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Abstract: Crystallization behaviors of anatase nanocrystallites from an ultrathin two-dimensional reactant
composed of exfoliated titania nanosheets have been studied by monitoring the heating process of their
well-organized films, with which the film thickness can be controlled from a molecularly thin monolayer to
a stacked multilayer structure with a stepwise increment of ∼1 nm. The heated products were identified by
means of total reflection fluorescence X-ray absorption near-edge structure analysis and in-plane X-ray
diffraction measurements using a synchrotron radiation source. The films composed of five or more layers
of stacked nanosheets were transformed into anatase at 400-500 °C, which is a normal crystallization
temperature of anatase from bulk reactants. As the film became thinner by decreasing the number of
nanosheet layers to five or less, the crystallization temperature was found to increase and finally reached
800 °C for the monolayer film. Interestingly, preferential growth of anatase along the c-axis was strongly
promoted for these ultrathin films. These unusual behaviors may be understood in terms of crystallization
from the two-dimensional system of scarcely distributed reactants. The titania nanosheet crystallite is much
thinner than the unit cell dimensions of anatase, and therefore, extensive atomic diffusion is required for
the transformation particularly for the ultrathin films with a critical number (2-3) of stacked nanosheet
layers. There is some structural similarity between anatase and titania nanosheet, which may account for
the oriented growth of anatase nanocrystallites.

Introduction

Control of crystallization behavior has become a matter of
concern in physical and material science. Fundamental theories
regarding the nucleation and growth dynamics of crystalline
materials from various systems such as gas, liquid, and solid
phases have been advocated,1,2 contributing to the development
of advanced functional materials in the past decade. In particular,
with the rapid progress in material design in the nanometer-
scale regime, the fine control of crystal growth has developed.
Several groups have reported the crystallization of inorganic
materials such as calcium carbonate on a micropatterned surface
of self-assembled films,3 which offers compartmented areas of
different nucleation activity. This approach makes it possible

to control the size, population, and crystallographic orientation
of grown crystals as well as their lateral positioning. On the
other hand, Johnson and collaborators carried out elaborate
studies on crystallization of inorganic materials by annealing
superlattice multilayers designed by beam epitaxy technology.4

The artificial multilayers as a three-dimensional reactant allow
atomic diffusion and nucleation activities to be freely modified,
and this strategy yielded some metastable crystalline phases that
are unable to be trapped under ordinary conditions.

These recent studies by utilizing so-called nanochemistry have
yielded tremendously attractive findings and opened a new
research field. However, there are other unexplored nanosystems
that may lead to some novel phenomena. For example,
knowledge on crystallization from a two-dimensional solid
system with a thickness of nanometer-scale range is still very
limited. The effect of its thickness, namely the abundance of
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reactant, on the crystallization behavior would be of particular
interest. Nucleation and crystal growth may be severely hindered
in such a two-dimensionally bound reactant.

Recently, a wide variety of layered host materials, ranging
from clay minerals5 to transition metal oxides,6-8 chalco-
genides,9 and so on, have been delaminated into colloidal
elementary layers through soft-chemical processes. The resulting
unilamellar crystallites have been named nanosheets because
of their peculiar structural features with extremely high two-
dimensional anisotropy. Their thickness is in the range of
molecular dimensions, mostly around 1 nm, while the lateral
dimension is usually in the micrometer range, roughly corre-
sponding to a size of precursor layered crystals. These colloidal
nanosheets can be deposited via alternate adsorption with some
oppositely charged polyelectrolytes to produce multilayer ul-
trathin films with a controlled nanoarchitecture.10 We have
demonstrated that sequential adsorption of titania nanosheets
of Ti1-δO2 (δ ≈ 0.09) and poly(diallyldimethylammonium)
(PDDA) cations can grow multilayer films at an increment step
of 1-2 nm, which corresponds to the thickness of the bilayer,
PDDA/Ti1-δO2.10c These films should be employed as a model
reactant in the investigation mentioned above for the control of
crystallization. In fact, we have found intriguing phenomena in
the crystallization process of anatase from a “monolayer” film

