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Unusual Compression Behavior of Anatase TiO, Nanocrystals
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The size-dependent stiffness variations in nanocrystalline anatase, a leading material for applications in
photovoltaics, photocatalysis, photoelectrochromics, sensors, and optical coatings, were determined using
in situ synchrotron x-ray diffraction and Raman scattering. An unusual, abrupt change in the compression
curve at ~10 GPa and subtle breaks in the pressure shifts of the intense E, Raman band at ~10 and
~15 GPa have been correlated with ~2 A-scale disordering of nanocrystalline anatase structure that fully

amorphizes under high compression.
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The promise of size-tailored mechanical properties in
nanoscale materials and their applications has been driving
intense research aimed at characterizing the nanomechani-
cal behaviors of materials. One way to experimentally
investigate the nanomechanical behaviors (including elas-
tic and nonelastic deformations and potential phase tran-
sitions), although not completely unambiguous, is to
employ the nanoindentation-based local probes [1]. A
complementary experimental approach, that adopted in
the present study, is to investigate systematically the size
dependence of the mechanical properties using well char-
acterized, size-controlled nanoscale samples in situ under
specific stress (pressure)-temperature regimes. The latter
approach allows for the direct characterization of the me-
chanical properties such as stiffness and the average
atomic-level structures contributing to specific modifica-
tions to these properties under nanometric size regimes.
Here we report an investigation of the compression behav-
ior of nanocrystalline (nc) anatase TiO, under hydrostatic
or quasihydrostatic conditions and ambient temperature
using the diamond-anvil cell (DAC) technique. We corre-
late the unusual compression behavior observed for nc
anatase with intracrystallite atomic-level structural
reorganizations.

Nanoscale TiO, phases, especially anatase and rutile,
are among the most promising materials for a wide range
of advanced technological applications. While much of the
current attention on TiO, is focused on applications based
on the exceptional photoactivity of nanoscale anatase and
rutile (dye-sensitized solar cells, photocatalysts, environ-
mental decontamination, etc.) [2,3], there are other appli-
cations where the nanomechanical properties of titania
could potentially be significant to the material’s perfor-
mance. The use of TiO, in optical coatings, based on the
outstanding optical properties (excellent hydrophilicity in
the case of anatase) [4], is an example. TiO, could also
serve as an excellent model for the study of the relatively
poorly understood nanomechanical behaviors of ceramic
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systems. In fact, nc-rutile TiO, was one of the early nano-
ceramic systems to be investigated from a mechanical
properties point of view [5].

The potential for adaptable modifications to the com-
pression behavior of anatase in response to size, shape, or
chemistry tuning has been reported [6—10]. The present
work focuses on the size-dependent compression behavior
of sol-gel nc anatase [11] in order to form a basis for further
investigations of morphology and chemistry dependencies
of the compression behaviors of nanoscale TiO,.

We investigated nc anatase with average crystallite sizes
of 6.0 = 1 and 11.4 = 1.2 nm (Fig. 1) with a combination
of angle-dispersive synchrotron x-ray diffractometry
(XRD) and Raman scattering [12]. Full XRD spectrum
fitting was carried out with the convolution-based method
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FIG. 1 (color online). (a) TEM image of 6 nm nc anatase
showing crystallites with irregular morphology. (b) Polyhedral
representation of the anatase structure. (c) Size-dependent var-
iations of the anatase unit cell constants relative to bulk values.
Solid symbols—Ref. [11]; open symbols—Ref. [22].
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[13] implemented in TOPAS-ACADEMIC [14]. The equation
of state of Au [15] (XRD) or the ruby fluorescence shift
[16] (Raman) was used for pressure calibrations. A 16:3:1
methanol-ethanol-water mixture (by volume) constituted
the pressure-transmitting medium in the XRD experiment
and NaCl in the Raman experiments. The alcohol mixture
(*£water) and NaCl pressure media are typically used in
high-pressure studies, including that of nanomaterials
(e.g., Refs. [10,17]) and bulk oxides (e.g., Refs. [18,19]).

