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Abstract. High-energy X-ray diffraction and atomic Pair
Distribution Function analysis are employed to determine
the atomic-scale structure of titanate nanotubes. It is found
that the nanotube walls are built of layers of Ti—QOg octa-
hedra simular to those observed in crystalline layered tita-
nates. In the nanotubes, however, the layers are bent and
not stacked in perfect registry as in the crystal.

Introduction

Titanate (TiO,-type) nanotubes were first synthesized by
alkaline hydrothermal reaction in 1998 [1, 2] and exten-
sively studied since then [3—15] due to their useful prop-
erties. In particular, similarly to bulk crystalline TiO, the
nanotubes are a wide band gap semiconductor, a property
finding application in photocatalysis. In addition, the nano-
tubes have been found to accommodate easily various
atomic and ionic species. As such titanate nanotubes have
a very good potential for applications ranging from
lithium batteries, hydrogen storage to solar-cells [3, 4]. It
is well known that properties of materials are, to a great
extent, determined by their atomic-scale structure and that
is why its knowledge is highly needed. Several transmis-
sion electron microscopy (TEM), electron and X-ray dif-
fraction (XRD) experiments on titanate nanotubes have
been conducted so far and a few qualitative structure mod-
els proposed [5—11]. None of the models, however, has
been rigorously tested or refined against diffraction data.
The reason is that traditional techniques for atomic-scale
structure determination and refinement are very difficult, if
not impossible, to apply to materials of nanosize dimen-
sions or length of structural coherence. Apparently the dif-
fraction patterns of such materials are so smeared that the
traditional techniques relying mostly on sharp Bragg peaks
turn inapplicable. Recently it was demonstrated that a
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non-traditional approach involving high-energy XRD and
atomic Pair Distribution Function (PDF) analysis can yield
the atomic-scale structure of nanophase materials [16—19]
in detail. Here we apply this approach to titanate nanotubes.

Experimental

Sample preparation

Titanate nanotubes were prepared as follows: TiO, parti-
cles (pure anatase or anatase and rutile) with size ranging
from 10 nm to more than 200 nm were added to a 10-M
NaOH aqueous solution. The mixture was sealed in a Te-
flon container and statically heated in a furnace at 130 °C
for 72 h. The precipitate was filtered and washed at room
temperature with different solvents, including water, etha-
nol, and acetone. As a result, a large quantity of nano-
tubes with a yield >90% was obtained. As TEM images
show (see Fig. 1) the nanotubes are multiwall with inner
and outer diameters of approx. 6 nm and 9 nm (Fig. 1),
respectively. More details of the preparation procedure can
be found in [4-7].

X-ray diffraction experiments

Titanate nanotubes were measured on an X-ray diffract-
ometer (PANalytical X’Pert) using CukK, radiation and a

®
Fig. 1. TEM images of titanate nanotubes. The as prepared material
is a pile of randomly oriented nanotubes (a). Most nanotubes are
multiwall, several tens of nanometers long and approximately 9 nm in
diameter (b).
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Fig. 2. Diffraction patterns of titanate nanotubes collected with CuK,
and synchrotron radiation (SXRD) X-rays. The SXRD pattern of
polycrystalline bulk anatase material is also shown. Note the resolu-
tion of in house and SXRD patterns is different because of the differ-
ent detectors used: point and large area, respectively. The patterns are
shifted vertically for clarity.

point (scintillation) detector. The diffraction pattern, cover-
ing a wide range of diffraction angles 20 (2-90 deg.) is
shown in Fig. 2. It exhibits only a few sharp features and,
as already observed in previous studies [3], does not pro-
vide a firm basis for structure search and refinement. Be-
sides, it covers quite a limited range of reciprocal space
vectors Q = 47 (sin 6)/A, where 6 is half the angle be-
tween the incoming and outgoing X-rays, and A is the
wavelength of the radiation used (A = 1.54 A for Cuky,).
A diffraction pattern of titanate nanotubes (see Fig. 2) ob-
tained using synchrotron radiation X-rays with energy of
90.48 keV (A = 0.1372 A) covers a much wider region of
reciprocal space vectors (see Fig.2 and 3). The pattern
was obtained at the beamline 11-ID-B at the Advanced
Photon Source, Argonne National Laboratory. Besides, the
higher flux of synchrotron radiation X-rays and the usage
of a large area (General Electric) detector allowed to meas-
ure the rather diffuse XRD pattern of titanate nanotubes
with a very good statistical accuracy. Both an extended
range of Q vectors and a very good statistical accuracy are
a prerequisite to the atomic PDF data analysis [20]
adopted here. Polycrystalline anatase (from Sigma; aver-
age crystallite size of ~100 nm) was also measured using
synchrotron radiation X-rays (see Fig.2) and used as a
reference material.

