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Colloidal suspension of titanate nanosheets has been prepared by exfoliation of Csgg7-
Ti1.8304 through the intercalation of tetrabutylammonium (TBA). The atomic scale structure
of the nanosheets has been determined using X-ray diffraction and the atomic pair
distribution function (PDF) technique. The exfoliated titanate nanosheets have been found
to be an irregular assembly of double layers of Ti—Og octahedra accommodating water and
TBA molecules in the interlayer space. The interlayer distances show a wide distribution
ranging from 9 to at least 18 A. The separation between the titanate layers remains nearly
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the same in air-dried product of the colloidal suspension.

Introduction

The exfoliation of cesium titanate is currently a
subject of increasing interest since it can provide a
colloidal suspension of titanate nanosheets.'~1! Such a
colloidal suspension has been used as a precursor for
the fabrication of ultrathin hollow shells with diameters
in the micrometer range,! mesoporous metal oxide sol
pillared nanohybrids,3* and also titanate and multilayer
heterostructure thin films.?>% From a fundamental point
of view, layered titanates are considered as good model
structures for the study of processes such as exfoliation,
delamination, and osmotic swelling.®10 Previous struc-
ture studies on titanate nanosheets have concentrated
either on the starting layered titanate materials,? or on
the dried restacked product.* However, almost all ap-
plications of titanate nanosheets involve their colloidal
suspension. Experiments on nanosheets suspended in
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water have also been carried out®!? but they have been
aimed mostly at revealing the relative arrangement of
the exfoliated nanosheets and not on their atomic-scale
structure. Information about the 3D atomic ordering in
the nanosheets is important for better understanding
of the useful material’s properties. In the present paper
we report results from structure studies on colloidal
suspension of Ti;g304 nanosheets performed by the
atomic pair distribution function (PDF) technique,
which is known to be well-suited for materials showing
limited structural coherence.

Experimental Section

Sample Preparation. The precursor cesium titanate,
Cso.67Ti1.8304, was prepared by heating a mixture of Cs2COs3
and TiO; at 800 °C for 20 h. The corresponding protonic form,
Ho67Ti1.8304, was obtained by reacting cesium titanate powder
with 1 M HCI aqueous solution at room temperature for 3 days.
During this proton exchange reaction, the HCI solution was
replaced with fresh solution every day. The exfoliation of
cesium titanate lattice was achieved by reacting the protonic
titanate with tetrabutylammonium hydroxide (TBA-OH) for
more than 2 weeks. For an effective exfoliation, the amount
of TBA-OH was adjusted to be equivalent to that of the
exchangeable protons in Hy ¢7Ti1.8304-H2O. After the reaction,
a small amount of incompletely exfoliated particles was
removed through centrifugation at a speed of 12 000 rpm for
10 min. For XRD measurement, a dense suspension of wet
titanate nanoparticles was prepared by applying an additional
centrifugation under extreme condition (18 000 rpm for 1 h).

X-ray Diffraction Experiments. XRD experiments on the
suspension of wet titanate nanoparticles and the solid parent
material Csgg7Ti13304 were carried out at the beamline 11-
ID-C (Advanced Photon Source, Argonne National Laboratory)
using X-rays of energy 115.013 keV (1 = 0.1078 A). The higher
energy X-rays were used to extend the region of reciprocal
space covered (i.e., to obtain data at higher wave vectors, @)
which is important for the success of PDF analysis. Special
care was taken to maintain the wet state of the exfoliated
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Figure 1. Experimental diffraction patterns of (a) crystalline
Cs0.67Ti1.8304 and (b) the suspension of exfoliated titanate
nanosheets. The higher-@ portion of the patterns is given on
an enlarged scale in the insets.

titanate suspension by sealing the samples between Capton
foils. The measurements were carried out in symmetric
transmission geometry and scattered radiation was collected
with an intrinsic germanium detector connected to a multi-
channel analyzer. Several runs were conducted with each of
the samples and the resulting XRD patterns were averaged
to improve the statistical accuracy and reduce any systematic
effect due to instabilities in the experimental setup. The
diffraction patterns obtained are shown in Figure 1. As can
be seen, the XRD pattern of (CsomTingO‘; exhibits well-defined
Bragg peaks up to @ ~ 12 A1,

