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We report a unique phase transition in compressed exposed curved surface nano-TiO, with high
photocatalytic activity using in situ synchrotron X-ray diffraction and Raman Spectroscopy. High-
pressure studies indicate that the anatase phase starts to transform into baddeleyite phase upon
compression at 19.4 GPa, and completely transforms into the baddeleyite phase above 24.6 GPa.
Upon decompression, the baddeleyite phase was maintained until the pressure was released to
6.4 GPa and then transformed into the «-PbO, phase at 2.7 GPa. Together with the results of high-
resolution transmission electron microscopy and the pressure-volume relationship, this phase tran-
sition’s characteristics during the compression-decompression cycle demonstrate that the truncated
biconic morphology possessed excellent stability. This study may provide an insight to the mecha-
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I. INTRODUCTION

Various anatase TiO, nanostructures have attracted
much attention because of their potential applications in pho-
tocatalysts,"* photovoltaic cells,® water photocatalysts,*®
and lithium ion batteries.” The performance of different
forms of anatase nano-TiO, is highly dependent on its size,
shape, and exposed crystal facets.'®'? Studies have shown
that the {001} facets of anatase TiO, are more reactive than
other facets. However, the {001} facets usually diminish rap-
idly during the crystal nucleation and growth as a result of
the minimization of surface energy: {001} 0.90 J/m?> {100}
0.53J/m*> {101} 0.44 J/m>. Nowadays, there are enormous
reports in controlling the growth of anatase TiO, crystal fac-
ets due to the interesting facet-dependent physicochemical
properties.'*™ A lot of research focuses on how to increase
the percentage of the exposed {001} facet and then improve
the activities of the photocatalysts. Yang et al.'® reported on
the basis of theoretical predictions they synthesized success-
fully uniform anatase TiO, single crystal with a high per-
centage of {001} facets using hydrofluoric acid as a
morphology controlling agent and the performances were
enhanced. Sofianou e al.'” reported TiO, anatase nanoplates
and hollow microspheres with large percentage of the {001}
crystal facets, which was successfully fabricated by a
solvothermal-hydrothermal method. The photoactivity of
these nanoplates is much higher than that of the TiO, nano-
tubes. In addition, 3D hierarchical structures composed of
single-crystalline anatase TiO, nanosheets dominated by
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well-defined {001} facets imply potential applications in
dye-sensitized solar cells and photocatalytic areas.'®
However, anatase TiO, nanosheets can only absorb UV light
with a wavelength of no longer than 387 nm due to the large
band gap of 3.2eV. Thus, to fabricate non-metal-doped (e.g.,
N-, S-, B-, C-doped) anatase TiO, sheets with exposed
{001} facets can be a more effective approach to improve
the photocatalytic activity. Further, Zhang et al.® reported a
one-step route to obtain Mo 4 N codoped TiO, sheets with
dominant {001} facets by a hydrothermal process using TiN,
MoO;, HF, and HNOj; as precursor. The Mo + N codoped
TiO, sheets showed the highest photocatalyst activity when
the Mo-doping ratio reached 1%, indicating an appropriate
doping ratio is necessary for synergistic effect between
doped metal and nonmetal elements. These studies indicate
that all the properties of TiO, nanostructures highly depend
on their crystal structure and specially exposed facets.
Functional anatase nanostructured materials, tuned in size or
shape, have enhanced photocatalytic effect. Systemically
investigated structure and exposed facets evolution process
will provide a new insight to illustrate the work mechanism.
Recently, a new class of crystal surface of TiO, was
obtained which is enclosed by quasi-continuous high-index
microfacets and thus has a unique truncated biconic mor-
phology.'”° The biconical facets are curved and the trun-
cated flat facets are {001}. In nature, crystals with curved
external surface usually exhibit unique performances, such
as stability, elasticity, and electronic and optical properties.
For anatase TiO, crystal, the equilibrium shape built through
Wulff construction is a slightly truncated tetragonal bipyra-
mid enclosed by eight thermodynamically stable {101} fac-
ets and two {001} facets. Understanding the mechanism of

Published by AIP Publishing.
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crystal structure changes, crystal growth mechanism,
exposed facets percentage, and electronic structures that the
different polymorphs demonstrate, helps us to master the
crystal shape evolution. The change of atomic structure
affects the crystal structures and thus external micro-
morphology. Pressure is one of the state parameters which
can provide a clean way to tune interatomic distances and
hence the formation of new structural properties. In recent
years, high-pressure techniques have been employed to study
the stabilities and structural transitions of TiO, nanomateri-
als to explore its potential application in material science.
Some studies have reported that the high pressure behaviors
of TiO, nanomaterials intensively depend on both the sizes
and morphologies of the starting materials. For instance, a
unique size-dependent phase transition selectivity under high
pressure exists in nanocrystalline anatase TiO,.2'** In addi-
tion, the morphology-dependent phase transitions of anatase
TiO, presented different phase processes. Morphology-tuned
and pressure-driven phase transition of TiO, have been
observed widely; for example, in nanowires, nanoporous,
nanorods, and nanobelts.>*2° However, to the best of our
knowledge, there is almost no high pressure studies on
exposed curved surface nano-TiO,. Investigating its unique
phase transition processes and sequences due to the finite-
size limit effect and special nanostructures is an interesting
research topic that will provide comprehensive information
for the family of TiO, nanostructured materials. Thus, in this
paper, we report the unique pressure-induced phase transi-
tions of exposed curved surface nano-TiO, using in situ syn-
chrotron X-ray diffraction (XRD) and Raman spectroscopy
in diamond anvil cells (DACs) at room temperature.