Results

As can be seen in Fig. 2, the diffraction pattern of anatase
standard exhibits well-defined Bragg peaks, as might be
expected for a bulk crystal. Such a pattern lends itself to
traditional crystallographic analysis. It has already re-
vealed that anatase is a 3D network of both edge and cor-
ner sharing Ti—Og octahedra that may be described in
terms of a tetragonal lattice (S.G. I4,/amd) with a 12
atom unit cell of parameters a=3.7867 A and

b=09.5149 A [21]. The diffraction pattern of titanate na-
notubes, however, is too much diffuse to be analyzed in
the traditional crystallographic way. That is why it was
considered in terms of the corresponding total reduced
structure factor F(Q) = Q[S(Q) — 1] and its Fourier trans-
form — the atomic PDF G(r) = 4mr[o(r) — o,). Here o(r)
and g, are the local and average atomic number densities,
respectively, and r is the radial distance. The structure fac-
tor S(Q) is related to the coherent part, I°"(Q), of the
diffraction data as follows:

S(Q) = 1+ [I°Q) = X clhi(QP)/[Z cfi(Q)F - (1)

¢; and f; are the atomic concentration and X-ray scattering
factor, respectively, for the atomic species of type i
[20, 22]. The reduced structure factor for titanate nano-
tubes extracted from the synchrotron radiation diffraction
data is shown in Fig. 3a. The in-house obtained XRD data
were not appropriate to be considered in terms of
F(Q)/G(r) because of their rather low Q limit. The struc-
ture factor of bulk crystalline anatase is shown in Fig. 3a
as well. The corresponding atomic PDFs G(r) are shown
in Fig. 3b. The processing of synchrotron XRD data and
derivation of F(Q)/G(r) was done with the help of the
program RAD [23].

A comparison between the data sets of Fig.2 and 3
exemplifies the different way the same diffraction features
appear, and hence, are accounted for in structure studies
relying on low- and high-energy XRD. XRD patterns ob-
tained using low-energy X-rays (e.g. CuK, radiation) may
cover only a limited range of wave vectors and, hence, are
sensitive mostly to longer-range atomic ordering in materi-
als. High-energy (e.g. synchrotron) XRD may reach much
higher Q vectors rendering the corresponding F(Q)/G(r)
a quantity that is very well suited to study materials of
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Fig. 3. Reduced structure factors (a) and the corresponding atomic
PDFs (b) for titanate nanotubes and bulk crystalline anatase derived
from the synchrotron XRD patterns in Fig. 2.
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limited, including nanoscale, length of structural coher-
ence. That titanate nanotubes is such a material is clearly
seen in Fig. 3b showing its PDF decaying to zero already
at approximately 2 nm. In contrast, the PDF for bulk ana-
tase persists to much longer interatomic distances, as it
should be with materials exhibiting a long-range (i.e. crys-
talline-type) atomic ordering. Regardless of its rapid de-
cay, however, the PDF of the nanotubes still shows many
well defined features allowing a structure search and re-
finement. For example, its first peak is positioned at about
1.9 A which is the Ti—O distance in Ti—Og¢ octahedra. A
similar peak is present in the experimental PDF for ana-
tase as well. This observation showed that, like anatase,
the nanotube walls are built of well-defined Ti—Qg octahe-
dra. The experimental PDFs of titanate nanotubes and ana-
tase, however, disagree substantially at longer interatomic
distances indicating that the way Ti—Og¢ octahedra are ar-
ranged in space is substantially different in the two materi-
als, contrary to the suggestions of Kasuga e al. [1]. This
result may not come as a surprise. Other oxide nanotubes
like V,0s5 have been found not to share the structure type
of the corresponding bulk crystal either [24].

