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HIGHLIGHTS

e High pressure behaviors of TiO, and TiO,(B) coexisting nanosheets were investigated.
e The anatase phase existed and TiO,(B) phase almost cannot be observed upon compression.

e The unique high pressure behaviors were discussed.
o The coexistence nanosheet has high incompressibility.
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High pressure behaviors of anatase TiO, and TiO,(B) coexisting nanosheets were investigated using
in situ synchrotron X-ray diffraction and Raman Spectroscopy. The X-ray diffraction revealed that upon
compression an o-PbO, phase appeared at 11.4 GPa, and then the baddeleyite phase appeared at
23.6 GPa. Upon decompression the anatase phase still existed obviously and TiO»(B) phase almost cannot
be observed. The Raman spectrum at ambient pressure presented the typical curve of anatase TiO,,
however the pressure dependence for compression and decompression did not show the common phase
transion from anatase to o-PbO, or to baddeleyite. This is different from high pressure behaviors of other
TiO, nanostructures and could be attributed to the existence of small amount of TiO,(B) at the starting
materials. The pressure relationship of the Raman frequencies shift slope indicated the coexistence na-
nosheet has high incompressibility compared with other TiO, nanomaterials and corresponding bulks.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Titanium dioxide (TiO,) nanomaterials have been intensively
investigated because of its superior physical and chemical prop-
erties, which have been widely applied in photocatalysis (Chen-
biao et al,, 2013), dye-sensitized solar cells (DSCs) (O’'Regan and
Grdtzel, 1991), energy conversion and storage devices (Xujie et al.,
2014; Shen et al., 2011), gas sensors (Al-Homoudi et al., 2007),
transparent conductive oxide (TCO) films (Hitosugi et al., 2010),
etc. High pressure is one of the state parameters which can pro-
vide a clean way to tune interatomic distances and hence forma-
tion of new structural properties. In recent years, high-pressure
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technique began to be employed to study the stabilities and the
structural transitions of TiO, nanomaterials for exploring the po-
tential application in material science and geosciences (Nishi et al.,
2014). Some literatures have reported the high pressure behaviors
of TiO, nanomaterials intensively depend on both the sizes and
the morphologies of starting materials. For instance, a unique size-
dependent phase transition selectivity under high pressure exist in
nanocrystalline anatase TiO,: Crystallites with sizes > 50 nm
transform to orthorhombic a-PbO, and then to monoclinic bad-
deleyite phase; 12-50 nm particles transform to baddeleyite-
structure; smaller nanocrystals <10 nm appeared to be amor-
phous (Swamy et al., 2005; Varghese et al., 2006; Swamy et al.,
2009; Wang et al., 2008).

Morphology-dependent phase transitions of anatase TiO, pre-
sented different phase processes. Morphology-tuned and high
pressure driven phase transition of TiO, have been observed in
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nanowires, nanoporous, nanorods, nanobelts, and so on (Quanjun
et al., 2013). A direct anatase-to-baddeleyite transformation at
~9 GPa for nanowires was found, which was clearly different from
the size-dependent phase transition behaviors for nanocrystalline
TiO,, besides the higher compressibility in the c-axis compared to
the a-axis. The nanoporous structure first starts to transform into
the baddeleyite phase with poor crystallinity at ~15.2 GPa which
coexists with anatase phase up to 18.4 GPa, and then transform
into an amorphous phase above 20.5 GPa. This phenomenon is
different from the pressure-induced amorphization of the nano-
particles. These results indicate that nanomaterials with different
sizes and morphologies go through unique phase transition pro-
cess and sequences due to their finite-size limit effect and special
nanostructures.

TiO, has four main polymorphs anatase, rutile, brookite, and
TiOy(B), among them, the anatase phase TiO, has received nu-
merous research because of its typical crystal structure and no-
ticeable size effects. TiO,(B) is rarely available in nature, and the
phase structure is less compact than that of other forms of TiO,.
The volume of a TiO, unit in TiO5(B) is 35.27 A® as compared with
31.12 A3 for rutile, 32.20 A for brookite and 34.02 A3 for anatase
phases (René et al., 1980). TiO,(B) has a monoclinic C2/m structure
comprised of edge- and corner-sharing TiOg octahedra with an
open channel parallel to the b-axis sitting between axial oxygens.
The TiO,(B) polymorph is in focus of recent studies regarding its
usage as high power and high capacity anode materials because of
its stability over multiple lithiation/delithiation cycles which has
the potential applications for electric vehicles and grid storage
(Dylla et al., 2013).