of titania nanosheets.11 The nanosheet structure was stable up
to a temperature of 800°C, which is much higher than the
normal crystallization temperature of anatase. Although the
results were very enticing, it is difficult to pursue this
phenomenon in depth to obtain a clear understanding of it
because the films were not necessarily of satisfactory quality
for the purpose. The deposition of the nanosheets onto the
oppositely charged surface inevitably results in some overlap
of the nanosheets as well as gaps between them. In practice,
the “monolayer” film used in the previous study was far from
the ideal monolayer, showing overlapped regions of 45% in a
total covered area of 90%.12 This severe overlap makes it
difficult to precisely interpret the crystallization behavior
because the “monolayer” film practically includes a significant
proportion of the “bilayer” region. It is obviously impossible
to explore how the film thickness affects the crystallization
behavior because the multilayer films should have a more
disorganized architecture.

High-quality films without extensive overlapped patches and
uncovered areas are essential for such studies. Most recently,
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Figure 1. XANES spectra for (a) as-grown monolayer film and that heated
at (b) 300, (c) 400, (d) 500, (e) 600, (f) 700, (g) 800, (h) 900°C, and (i)
reference (anatase).

Figure 2. In-plane XRD patterns for (a) as-grown monolayer film and
that heated at (b) 300, (c) 400, (d) 500, (e) 600, (f) 700, (g) 800, and (h)
900 °C. Lower panel shows the magnified profile around 5.3 nm-1.
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we developed a new procedure to fabricate highly organized
films of nanosheets suitable for the study.13,14 The sequential
adsorption of oversized titania nanosheets (∼30 µm in lateral
size) followed by ultrasonic treatment could produce a nearly
perfect film through trimming of overlapped nanosheets. Under
optimized conditions, overlap and gap were suppressed to 6%
and a negligible level, respectively, and deposition with this
quality could be repeated to produce well-ordered multilayer
structures. With these neat films, the thickness can be accurately
controlled by varying the number of deposition cycles.

Here, we report interesting crystallization behaviors in the
heating process of the monolayer and multilayer films thus
obtained. The crystallization temperature of anatase was de-
pendent on the thickness, and bulk behavior appeared for the
films thicker than∼5 nm. Furthermore, preferential oriented
growth of anatase nanocrystallites with respect to the precursor
nanosheets was observed, suggesting some templating effect of
the nanosheet.

Experimental Section

Material Synthesis.Single crystals of starting layered titanate, K0.8-
Ti1.73Li 0.27O4, were synthesized by slow-cooling a K2MoO4 flux melt
containing a stoichiometric mixture of K2CO3, Li2CO3, and TiO2 from
1473 to 1223 K.15 The obtained crystals were treated with a 0.5 mol
dm-3 HCl solution for 3 days to be converted into an acid-exchanged
form, H1.07Ti1.73O4‚H2O.15 The protonic titanate crystals (0.4 g) were
immersed in 100 cm3 of a 0.025 mol dm-3 tetrabutylammonium
hydroxide (TBAOH) solution with intermittent gentle shaking for two
weeks. The resulting colloidal suspension contained unilamellar titania
nanosheets of composition Ti0.87O2 with an average lateral size of
30 µm.

These large-sized titania nanosheets were deposited onto a substrate
into highly organized monolayer and multilayer films by our recently
developed method, which involved electrostatic self-assembly and
subsequent ultrasonic treatment.13 Substrates of Si wafers and quartz
glasses were immersed in a bath of 1/1 CH3OH/HCl andconcH2SO4

for 30 min each for cleaning. The substrates were precoated by being
dipped in a PDDA chloride solution (pH) 9, 20 g dm-3). Titania
nanosheets were adsorbed onto the primed substrate by immersing it
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Figure 3. (A) XANES spectra and (B) in-plane XRD patterns for the two-layer films heated at (a) 300, (b) 400, (c) 500, (d) 600, (e) 700, (f) 800, and (g)
900 °C. (C) Magnified profile around 5.3 nm-1.