Discussion

Previous studies [3, 4] suggested that titanate nanotubes
obtained through a hydrothermal reaction possess a
layered and not a network-type structure as their crystal-
line counterparts do. Two somewhat different structure
models have been proposed: one based on the lepidocro-
cite, HyTi_, /40,404, type structure (here [J indicates a
vacancy) [9] and the other — on the trititanate, H,TizO7,
type structure [4]. Fragments from the two structure types
are shown in Fig. 4.

As can be seen in Fig.4 both materials are built of
layers of Ti—Og octahedra. Layers in trititanate, H,TizO7,
are composed of fragments of three edge-sharing octahe-
dra. The fragments join at their corners in a step-wise
manner (see Fig.4a) rendering the layers corrugated.
Layers in lepidocrocite, H,Tiy_y/4[1,/404, too are made of
edge-sharing Ti—QOg octahedra but are pretty much flat
(see Fig. 4c). It may be noted that these structure types are
the end members of a series of layered titanates with a
general formula H,Ti,,0,,;, where n is the number of Ti
atoms involved in the layer fragments. Another member of
this series, H,Ti4O9, has also been considered as a model
for the structure of titanate nanotubes [10]. The two dis-
tinct type models featuring corrugated and flat layers, re-
spectively, were tested by computing the corresponding
atomic PDFs and comparing them to the experimental
PDF for titanate nanotubes. The calculations were done
with the help of the program PDFFIT [25]. The structure
model parameters including lattice constants, atomic posi-
tions and isotropic thermal factors were adjusted to
achieve the best possible agreement between the model
and experimental PDF data while keeping the inherent to-
pology and symmetry of the models intact. The limited
length of structural coherence in the nanotubes, including
the presence of layer-layer stacking (turbostratic) disorder,
was taken into account as discussed in [19]. A model PDF
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Fig. 4. Fragments from the crystal structures of H,TizO; (a, b) and
H,Tis_,/40,/404 (c, d) layered titanates. The corresponding unit
cells are outlined with thin solid lines.

based on the network-type anatase structure was computed
as well. Results are presented in Fig. 5.

As can be seen in Fig. 5 a model based on the anatase
structure does fail to reproduce the experimental PDF
data. Models based on the rutile and brookite modifica-
tions of TiO,, that too are 3D networks of Ti—OQOg octah-
dera, did not perform any better. On the other hand,
models featuring layers of octahedra reproduce the experi-
mental data quite well. From the two distinct layer-type
models the one based on fragmented/corrugated layers
(i.e. HyTi3O5-type) was found to perform somewhat better,
especially at shorter interatomic distances. There are three
crystallographically different Ti atoms and correspondingly
three types of octahedra with different connectivity in
H,Ti307. As a result, on average, each octahedron is con-
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Fig. 5. Comparison between the experimental PDF for titania nano-
tubes (symbols in red) and model PDFs (black lines) based on the
structures of anatase, trititanate and lepidocrocite crystals. Difference
between the model and experimental data is given at the bottom (in
blue). The PDF peak reflecting the correlations between Ti atoms
from adjacent, corner-sharing octahedra is marked with a blue dia-
mond.
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Fig. 6. Cross sections of the titanate nanotube models based on
H,Tiz07/corrugated (a) and lepidocrocite H,Tiy ,/4],/4O4/flat (b)
type layers. The building fragments (“bricks”) of the layers are also
shown in the figure.