In this paper, we studied the pressure-induced structural phase
transitions in coexisting anatase and TiOx(B) phases in form of
nanosheets using in situ synchrotron X-ray diffraction (XRD) and
Raman spectroscopy in diamond anvil cells (DACs) at room tem-
perature. The XRD result supported the partial phase transition
from anatase to a-PbO, and then to baddeleyite phase, which is
similar with reported properties of TiO, nanostructure under high
pressure. However, the pressure dependence of Raman spectra
during compression and decompression processes did not clearly
show the common phase transion from anatase to a-PbO, or to
baddeleyite. Meanwhile, the pressure relationship of the Raman
frequencies shift slope indicated the coexisting nanosheet has high
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incompressibility compared with other TiO, nanomaterials and
corresponding bulks. This is different from high pressure beha-
viors of other TiO, nanostructures and could be ascribed to the
existence of small amount of TiO,(B) at the starting materials.

2. Experimental details

The TiO, nanosheets were synthesized by a simple hydro-
thermal route using 25 ml Titanium butoxide, Ti(OC4Hg)4, and 4 ml
hydrofluoric acid solution (concentration 40%) as precursors which
is similar to the description in the previous reports (Zhang et al.,
2012). In the concrete process, the Ti(OC4Hg)4 and HF were mixed
in a Teflon-lined autoclave with a capacity of 100 ml then kept at
180 °C for 24 h. The precipitates were then separated from the
suspension by centrifugation (4000 rpm, 15 min). The products
were further suspended and centrifuged in absolute ethanol three
times, followed by drying under an infrared lamp. High pressure
XRD experiments were performed at the 15U1 beamline of
Shanghai Synchrotron Radiation Facility (SSRF). The incident wa-
velength of the beam is 0.6199 A with a beam size of 2 x 7 um?.
The high pressure measurements were carried out at room tem-
perature by using a gasketed high pressure DAC. To produce a
qusi-hydrostatic environment around sample, we used a 4:1
mixture of methanol:ethanol as a pressure transmitting medium.
Pressure was determined by pressure dependent spectral shift of
the sharp ruby fluorescence R1 line (Mao et al., 1978; Wang and
Saxena, 2001) The sample was placed in a stainless steel gasket
hole 150 um in diameter with the diamond culet size of 500 pm in
diameter. High pressure Raman scattering measurements were
performed using a Renishaw inVia Raman spectrometer with ex-
citation wavelength of 633 nm. Morphologies of the sample was
characterized by field emission scanning electron microscope
(SEM) (S-4800, Hitachi, Japan) at accelerating voltage of 20 kV.

3. Results and discussion
Anatase TiO, and TiO,(B) phase structure are built up with

tetragonal 14;/amd structure and monoclinic C2/m structure, re-
spectively, as shown in Fig. 1. Both of the unit cells contain TiOg
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Fig. 1. The polyhedron structures of anatase TiO, (a) and TiO,(B) phase (b).
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Fig. 2. Synchrotron XRD patterns of TiO, nanosheets under high pressure. (a) Compression; (b) Decompression.

octahedra, but the linkage between the octahedra is different. The
anatase structure has edge-shared TiOg octahedra and
TiOy(B) structure is comprised of edge- and corner-shared TiOg
octahedra. In fact, TiO,(B) could be seen as distorted octahedra
structure. It is relatively difficult to synthesize pure anatase or
TiO,(B) phase, and the two-phase coexisting phenomenon is very
common. Here we study the stability and phase transition of co-
existing nanosheets of anatase/TiO»(B) and try to figure out the
pressure-dependent relationship.