Figure 4. (A) XANES spectra and (B) in-plane XRD patterns for the three-layer films heated at (a) 300, (b) 400, (c) 500, (d) 600, (e) 700, (f) 800, and (g)
900 °C. (b) and (1) show the indices of anatase and rutile, respectively. (C) Magnified profile around 5.3 nm-1.
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in the nanosheet suspension (pH) 9, 0.08 g dm-3) for 20 min. The
film was washed carefully with ultrapure water and then subjected to
an ultrasonic field in the TBAOH solution (pH) 11). This treatment
removes the overlapped region of nanosheets, as reported previously,
leading to a highly organized monolayer film with negligible gaps and
overlaps between the nanosheets.13 Repetition of these operations
yielded multilayer films composed of a specified number of layer pairs
of the titania nanosheet and PDDA. Heat treatments of these films were
performed by increasing the temperature from ambient temperature at
a rate of 5°C min-1 to a preset temperature (300, 400, 500, 600, 700,
800, and 900°C). After keeping the samples at that temperature for 1
h, we cooled them naturally in a furnace.

Measurements and Analysis.X-ray absorption near-edge structure
measurements were carried out in total reflection fluorescence mode
(TRF-XANES) at the Photon Factory BL-12C in the Institute of
Materials Structure Science, High Energy Accelerator Research Orga-
nization (KEK-PF). Synchrotron radiation X-ray monochromated by
Si(111) double crystals was slit to produce a square beam of 0.2× 2
mm2. The incident angle to the sample surface was fixed below the
critical angle (∼0.5°) for the total external reflection decided from the
premeasurement of the X-ray reflectivity curve. Ti K-edge XANES
spectra were recorded in an energy range from 4960 to 5010 eV with
an interval of 0.3 eV. The fluorescence X-ray intensity was detected
by a 19-element Ge solid-state detector arranged in the horizontal plane
of the substrate, while the incident X-ray intensity was monitored by
an ionization chamber. XANES spectra were calculated from the
intensity ratio of the fluorescence X-ray to the incident X-ray.

In-plane X-ray diffraction (XRD) analysis was performed with a
four-axis diffractometer installed at the BL-3A in KEK-PF. The incident
X-ray was monochromated and focused on the incident slit (0.1 mm)
by Si(111) sagittal focusing double monochromators and two Pt mirrors
fused on quartz. The resultant horizontal and vertical divergences were
0.15° and 0.30°, respectively. The incident angle to the sample surface
was fixed below the critical angle of total external reflection. The
diffracted X-ray that passed through the soller slit (0.45°) at the front

side of the NaI scintillation counter was counted for 3 s ateach sampling
point (angular interval of 0.05°).

A tapping-mode atomic force microscope (Seiko Instruments
SPA400 AFM system) with a Si tip cantilever (40 N m-1) was used to
examine the topographical change during the heat treatment.

Results and Discussion

Starting Films of the Nanosheets.The deposition of the
large-sized nanosheets followed by the ultrasonic treatment
produced a high-quality monolayer film (Supporting Informa-
tion, Figure S1), consistent with our previous report. The film
was composed of densely packed nanosheets with negligible
gaps between them. Neighboring sheets were slightly overlapped
with each other, and the boundaries were perceived as narrow
strings (∼1 nm higher than the other region), yielding a weblike
pattern. The height analysis of its AFM image revealed a total
surface coverage of nearly 100% with overlapping area of 6%.
This highly organized packing of the nanosheets was greatly
improved compared with similar films of small-sized nanosheets
(average lateral size: 500 nm) derived from a polycrystalline
sample of the layered titanate. In the latter films, the overlap
patches are usually 45% when the total coverage is∼90%.12