nected to 4°/3 octahedra via edges and to 2%/3 others via
corners. In lepidocrocite, on average, each Ti—Qg octahe-
dron is connected to 6 octahedra via edges and to 2 others
via corners. Thus the number of corner sharing octahedra
in trititanate H,TizO; is higher than that in lepidocrocite
H,Ti, /400,/404. Titanium atoms from adjacent, edge-
sharing octahedral units are separated at distances of 3.1 A
and those from adjacent, corner-sharing octahedra — at
3.7 A (marked with a blue diamond on Fig.5). As the
data presented in Fig.5 show the peak at 3.7 A in the
experimental PDF is better reproduced by the H,TizO5-
type model. This finding supports the model of Chen
et al. [4] featuring the titanate nanotube walls as a scroll
of corrugated layers of Ti—Og octahedra. Refined model
parameters are summarized in Table 1. They are of the
type yielded by traditional crystallography and thus may
be used conveniently to compute and understand various
structure-dependent properties of titanate nanotubes. We
used them to build real size models of titanate nanotubes.
Such models may be very helpfull in examining and un-
derstanding the observed strong relationship between the
band gap and diameter of titanate nanotubes. The models
were built through subsequent linear translations and rota-
tions of the basic building units of trititanate and lepido-
crocite, fragmented and flat, layers, respectivelly. The
layers were kept as rigid as they occur in the correspond-
ing crystals, i.e. the cylindrical shape of titanate nanotubes
was achieved only by rotating and linearly translating ad-
jacent layer sections without breaking or generating atom-
ic bonds. As built, the model nanotubes are approx. 9 nm
in diameter and, for nanotubes of length ~5nm were
comprised of ~30,000 atoms. Model nanotubes are shown
in Fig. 6 and the corresponding atomic PDFs — in Fig. 7.
As can be seen in the figure the atomic PDFs for both
nanotube models approximate the experimental data rea-
sonably well with that based on corrugated layers again
performing somewhat better, showing that the walls of ti-
tanate nanotubes may well be viewed as scrolls of layers
shown in Fig. 4a. A notable difference between the calcu-
lated PDFs for a scroll of corrugated layers (Fig. 6a) and a
stack of straight corrugates layers (Fig. 4b) is seen in the
vicinity of the 3.7 A peak [26]. The nanotube model (bent
layers) does not fit this peak as well as a crystal-type
model (straight layers) does (compare the model results
shown in Fig. 5 and 7). This can be explained by the fact
that in the model constructed by us the bending of layers
was achieved by rotating and translating linearly identical
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Fig. 7. Comparison between the experimental PDF for titania nano-
tubes (symbols in red) and calculated PDFs (solid lines in black) for
the model nanotubes shown in Fig. 6.

layer fragments with respect to each other which, ob-
viously, introduced a unrealistically wide distribution of
distances between Ti atoms from adjacent corner-sharing
octahedra. Near neighbour Ti—Ti distances in the nano-
tube walls exhibit a narrower Ti—Ti distance distribution
as the experimental data show. A more realistic model of
titania nanotubes should reproduce this distribution better.
To achieve this it may be necessary to introduce some
flexibility in (i.e. reduce the rigidity of) the layer building
units as well as involve shear and not only linear transla-
tions. This may help better take into account the fact that
the corrugated layers of Ti—OQOg octahedra building the
walls of real titanate nanotubes are neither perfect nor
stacked in registry as they are in crystalline trititanate.

Table 1. Fractional coordinates of atoms inside the trititanate-type
unit cell/repetitive unit used to describe the structure of titania nano-
tubes as refined against the experimental PDF data. All atoms are in
position 4i (x, 0, z) of the space group C2/m and the lattice param-
eters are a' = 35.466 A, b =3.7568 A, ¢ =9.759 A, B = 101.46°.

Atom X z

Til 0.2339 0.2198
Ti2 0.2183 0.5438
Ti3 0.1989 0.8467
(01 0.2094 0.0430
02 0.1949 0.3257
03 0.1730 0.6256
04 0.1337 0.8696
05 0.2858 0.1289
06 0.2602 0.4164
o7 0.2412 0.7440

! The edge of the unit cell/ repetitive unit “a” is chosen long enough
to eliminate distances (PDF peaks) coming from two adjacent
layers. Note this “@” is not the distance between the individual
shells/layers but a parameter used to describe the repetitive pattern/
periodic structure of nanotube walls.
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Conclusions

High-energy X-ray diffraction coupled to atomic PDF
data analysis can reveal the atomic ordering in nanosized
materials in very good detail, even if they have the com-
plex morphology of nanotubes. The approach has the po-
tential to become a routine experimental tool given the
rapid increase in the number of synchrotron sources
worldwide.
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