Fig. 2 shows the pressure evolution of synchrotron XRD pat-
terns for TiO, nanosheets with compression (a) and decompres-
sion (b) processes. The diffraction peaks identified in starting
structure were found to be consistent with the diffraction planes
of tetragonal antase TiO, (marked with A) and monoclinic TiO,(B)
(marked with B), agreeing with the standard JCPDS file No. 21-
1272 and No. 46-1238, respectively. Two peaks of iron marked as
Fe. As shown in Fig. 2(a), during compression, an a-PbO, phase
appeared when the pressure reached 11.4 GPa, while the peaks in
anatase phase are gradually broadened and weakened which in-
dicate that the anatase phase starts to transform into a-PbO,
phase (marked with * and **). For the TiO,(B) phase, the peak
(201) gradually becomes weakened with increasing pressure and
disappeared at 11.4 GPa, at the same pressure where o-PbO, phase
appeared. Above 13.5 GPa, the a-PbO, phase appeared clearly and
the diffraction peaks for antase phase continue to be broadened
and weakened. At 22.4 GPa, the baddeleyite phase appeared,
marked with *** as shown in Fig. 2(a), and with further increase of
pressure, the baddeleyite peak become more clear. However, until
the maxium pressure of 25.6 GPa the common pressure-induced
amorphization effect in TiO, nanoparticles cannot be observed for
this system. Upon the decompression as shown in the Fig. 2(b), the
anatase phase almost maintained initial state, and TiO,(B) phase
has been almost removed when the pressure was released to
4.7 GPa. Moreover, the a-PbO, phase (marked with *), agreeing
with the (211) plane in a-PbO,-type TiO, (Meng et al., 2008),
disappeared during the decompression process. This means this
plane in a-PbO, phase can be reversibly decompressed. The ana-
tase phase is always existing for both compression and decom-
pression process. This result is a little different from previous re-
ports (Li et al., 2014), where the anatase phase transforms into the

baddeleyite structure completely at 20-23 GPa. According to the
aforementioned three phase transition regimes existing in anatase
TiO, nanoparticles: phase transition from anatase to o-PbO, and
then to baddeleyite phase in > 50 nm, we speculate it should be
ascribed to the size of nanosheet. From the image of scanning
electron microscope (SEM), it can be seen that the thickness of
nanosheets should be almost 50-100 nm shown in Fig. 3. We think
this may be attributed to the existence of TiO»(B) phase in the
starting anatase structure, and it is interesting that coexistence
might postpone or elevate the pressure of amorphization. In ad-
dition, it is worth noting that TiO,(B) phase presents a trend to be
weakened with increasing of pressure and almost fading away in
the process of decompression. This maybe provide a new method
for removing undesirable phase and obtaining certain pure sample
by applying high-pressure.

The pressure dependence of the d-spacings is illustrated in
Fig. 4, in which A(101) corresponds to the peak (101) for anatase
and B(001) denotes the peak (001) for TiO,(B) phase. We observed
the d-spacings decrease with increasing pressures. During the
compression, the peak B(200) and B(201) continue up to the
pressure of 9.8 GPa and almost disappeared. It can be detected
when the exposure time is prolonged, but the d-spacings still have
the trend of reduction with increasing pressure. However, during
the decompression, the peak B(200) and B(201) did not appear
again which indicated the irreversible phase transition of TiO,(B).
The d-spacings of the planes of A(200) and A(211) are decreasing
during the compression until 25.6 GPa and increased very little
when the pressure was released. This indicate the beared stability
of anatase TiO, phase on the whole process of compression and
decompression. The peak marked with Fe vanished with increas-
ing pressure because the sample chamber by stainless steel gasket
is enlarging.

Fig. 5 shows the evolution of the volume with pressure chan-
ging. The pressure-volume data of anatase phase and
TiOy(B) phase were fitted to the third-order Birch—-Murnaghan
equation of state. The bulk modulus (Bp) of the anatase and
TiOy(B) phase were determined to be 125 GPa and 321 GPa, re-
spectively, with the second derivative (By') being fixed at 4. In the
coexisting phase, the bulk modulus of anatase phase is much
smaller than those of reported nanoparticles (180-240 GPa) (Li
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Fig. 3. The SEM images of TiO, nanosheets.
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Fig.4. The illustration of pressure dependence of the d-spacings for TiO,
nanosheet.
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et al., 2014), but that of TiO»(B) is much higher and almost similar
to the reported rice-shape nanoparticles (Seung-won et al., 2008)
and pure anatase TiO, nanosheets (Li et al., 2014).