Repetition of the deposition procedure involving the ultra-
sonification yielded a multilayer film, which was confirmed by
progressive enhancement of UV absorption due to the nanosheet.
The AFM image suggested that the highly organized film texture
was maintained, although it became more difficult to resolve
the nanosheets for the larger number of deposition cycles due
to a gradual increase in surface roughness. The films showed a
sharp Bragg XRD peak attributable to the well-ordered multi-
layer structure, which is similar to our previous results.13 This
diffraction feature again supports the formation of high-quality
multilayer films, which should be suitable for the present study.
On the other hand, the random in-plane orientation of the
nanosheets was confirmed by RHEED measurement at various
azimuth angles. Thus, the system can be described as a fiber
crystal.

Thermally Induced Structural Transformation of the
Monolayer Film. Figure 1 shows Ti K-edge XANES spectra
in the heating process up to 900°C for the monolayer film of
titania nanosheets. The spectrum of the as-prepared film is
attributable to the titania nanosheets. The spectral profile is
different from that of reference anatase in terms of intensity
distribution of pre-edge feature (4964-4974 eV) and the
location of white line peaks (4980-4995 eV), which reflect a
structural local symmetry. Thus, these differences can be
employed as an indicator to follow the transformation from the
nanosheet to anatase. There was no signature of anatase up to

Figure 5. AFM images (3× 3 µm2) for (a) monolayer, (b) two-layer, and
(c) three-layer films heated at 700, 800, and 900°C.

Figure 6. Layer number dependence of the temperature for transformation
into anatase.
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700 °C. The features diagnostic of anatase (e.g., a sharp peak
at 4984.4 eV and the pre-edge feature) appeared and overlapped
with the characteristic pattern of the nanosheet in the sample
heated at 800°C. Their abundance was estimated to be∼85%
for the nanosheet and∼15% for anatase by decomposition of
the spectrum. Heating at a higher temperature of 900°C
completed the transformation into a single phase of anatase.

The in-plane XRD measurements provided another clue to
monitor this structural change from a different viewpoint (Figure
2). The as-grown film prepared on the Si wafer exhibited three
sharp diffraction peaks at 4.28, 5.31, and 6.73 nm-1, which are
indexable to 11, 20, and 02, respectively, for a face-centered
rectangular unit cell (0.3760(1) nm× 0.2967(2) nm) of the
titania nanosheet.16,17 At first glance, there appeared to be a
negligible change in pattern except for an intensity decay of
the 11 and 02 peaks. However, the expanded pattern showed a
distinct change in the position of the most prominent peak that
appeared around 5.3 nm-1. There was a negligible change up
to 700 °C, but a clear shift of the peak was observed above
800°C. The resultant peak position at 900°C exactly coincides
with that of the 200 reflection for anatase (5.28 nm-1), which
is consistent with the XANES data. The diffraction feature at
800 °C may be interpreted as an intermediate profile between
the two phases. This structural change is not a genuine phase
transformation, but may be formulated in terms of the following
process involving the release of some water molecules:

The protons on the left side of the above equation or ammonium
ions should be present or formed in the heating process as a
decomposition fragment of organic substances.18

Importantly, only the 200 reflection was observed in the in-
plane data for the sample after the transformation to anatase,
although polycrystalline anatase should exhibit many reflections
in this range as indicated by the arrows. Preferential growth of
anatase crystallites along itsc-axis may account for this
diffraction feature. RHEED data (Supporting Information, Figure
S2) further supported this unique crystallographic orientation,
showing rows of diffraction spots extending along thec*-axis.