The material is obviously perfectly crystalline. The XRD
pattern of the colloidal suspension of titanate nanosheets, on
the other hand, shows only a few Bragg-like features and a
pronounced, slowly oscillating diffuse component. The observed
XRD pattern is in good agreement with the previously reported
pattern of titanate colloidal suspension collected with Cu Ko
radiation.®!° Such a diffraction pattern is practically impos-
sible to be tackled by ordinary techniques for structure
determination. However, once reduced to the corresponding
atomic PDF, it becomes a structure-sensitive quantity lending
itself to structure determination. The frequently used reduced
atomic PDF, G(r), is defined as follows:

G(r) = 4arlp(r) — pl (1)

where p(r) and po are the local and average atomic number
densities, respectively, and r is the radial distance.!? It peaks
at characteristic distances separating pairs of atoms and thus
reflects the atomic scale structure. The PDF G(r) is the Fourier
transform of the experimentally observable total structure
function, S(®), i.e.,

G(r) = 2/m) [, QIS@Q — 1Isin(@r)deQ @)

where @ is the magnitude of the wave vector ( = 4xsin 6/4),
20 is the angle between the incoming and outgoing radiation
beams and 1 is the wavelength of the radiation used. The
structure function is related to the coherent part of the total
diffracted intensity as follows:

S@) =1+ [I"'Q) — > cAﬁ(Q)F]AZ G QP (3)

where [°/(@Q) is the coherent scattering intensity per atom in
electron units and ¢; and f; are the atomic concentration and
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Figure 2. Experimental structure functions Q[S(®) — 1] for
(a) crystalline Cs67Ti1.8304 and (b) the suspension of exfoliated

titanate nanosheets as obtained from the diffraction patterns
of Figure 1.

X-ray scattering factor, respectively, for the atomic species of
type i. As can be seen from eqs 1—3, G(r) is simply another
representation of the powder diffraction data. However, ex-
ploring the diffraction data in real space is advantageous,
especially in the case of materials with limited structural
coherence. First, as eq 2 implies, the total scattering, including
Bragg scattering as well as diffuse scattering, contributes to
the PDF. In this way both the long-range atomic structure,
manifested in the sharp Bragg peaks, and the local nonperiodic
structural imperfections, manifested in the diffuse components
of the diffraction pattern, are reflected in the PDF. Second,
by accessing high values of @, experimental G(r)s with high
real-space resolution can be obtained and hence, quite fine
structural features can be revealed. In fact, data at high @
values (@ > 10 A™1) are critical to the success of PDF analysis.
Third, G(r) is less affected by diffraction optics and experi-
mental factors since these are accounted for in the step of
extracting the coherent intensities from the raw diffraction
data. This renders the PDF a structure-dependent quantity
giving directly relative positions of atoms in materials. As we
have already demonstrated in several studies on nanocrystal-
line materials,'3~15 this enables convenient testing and refine-
ment of structural models.

Experimental PDF's for the studied samples were obtained
as follows. First, the coherently scattered intensities were
extracted from the XRD patterns of Figure 1 by applying
appropriate corrections for flux, background, Compton scat-
tering, and sample absorption. The intensities were normalized
in absolute electron units and reduced to the structure
functions Q[S(Q) — 1] shown in Figure 2.

The structure functions were Fourier transformed to atomic
PDF's according to eq 2. All data processing was done using
the program RAD.'® Thus-obtained experimental PDFs are
plotted in Figure 3.

As can be seen, the experimental PDF for crystalline Csg 67-
Ti18304 is rich in well-defined structural features extending
to high real-space distances, as it should be with a material
possessing 3D periodicity and long-range atomic order. The
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Figure 3. Experimental (symbols) and model (line) atomic
PDF's G(r) for (a) crystalline Cs¢7Ti1.8304 and (b) the suspen-
sion of exfoliated titanate nanosheets. The model data are

computed on the basis of the crystal structure of cesium
titanate!” and protonic titanate,'® respectively.

PDF for the colloidal suspension of titanate nanosheets is also
rich in well-defined features but those features vanish already
at 15—18 A. Obviously, this nanocrystalline material has a
very well-defined local atomic arrangement but lacks the
extended order of usual crystals.

