Corresponding fast Fourier transform (FFT)
pattern and schematic model viewed from the [111] direction.

hydrolysis process, the concentration of F~ would increase while
the pH value of the aqueous solution decreases gradually as the
hydrolysis reaction proceeds continuously. This hydrolytic pro-
cess can be depicted as

=Ti—F + H,0 »=Ti—-OH + H" + F~ (3)

In this case, the exposed surfaces of TiO, NS would be mainly
covered by -OH groups. Through theoretical predictions,"’
{001} facets have a higher surface energy than {101} facets
now. Thus, the exposure of {101} facets become more favorable,

Figure 11. Hydrothermal stability of anatase TiO, nanocrystals domi-
nated with {101} facets. (A) Low-magnification TEM image of {101}
faceted TiO, nanocrystals after hydrothermal treatment in deionized
water at 200 °C for 88 h. (B) Corresponding HRTEM image of a single
particle.

which can be judged from a Wulff construction model.*>” In this

work, it can be found that the (001) interfaces between the
adjacent anatase TiO, NS would be eliminated through the
condensation of Ti—OH groups and the Ti—O—Ti linkages can
be formed finally. This interfacial crystal growth mechanism of
{001} faceted TiO, NS via OA process is illustrated in the
schematic diagram shown in Figure 9. It should be noted that the
surface fusion process is also involved to generate the well-
faceted anatase TiO, crystals with a flat surface, in which further
crystal growth on the surface of the secondary anatase TiO,
crystals is controlled by diffusion and the initially dissolved TiO,
in the liquid phase acts as the “nutrient”.

Interestingly, it was found that the reaction medium also plays
a key role for the OA process of anatase TiO, NS under
hydrothermal coarsening conditions. Figure 10A shows the
low-magnification TEM image of the product prepared by
hydrothermal treatment of {001} faceted TiO, NS in 1.5 M
HCI aqueous solution at 200 °C for 88 h. As judged from the
TEM image, the original sheetlike shape was well-maintained,
which is quite different from the results with deionized water as
reaction medium. Figure 10B present the HRTEM image and the
corresponding fast Fourier transform (FFT) pattern of a single
free-standing TiO, NS. Observed through the [111] zone axis,
the HRTEM image in Figure 10B displays (101) and (011)
crystal faces with an interfacial angle of 82.4°, which is quite
consistent with the theoretical value.”*® The inset shown in
Figure 10B gives the corresponding structural model of the free-
standing single crystal. Therefore, the hydrothermal-treated
sample is confirmed to be anatase TiO, with dominant {001}
facets. That is, the morphology of the anatase TiO, NS was
unchanged after hydrothermal treatment in acidic 1.5 M HCl
solution, which has the function to suppress the surface hydro-
lysis of Ti—F groups and thus block the OA of anatase TiO, NS
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as well. Various alcohols were also utilized as reaction solvents,
and the retardation of Ti—F hydrolysis was also found. Figure S4
(Supporting Information) shows TEM images of the samples
synthesized by treating anatase TiO, NS at 200 °C for 88 h in
different alcohol solvents such as ethanol, propanol, and butanol.
In this process, it was found that alcohols not only suppress the
surface hydrolysis of Ti—F groups but also may help to stabilize
the (001) facets as capping agents.”®

As a further confirmation of the mechanism discussed, anatase
TiO, nanocrystals dominated by the thermodynamically stable
{101} facets™™ were also hydrothermally treated under the same
experimental conditions. As shown in Figure 11A, almost all of
the anatase TiO, nanocrystals kept their original octahedra
morphology well with a particle size of 30—50 nm. The HRTEM
image illustrated in Figure 11B provides further structural
information, which indicates that the elongated direction of the
TiO, nanocrystals is parallel to the [001] crystallographic direc-
tion, and the interplanar spacing of 0.352 nm and interfacial angle
of 43.4° can be assigned to the lattice spacing of adjacent (101)
crystal planes and interfacial angle of {101} facets, respectively.
All of these observations are basically consistent with the startinég
{101} faceted anatase TiO, reported in the previous work.”
Therefore, no significant change occurred in the crystal structure
of the anatase TiO, nanocrystals with dominant {101} facets
after hydrothermal treatment, which confirms the excellent
hydrothermal stability of {101} facets of anatase TiO,.

Bl CONCLUSIONS

In this work, {001} faceted anatase TiO, NS were revealed to
be unstable during hydrothermal treatment in deionized water.
During the treatment, original TiO, NS have grown into
truncated octahedral TiO, via an oriented attachment (OA)
process along the [001] crystallographic direction. Under hydro-
thermal coarsening conditions, hydrolysis of Ti—F groups on the
surfaces of TiO, NS can induce the combination of adjacent NS
in deionized water, which leads to the elimination of high-
energetic (001) surfaces. A kinetic model for OA-based crystal
growth of {001} faceted anatase TiO, NS was proposed and fit
well with the experimental results. In addition, reaction media
also play an important role in the morphology evolution of
anatase TiO, NS. In reaction media such as 1.5 M HCl solution,
ethanol, propanol, and butanol, the hydrolysis of surface Ti—F
can be suppressed effectively and anatase TiO, NS can remain
their original morphology. The stability study of anatase TiO,
NS exposed with highly reactive {001} facets would provide an
important criterion for their commercial applications and funda-
mental surface research. The principles found in this work might
be applied to other crystalline materials with high-energy facets.
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© Ssupporting Information. Four figures showing TEM
images and XRD spectra of samples with different treatment
times, XPS survey spectra of anatase TiO, nanosheets before and
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charge via the Internet at http://pubs.acs.org,
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