These structural changes from the nanosheet monolayer into
anatase oriented along thec-axis above 800°C basically agree
with our previous results using the film of smaller-sized
nanosheets.11 The final product at 900°C from the film of small-
sized nanosheets contained a small amount of rutile and non-
oriented anatase phase, which was not the case for the film in
the present study. This may be a consequence of the mean film
quality with a substantial amount of overlapped area. A thicker
region in the films or the overlapped patches of the nanosheets
tends to yield non-oriented crystallites, as will be described
below.

Thermal Behavior of the Multilayer Films. XANES data
and in-plane XRD profiles for two- and three-layer films of the
nanosheets are displayed in Figures 3 and 4, respectively. The

nanosheet structure remained unchanged up to 600°C for the
two-layer film, while the structural transformation above
700°C was indicated consistently by XANES and in-plane XRD
data. The diffraction peak for the sample heated at 700°C was
weak and enhanced again upon heating at higher temperatures.
This may indicate that the transformation took place exactly at
this temperature. It is known that the structural change often
involves some disorder.

The three-layer film underwent a similar structural change
at a slightly lower temperature (between 600 and 700°C), as
can be derived from the data in Figure 4. One of the noticeable
features is that some weak peaks assignable to anatase, indi-
cated by circles, were detected in addition to the strong 200
reflection. This suggests that polycrystalline crystallites started
to form although the preferential orientation was still predomi-
nant. Note that the 101 reflection is the strongest and ap-
proximately double that of the 200 peak in intensity for
polycrystalline anatase.19

The crystallization temperature continued to decrease for the
thicker films. XANES patterns and in-plane XRD profiles for
five- and 10-layer films of the nanosheets indicate that these
samples transformed into anatase at 400-500 °C and 400°C,
respectively (Supporting Information, Figures S3 and S4). These
temperatures are close to that of bulk titania-based materials,
which usually crystallize as polycrystalline anatase at 400-500
°C.20,21 Furthermore, the abundance of non-oriented anatase
tended to increase for these thicker films, while the 200 peak
was the strongest, suggesting that the orientation was still
significant.

Figure 5 shows the topographical features for the samples in
the temperature range where the transformation took place. Note
that the AFM images of the five- and 10-layer samples were
not resolved well enough to identify individual crystallites,
which was probably due to a large surface roughness. There
was no noticeable change in texture for the monolayer film
heated at 700°C. The initiation of anatase crystallization at 800
°C is clearly detected by the formation of granular crystallites
showing a height of∼3 nm larger than the nanosheet. The
abundance of anatase may be consistent with that of 15%
deduced from the XANES analysis. Interestingly, the crystallized
anatase formed a line pattern, which suggests that the crumple
or edge of the nanosheets provides a more active site for the
transformation. The monolayer nanosheets changed completely
at 900°C into granular particles with a lateral size of about
50-100 nm and an average height of 3 nm, which is consistent
with the formation of anatase revealed by XANES and in-plane
XRD analyses.

The two-layer sample heated at 700°C was identified as a
mixture of the unilamellar sheets and anatase nanocrystals, and
the film heated at 800°C and above was totally composed of
nanoparticles. This mixing state at 700°C gives a reasonable
picture of ongoing crystallization, yielding the poorly resolved
in-plane diffraction peak. In contrast, the three-layer films
showed a well-developed granular texture at 700°C, confirming
the lower transformation temperature in comparison with that
of the two-layer film. The average height as well as packing
density of anatase nanocrystals tended to increase gradually with
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0.52H+/Ti0.87O2
0.52-(nanosheet)f

0.87TiO2(anatase)+ 0.26H2O(g) (1)
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the layer number of nanosheets. On the other hand, their lateral
dimensions were nearly unchanged.