Results and Discussion

Even though the structure of crystalline Csg 7118304
is well-known, it was again studied here to test the
quality of the present experimental data and illustrate
the capabilities of the PDF technique. Like other
techniques employed in structure determination of
materials, the PDF method uses a least-squares proce-
dure to compare experimental and model PDFs calcu-
lated from a plausible starting model. The structural
parameters of the model are adjusted until the best fit
to the experimental PDF data is achieved. Crystalline
Cs.67T11.8304 possesses an orthorhombic structure built
of layers of edge-shared TiOg octahedral units with Cs
atoms occupying the space between the layers,!” as
shown in Figure 4.

Data from literature sources!” were used as initial
values for the structural parameters of Csgg7Ti1.8304.
They were refined against the present PDF data observ-
ing the constraints of the Immm space group. The fit
was done with the help of the program PDFFIT.!® It
converged rapidly and produced a model PDF that
reproduces the experimental one in detail as shown in
Figure 3a. The refined structure parameters are sum-
marized in Table 1. They agree very well with results
from previous structure studies.!” This outcome of our
study well demonstrates the good quality of the present
experimental data and the ability of the PDF technique
to reveal the atomic ordering in materials.

To determine the structure of titanate nanosheets we
considered several trial models, as follows. At first, a
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Table 1. Structural Parameters of Csg¢7Ti1.8304 at Room
Temperature Obtained from PDF Refinement®

atom position occupancy x y z Biso (A2)
Cs 4i 0.335 0.0 0.0 0.182(5) 6.34(7)
Ti 4h 0.915 0.0 0.3078(2) 0.5 0.94(1)
01 4g 1.0 0.0 0.2235(6) 0.0 2.08(1)
02 4g 1.0 0.0 0.3752(5) 0.0 2.08(1)

@ Structural model has the Immm space group. a = 3.781(2) A
b =17.319(5) A; ¢ = 2.923(1) A.
model based on the protonic titanate structure was
considered. The protonic titanate is obtained at the first
stage of the chemical route employed by us when Cs
atoms are removed from the Csg¢7Ti1.8304 crystal and
replaced by HT cations. As already discussed,'® the
extraction of Cs results in the introduction of consider-
able structural disorder and profound smearing out of
the Bragg diffraction peaks, something we observe in
the diffraction pattern of titanate nanosheets (see
Figure 1b). A model PDF calculated from the structure
of protonic titanate!? is shown in Figure 3b. As can be
seen in the figure, this model is not capable of reproduc-
ing the experimental data for the nanosheets. In par-
ticular, it gives many sharp peaks at r values higher
than 9 A reflecting the presence of a long-range ordered
stack of double TiOg layers.!® This is not exactly the
picture seen with exfoliated titanate sheets, as their
PDF decays almost to zero at r values higher than 18
A. To account for the very limited structural coherence
in the titanate sheets, we modified the structure model
by introducing structural disorder leading to a rapid
decay of the model PDF data. The degree of the disorder
was varied until the high-r behavior of the model data
closely followed that of the experimental data. This was
another structure-related parameter adjusted with the
help of the program PDFFIT. Furthermore, we took into
account the presence of water in the interlayer space
by adding to the model data an appropriately weighed
term based on experimental PDF data for water. This
modification introduced minor changes to the model
PDF data due to the low scattering power of water but
we kept it in the model to make it more realistic. The
thus-modified model features titanate double layers
separated at approximately 9 A with interlayer space
occupied by water. A model PDF calculated on the basis
of the model is shown in Figure 5a.

As can be seen, it reproduces all important details in
the experimental data. Considering that the sample was
made by a soft chemistry route and, therefore, possesses
a high degree of disorder, the level of agreement
achieved is quite good and acceptable. The only defi-
ciency of the model is that it gives peaks that are
somewhat sharper than the experimental ones at dis-
tances higher than 9 A (see the peaks marked with
arrows in Figure 5a). Since in our model correlations
between neighboring layers begin to show up at dis-
tances longer than 9 A one can conclude that the model
somewhat overestimates the degree of order between
the neighboring layers and/or underestimates their
separation. This prompted us to investigate a model
where the layers are separated at a longer distance,
namely, 18 A. The atomic coordinates of titanate layers
in this model are listed in Table 2.
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Figure 4. Polyhedral representation of the crystal structure of pristine Cs¢7T11.5304. The structure may be viewed as a stack of