Fig. 6 shows the Raman spectra of TiO, nanosheets during
compression (a) and decompression (b). In Fig. 6(a), at ambient
pressure, there are almost six Raman active modes observed at
147 cm~Y(Eg), 204 cm~!(Eg), 392 cm~'(Byg), 512 cm™'(A;g and
Big), and 635 cm™~!(E;) which agree with the TiO, anatase struc-
ture according to previous reports (Li et al, 2014). The
TiOy(B) phase has not be detected which could be explained like
this: Both TiO,(B) and anatase structure are comprised of TiOg
octahedra, but the octahedra in TiO,(B) structure are a little dis-
torted. Besides, the predominant phase in this nanosheet is ana-
tase not TiO,(B) which can be seen from the intensity change in
synchrotron XRD. With the pressure increasing, the Raman peak
204 cm~'(E;) disappeared at the 7.2 GPa, and all other Raman
bands showed blueshift and became weaker and broader. When
the pressure achieved 16.9 GPa, the Raman peak 147 cm™(E)
changed and split into two peaks which revealed new phase
formed. This should be attributed to appearance of a-PbO,-type
TiO,, and the new peak accords with (211) plane in a-PbO, phase,
which has been marked with * in Fig. 2(a). Its intensity is be-
coming obvious and dominant with rising pressure while upon
decompression the intensity of the new peak turns weak shown in
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Fig. 5. The pressure-volume diagram of TiO, nanosheets for anatase phase (a) and TiO,(B) phase (b).
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Fig. 7. Pressure dependence of the peak frequencies of Raman spectra for the TiO,
nanosheets.

Fig. 6(b). When the pressure is released to 15 GPa the Raman peak
147 cm‘l(Eg) almost recovered, which revealed the (211) plane in
a-PbO, phase could be reversible during the whole compression
and decompression. It also can be seen from XRD results in Fig. 2.
This is very interesting and different from previous studies about
TiO, nanomaterials and need further investigation. For the re-
ported Raman spectra of nanoporous TiO,, two weak peaks oc-
curred at 258 cm~! and 497 cm~! ascribed to baddeleyite phase
when the pressure reached ~15GPa, and the anatase phase
completely converted into an amorphous form when the pressure
was beyond 18 GPa. For the reported Raman spectra of pure ana-
tase TiO, nanosheets, an additional Raman band at 490 cm™!
happened at 16.7 GPa meaning phase transition. Here, the TiO,
nanosheets do not become amorphous from the beginning to the
end during compression which partially could be due to the larger
crystal size. Again, when the pressure is released to ambient
pressure, the quenched sample recovered its initial state from the
Raman Spectra which conformed to be anatase structure from the
results of XRD.

As shown in Fig. 7, all the four strong Raman peaks, assigned to
two E; modes and one B;; mode and one A;4/B;g duplicated mode,
shift to higher frequencies under compression. The pressure de-
pendence of the Raman frequencies shift slope have been linearly
fitted over the compression. The fitted values correspond to the
peaks of Eg (147 cm ™ '), B1 (392 cm ™ 1), A1g/B1g (512 cm 1), and Eg
(635 cm~ ') modes are 1.82 cm~'/GPa (0.13),1.50 cm~ !/GPa (0.08),

1.66 cm~'/GPa (0.06), and 3.39 cm ™~ !/GPa (0.09), respectively. The
new peak appearing (marked with #) at 16.9 GPa has the pressure
coefficient of 1.48 cm~!/GPa (0.25). The average slope of the in-
tense Eg band ( located at 147 cm~ ) is smaller than that of anatase
nanoparticles (2.58 cm~'/GPa), nanoporous anatase TiO,
(2.84cm~!/GPa) and bulks (2.7 cm~!/GPa)(Wang and Saxena,
2001; Hearne et al., 2004). This might indicate that the anatase
and TiO,(B) coexisting nanosheet structure has a strong in-
compressibility compared with other TiO, nanostructures and
corresponding bulks.

4. Conclusions

The high pressure driven structural transitions were studied by
in situ synchrotron radiation and Raman spectroscopy in anatase
TiO, and TiO,(B) coexisting nanosheets as starting material. The
XRD results revealed the partial phase transition from anatase to
a-PbO, and then to baddeleyite phase. The anatase phase was
dominating phase and TiO»(B) phase almost cannot be observed
with increasing pressure. The pressure-induced amorphization
phenomenon did not happen until the pressure is 25.6 GPa, which
is different from amorphization of other TiO, nanoparticles below
20 GPa, When the pressure was released to ambient pressure, the
anatase phase dominate the structure without the TiO»(B) phase.
From the pressure dependence in Raman spectrum the common
phase transion from anatase to a-PbO, or to baddeleyite could not
almost be detected and the nanosheet showed incompressibility
compared with other reported TiO, nanomaterials and corre-
sponding bulks.
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