The anatase structure (space group /4, /amd) is made up
of distorted TiO4 octahedra with four shared edges (Fig. 1).
In spite of this very high degree of TiOg octahedral con-
densation (four shared edges), anatase possesses the lowest
density among the most common TiO, structures. This
intriguing characteristic of anatase lattice has been attrib-
uted to the strong repulsion of highly charged Ti ions
across the shared edges [20]. The Ti-Ti repulsion induces
distortion in the TiOg octahedra, effecting structural elon-
gation along the c¢ direction and shortening normal to c.

For anatase particles <10 nm, an increase in a unit cell
edge, a reduction in ¢, and a possible increase in Ti
vacancies compared to bulk structure have been reported
(Fig. 1) [11,21,22]. The increase of Ti vacancies in nc
anatase leading to weakened Ti-Ti repulsion and more
regular TiOg octahedra has been invoked to explain the
size-dependent lattice changes for sol-gel nc anatase [20].
Hence, the 6 nm anatase investigated in detail here falls
within the size-induced anisotropic lattice modification
regime and allows for the examination of the influences
of structural modifications and interatomic interactions on
the nanomechanical behaviors.

An example of a profile-fitted nc-anatase XRD spectrum
is shown in Fig. 2. The series of in situ high-pressure XRD
spectra [Figs. 2(a) and 2(b)] displayed suggests that, while
the anatase structure is retained to ~27 GPa, there is
progressive broadening and intensity reduction of the re-
flections with increasing pressure. At the highest pressure
of 27.1 GPa, the most intense (101) anatase reflection has
nearly disappeared.

Figure 3 displays the variations of the refined relative
unit cell parameters for the 6 nm anatase and that of the
pressure standard Au to ~23 GPa; at higher pressures the
XRD intensities do not permit reliable refinement. Also
shown in Fig. 3 are data on single crystal [18] and micro-
particle anatase [23]. The pressure evolutions of the
nc-anatase lattice parameters follow quantitatively similar
paths to that of the bulk equivalent to ~8 GPa. The bulk
anatase structure is unstable at higher pressures (trans-
forms to TiO,-II), whereas the nc anatase displays en-
hanced pressure stability [7,24]. The disappearance of the
anatase XRD reflections at ~27 GPa, replaced by a few
broad, diffuse features (Fig. 2), signals the culmination of
progressive disordering with pressure of the nc-anatase
structure leading to complete amorphization and formation
of a high-density amorphous (HDA) TiO, [25-27].

The pressure evolutions of the nc-anatase unit cell pa-
rameters suggest an unusual, conspicuous change in the
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FIG. 2 (color online). (a) Integrated in situ XRD spectra at
various pressures showing the stability of anatase structure to
27.1 GPa. (b) Spectra showing the gradual reduction in the
anatase XRD intensities with pressure. (c) An example of
convolution-based profile-fitted XRD spectrum of the 6 nm nc
anatase (pressure = 0.7 GPa).

stiffening behavior at 10-12 GPa (Fig. 3). This abrupt
change in the lattice stiffening [12], mimicking a phase
transition, occurs at the pressure where the (004)-(112) and
(015)-(211) pairs of d spacings cross [Fig. 4(a)]. The
pressure evolution of the d(011) spacing clearly illustrates
the abrupt change at ~10-12 GPa [Fig. 4(b)]. The pressure
dependencies of the most intense £, Raman mode (Fig. 5)
suggest nonmonotonic variations (cf. Ref. [24]), especially
obvious for the coarser material, with two subtle changes at
10-12 and 14-16 GPa (Fig. 5). The different pressure
dependencies of the E, mode observed for the two samples
suggest strong size-dependent responses of anatase to
compression [24,25].