double layers of Ti—Os octahedra with Cs atoms (circles) alternating in the open space between the layers.
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Figure 5. Experimental (symbols) and model (line) PDFs for
exfoliated titanate nanosheets. (a) Model featuring double
layers separated by approximately 9 A. Correlations between
neighboring layers show up at distances longer than 9 A as
marked with arrows. (b) Model featuring double layers sepa-
rated by approximately 18 A. (c) Model featuring two sets of
double layers separated by 9 and 18 A, respectively.

A PDF calculated on the basis of this model is shown
in Figure 5b. For short interatomic distances it repro-
duces the experimental data as well as the model
featuring layers separated at 9 A. For longer real space
distances (>9 A) it follows the smooth behavior of the
experimental data suggesting that 18 A is a more
realistic separation between the titanate layers in
water. This outcome of our modeling studies is sup-
ported by the diffraction pattern of titanate nanosheets
dried in air (Figure 6).

Table 2. Parameters of the Model Titanate Structure
Used for Comparison with the Experimental Data“

atom position occupancy x y z Bis(A2)
Ti 4h 1.0 0.0 02795 05 0.35
01 4g 1.0 0.0 0.2393 0.0 0.35
02 4g 1.0 0.0 0.3131 0.0 0.35

@ Structural model has the Immm space group. a = 3.755 A;
b = 36.724 A; c=2.960(1) A.
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Figure 6. Experimental diffraction pattern of the product of
air-dried colloidal suspension of titanate nanoparticles. The
pattern shows a pronounced low-Q peak at ~17.6 A that can

be associated with the separation between the individual
titanate layers building the material.

It shows a prominent low-@ peak corresponding to an
interplanar distance of ~18 A, which may be interpreted
as the distance between the titanate layers in the
solidified material. It is very likely that in the heavily
centrifuged suspension the titanate layers are already
separated at distances close to 18 A and those distances
survive when water is evaporated slowly. Previous
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Figure 7. Schematic presentation of an exfoliated titanate
nanosheet in colloidal suspension as determined by the present
PDF studies.

studies by Sasaki et al.? have also found that air-dried
suspension of titanate sheets always shows interlayer
distance of ~18 A regardless of the relative concentra-
tion of water and TBA molecules in the wet material.
Also, the same studies? have suggested that wet titanate
sheets are indeed a mixed-layer system showing inter-
layer distances ranging from approximately 10 to 20 A.
We checked this hypothesis by designing a model
featuring titanate layers with two separations: 9 and
18 A. The corresponding PDF is compared to the
experimental data in Figure 5c. It reproduces the
experimental data very well up to interatomic distances
as long as 20 A. Thus, the picture emerging from our
studies is that of titanate sheets with an irregular
structure. The separations between the building double
layers vary from at least 9 to 18 A as shown in Figure
7. Also, since the experimental PDF data decay to zero
at approximately 20 A, not only the correlations between
the layers, but also those within the layers, are obvi-
ously short-ranged as well. This observation is consis-
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tent with double layers that are either slightly bent or
terminated by steps as frequently occurs with materials
exhibiting Ti deficiency.20

Conclusions

The 3D atomic ordering of titanate nanosheets was
determined by the atomic PDF technique. Although
disordered over long ranges (>20 A1), wet titanate
nanosheets is a material with substantial local order.
At the atomic scale, it may be viewed as an irregular
assembly of double layers of Ti—Og octahedra. The
layers are almost uncorrelated and separated by dis-
tances of at least 1 nm with the interlayer space
occupied by water molecules and organic TBA cations.
The weak interaction and negligible assembling between
the individual titanate layers is what makes possible
the facile formation of new titanate-based heterostruc-
tures through intercalation of metal oxide/polycations
and subsequent restacking. The new structural infor-
mation provided by the present study, including coor-
dinates of the atoms building the titanate nanosheets,
clears the road to generating realistic structure models
and performing theoretical calculations of the structure-
dependent characteristics of the material. This will lead
to a better understanding and, possibly, improvement
of its useful properties.
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