The anatase crystallization temperature deduced from the data
above is plotted against the layer number in Figure 6. The
nanosheet films with the layer number of>5 transformed into
anatase at 400-500 °C, which is normal for bulk titania
materials. The crystallization temperature increased with the
decrease of layer number and attained 800°C or higher for the
monolayer film. This thermal behavior should be closely
associated with the abundance of the reactant and its configu-
ration. The five- and 10-layer films can be considered as a
reactant system having a substantially adequate amount of three-
dimensionally distributed Ti and O atoms. This saturated
environment with excessive atoms should allow facile nucleation
and rapid growth of thermodynamically stable crystallites of
anatase at relatively low temperatures. In contrast, the monolayer
film of titania nanosheets consists of two atomic planes of Ti
and four atomic planes of O along the film normal as illustrated
in Figure 7a.22 This two-dimensional structure is even thinner
than the unit cell dimension of anatase along thec-axis, in which
four atomic planes of Ti and eight atomic planes of O are
included (Figure 7b).23 The shortage of component atoms to
construct the anatase structure may be principally responsible
for the inhibition of crystallization at the normal temperature.
Both nucleation and growth of anatase from the monolayer state
of nanosheets should require extensive thermal activation of
atomic diffusion. As revealed by AFM images, the monolayer
film of the nanosheets with a thickness of 1 nm was transformed
into anatase nanocrystals with a height of about 3 nm, which
approximately corresponds to three unit cells of anatase along

the c-axis. This transformation should be involved by the
extensive atomic migration. This situation should be gradually
relaxed as the film becomes thicker. For example, the two- and
three-layer films have a sufficient distribution of titanium and
oxygen atoms to produce the one unit cell of anatase. However,
atomic diffusion is still essential for the formation of a critical
nucleus. This intermediate atomic diffusion may make the
transformation temperatures moderately higher than usual. To
summarize, the number of atomic layers in the starting films is
a dominant factor for the crystallization temperature provided
the film is thinner or comparable to the unit cell dimensions of
anatase.

It is important to assess the dependence of the crystallization
behavior on the heating time, because the duration of 1 h might
be too short to attain the crystallization of anatase. Figure 8
depicts in-plane diffraction patterns of the monolayer sample
heated at 600, 700, and 800°C for 24 h, respectively. These
patterns are nearly the same as those of each sample heated for
1 h in terms of shape and peak position, indicating that the
nanosheet retains its crystallinity even after heating for a long
time. The structure transformation is generally governed by
thermodynamics, and the results discussed here may be inter-
preted as kinetic effects.

Let us consider why the preferential growth of anatase crystals
takes place in the present system. As illustrated in Figure 7, an
atomic plane of Ti layer, Ti1, sandwiched between the adjacent
layers of O atoms, O1 and O2, in the nanosheet is similar to
that of anatase. The projections onto theb-axis for the nanosheet
and onto thec-axis for anatase show close similarities in terms
of atomic arrangement (Figure 9), except for the following
differences: (i) the rectangular unit cell (0.38 nm× 0.30 nm)
for the former while the square lattice (0.38 nm× 0.38 nm)
for the latter, (ii) vertical displacements of O atoms from the

(22) Fukuda, K.; Nakai, I.; Oishi, C.; Nomura, M.; Harada, M.; Ebina, Y.; Sasaki,
T. J. Phys. Chem. B2004, 108, 13088-13092.

(23) Burdett, J. K.; Hughbanks, T.; Miller, G. J.; Richardson, J. W.; Smith,
J. V. J. Am. Chem. Soc.1987, 109, 3639-3646.

Figure 7. Atomic architecture of (a) titania nanosheet and (b) anatase. Blue and red circles represent Ti and O atoms, respectively. The axis notation of the
nanosheet refers to the symmetry of the original layered titanate.
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Ti atom plane, and (iii) about 13% vacancy at Ti octahedral
sites in the former while full occupancy of Ti sites in the latter.
This similarity suggests that the set of planes of Ti1, O1, and
O2 in the nanosheet acts as an embryo of anatase nucleus.