The anisotropic compression of bulk anatase (at P <
10 GPa) with a greater linear compressibility along ¢ than
along a [18,23] is a reflection of the relative ease with
which the TiOg octahedra shorten along ¢, against the Ti-Ti
repulsion across the shared edges. The octahedral arrange-
ment is inflexible (in order to maintain symmetry); the
elastic responses to compression or expansion primarily
reflect those of the TiO4 octahedra [28]. The very similar
compression paths for both nc anatase and bulk anatase at
P <10 GPa (Fig. 3), therefore, suggest very similar re-
sponses by TiOg octahedra in both materials to compres-
sion to 10 GPa. Nanometric dimensions do not alter the
elastic nature of this compression at low pressures, as
suggested by the observation that the linewidth of the
most intense E, band is recovered after pressure-cycling
nc anatase in the range 0-6.2 GPa [29].

The above E, band arises from O-Ti-O bond bending
vibrations in which oxygen atoms in the TiO4 octahedra
undergo larger displacements than Ti atoms [30]; i.e., the
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FIG. 3 (color online). The pressure-dependent variations of the
relative unit cell constants. (a) a/a, for Au (squares) and a/a,
and c¢/c, for anatase (diamonds: single crystal data from
Ref. [18]; plus: microparticle data from Ref. [23]; and circles:
6-nm anatase of this study). (b) V/V,, versus pressure for Au and
anatase. Symbols as in (a). A clear break in the pressure
evolution of the nc-anatase unit cell constants is discernible at
10-12 GPa.

oxygen atoms participate more actively in the octahedral
compression. Examination of deformation behavior of the
anatase structure suggests that the (004) and (112) d spac-
ings approach each other owing to the relatively larger
pressure-dependent changes (shortening) in the longer api-
cal Ti-O bonds at ~10-12 GPa. Further compression trig-
gers destabilization of the TiOg octahedral arrangement.
The critical-dimensioned nanocrystallinity of the material
prevents its attempt to transform to the denser TiO,-II/
monoclinic-ZrO, structure with modified Ti-O coordina-
tion [24], and this frustrated transformation leads to local-
range disordering that progressively converts the entire
structure to the HDA-TiO, with further compression [25].

The kink in the P-V/V, curve at 10-12 GPa (Fig. 3)
indicates an abrupt increase in the stiffening of the nc-
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FIG. 4 (color online). (a) The pressure-dependent variations in
the (004), (112), (105), and (211) d spacings. (b) Pressure vs
d(011) of nc anatase obtained via single-peak fit together with
Au data collected near the center of the DAC (diamonds), single-
peak fit (sample away from Au) (squares), and full-spectrum fit
of nc-anatase XRD collected away from the DAC center (filled
circles with error bars).

anatase structure. Within the resolution of our XRD data,
there is no clear stiffness change associated with the sec-
ond structural reorganization at 14—16 GPa suggested by
Raman spectra. However, x-ray absorption spectroscopy
and extended x-ray absorption fine structure analyses of the
compression behavior of a 6 nm anatase [27] suggested a
transformation, on the scale of ~2 A, of the nc anatase to
an intermediate-range crystalline or TiO,-II-like form at
~12 GPa and formation of the HDA-TiO, beginning at
~15 GPa. Thus, it appears that the kink in the P-V/V,
curve at 10-12 GPa (Fig. 3) signals the change to
intermediate-range crystallinity. The nc anatase with inter-
mediate crystallinity and the HDA form at P > 15 GPa
appear indistinguishable from a stiffness perspective.

In summary, in situ angle-dispersive synchrotron XRD
and Raman scattering data revealed an unusual compres-
sion behavior in nc anatase with a sharp increase in stiff-
ness at 10—12 GPa. While the nanoscale TiO, has XRD and
Raman signatures characteristic of anatase to ~27 GPa,
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FIG. 5 (color online). The pressure shifts of the most intense
E, Raman band measured for the two nanocrystalline samples.
Subtle breaks are seen at 10—12 and 14—-16 GPa, more clear for
the 11 nm anatase.

subtle local disorder on the scale of ~2 A setting in under
compression causes a drastic change in the stiffening be-
havior of the material at 10—12 GPa. This unique stiffening
behavior represents the response of the structure, “seen’
by both XRD and Raman scattering as anatase, to com-
pression; however, this structure is significantly disordered
at a scale of 2-3 A. We suggest that similar nanomechan-
ical behaviors may be encountered in other systems if
investigated with multiple length scale probes.
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