The nanosheet structure can be described as a combination
of these two units with a glide plane: a mirror plane normal to
theb-axis that is staggered by (1/2, 1/2) in the ac plane. On the
other hand, the anatase unit cell comprises four sets of Ti1,
O1, and O2 as shown in Figure 7b. These units are stacked,
being related by four glide planes atz ) 1/8, 3/8, 5/8, 7/8. One
half of the anatase unit cell can be formed when one of two
sets of the Ti1, O1, and O2 planes in the nanosheet is shifted
with respect to each other by (1/2, 0) or (0, 1/2) in the ac plane,
accompanying a change in lateral dimension (from 0.38 nm×
0.30 nm to 0.38 nm× 0.38 nm) and relative vertical location
of O atoms. Here, the presence of Ti vacancies indicates that
the structural change is not a genuine phase transformation, as
mentioned above (eq 1). However, this may not have a
significant impact on the structural modification because of the

limited deficiency. Consequently, rearrangement of Ti and O
atoms may be attained by a relatively small energy change.

This type of structural change may be particularly favored
under the experimental conditions in this study: the diffusion
rate-limiting process. The nanosheets lie flat to the substrate in
the films, with their a× c plane parallel to it. Consequently,
the anatase nanocrystals grow with theirc-axis perpendicular
to the substrate. This speculation should be strictly valid for
films with the layer number of two and less because two layers
of the nanosheets roughly equal the length of thec-axis of
anatase structure. This is actually consistent with the experi-
mental results that these films produced highly oriented nanoc-
rystals of anatase. The thicker films can allow crystallization
in random orientation. However, the high abundance of the
oriented components suggests that the crystallization mechanism
using the nanosheet two-dimensional structure as a sort of
template still exists in the thicker films.

The nucleation and growth of crystals have been investigated
mainly for solution- and vapor-phase reactions.1 These tech-
niques have greatly contributed to the fabrication of a range of
functional crystalline materials today. Two major examples are
molecular beam epitaxy and metal organic chemical vapor
deposition, with which control of crystallographic orientation
of anatase films has been attained.24 However, these methods
have several restrictions for applications in principle. The
substrates that can be used are limited to SrTiO3 and LaAlO3,
because heteroepitaxial growth requires a close similarity of
lattice parameters between the crystal and the substrate. During
the reaction, the atmosphere should be controlled and generally
kept at vacuum to supply growth units. In contrast, the present
reactant system, in which the nanosheets act as both the embryo
and the growth units, allows the control of coverage and
orientation of anatase nanocrystals by means of the deposition
number of the nanosheet layers. This novel phenomenon may
be peculiar to various two-dimensional ultrathin systems and

(24) (a) Chen, S.; Mason, M. G.; Gysling, H. J.; Paz-Pujalt, G. R.; Blanton,
T. N.; Castro, T.; Chen, K. M.; Fictorie, C. P.; Gladfelter, W. L.; Franciosi,
A.; Cohen, P. I.; Evans, J. F.J. Vac. Sci. Technol., A1993, 11, 2419-
2429. (b) Sugimura, W.; Yamazaki, T.; Shigetani, H.; Tanaka, J.;
Mitsuhashi, T.Jpn. J. Appl. Phys.1997, 36, 7358-7359. (c) Herman, G.
S.; Gao, Y.Thin Solid Films2001, 397, 157-161. (d) Ong, C. K.; Wang,
S. J.Appl. Surf. Sci.2001, 185, 47-51.

Figure 8. In-plane XRD patterns for (a) as-grown film as a reference sample
and heated monolayer films at (b) 600, (c) 700, and (d) 800°C for 24 h.
Lower panel shows the magnified profile around 5.3 nm-1.

Figure 9. Atomic packing of the titanium layer and additional two oxygen
layers for the titania nanosheet and anatase projected along theb-axis and
c-axis, respectively. Signs,+ and-, indicate the vertical displacement of
O atoms with respect to the plane of Ti atoms.
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applicable to other nanosheet systems derived from a wide
variety of layered compounds.
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