Il. EXPERIMENTAL DETAILS

The exposed curved facets nano-TiO, with high photo-
catalytic activity was synthesized by a one-step hydrother-
mal route using tetrabutyl titanate (Ti(OC4Hy),), citric acid,
HF (40%), and deionized water as precursor.20 In the con-
crete process, 25 ml Ti(OC4Hy)4 was mixed with relative cit-
ric acid, HF, and deionized water 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 cen-
trifugation (4000 rpm, 15 min). The products were further
suspended and centrifuged in absolute ethanol three times,
followed by drying under an infrared lamp. Then the final
powders were calcined at 600 °C for 90 min to clear surface
fluoride. The optimal samples of exposed curved surface
nano-TiO, were obtained at 23 mmol citric acid, 2ml HF,
and 3 ml deionized water, with the mole ratio of citric acid
and HF of 1:2. This obtained nano-TiO, shows higher photo-
catalytic activity than that of the TiO, nanosheets with
exposed {001} facets which confirms the curved surface has
higher activity than {001} facets.”® High pressure XRD
experiments were performed at the 15U1 beamline of the
Shanghai Synchrotron Radiation Facility (SSRF). The inci-
dent wavelength 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 temperature by using a gasketed high pressure DAC.
To produce a quasi-hydrostatic environment around sample,
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we used silicone oil as a pressure transmitting medium.
Pressure was determined by the pressure dependent spectral
shift of the sharp ruby fluorescence R1 line.®*” The sample
was placed in a stainless steel gasket hole 150 um in diame-
ter with the diamond culet size of 500 um in diameter. High
pressure Raman scattering measurements were performed
using a Renishaw inVia Raman spectrometer with an excita-
tion wavelength of 532nm. Morphologies of the samples
were characterized by high resolution transmission electron
microscopy (HRTEM) which confirmed the unique truncated
biconic morphology for nano-TiO,, as shown in Fig. 1.

lll. RESULTS AND DISCUSSION

Fig. 2 shows the pressure evolution of synchrotron XRD
patterns for exposed curved surface nano-TiO; in the anatase
phase upon compression (a) and decompression (b). The dif-
fraction peaks identified in the starting structure were con-
sistent with the diffraction planes of tetragonal anatase TiO,,
agreeing with the JCPDS file No. 21-1272. During compres-
sion, shown in Fig. 2(a), the anatase phase was found to

°2.0.354nm:

FIG. 1. HRTEM images of exposed curved surface nano-TiO,. (a) The over-
all view of the as-prepared nano-TiO,, and the clear edges and angles were
marked by arrows. (b)—(d) High-magnification TEM images were viewed
from various orientations, and unique truncated biconic morphology was
confirmed. (e) and (f) The quenched nano-TiO, from 18 GPa and 36 GPa,
and the insets show that the samples have been cut into thinner ones by
focused ion beam (FIB) convenient for TEM performance.
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FIG. 2. Synchrotron XRD patterns of
exposed curved surface nano-TiO,
under high pressure: (a) compression
and (b) decompression.

20 30
2 theta 19 18

persist to 15.1 GPa. At 19.4 GPa, the peaks of (004), (103),
and (112) for the anatase phase disappeared and some peaks
(marked with B), belonging to a baddeleyite phase, appeared
indicating that the anatase phase starts to transform into a
baddeleyite structure. With further increasing pressure, the
broadening of diffraction peaks such as (101), (200), (211),
and (204) for the anatase phase became more obvious and
the intensity of these peaks weakened significantly. Above
24.6 GPa, the anatase phase transformed into the baddeleyite
structure completely. The peaks for the baddeleyite phase
shifted to a high diffraction angle with increasing pressure,
indicating the reduction of d-spacing or shrinkage of the
unit cells. The weakening intensity of the baddeleyite phase
peaks implied a low-ordered structure and partial amor-
phous phase forming. Until the maximum pressure of
35.5 GPa, the baddeleyite phase still existed with weakened
and broadened peaks and we did not observe complete
amorphization. Upon decompression (shown in Fig. 2(b)),
the high pressure baddeleyite phase was retained until the
pressure was released to 6.4 GPa and then transformed into
the a-PbO, phase at 2.7 GPa.

These results clearly demonstrated that the exposed
curved surface nano-TiO, transformed directly from anatase
to baddeleyite without passage via the «-PbO, intermediate.
However, upon pressure release to ambient condition, the
high pressure baddeleyite phase is quenched to the a-PbO,
phase, not to the original anatase structure, which is similar
to the previous reports.”>*® Arlt er al.?® believed the direct
transition from the anatase to baddeleyite structure was
induced by lattice defects and grain boundaries. Hearne
et al.”® studied the effect of grain size on structural transi-
tions in anatase TiO,. Based on their calculations from the
Raman spectroscopy, they argued that «-PbO, phase inter-
mediate will only nucleate and grow as a stable particle if it
has a diameter larger than the critical value and that the high
pressure phase behaves in a similar way under decompres-
sion. Thus, we can infer that the exposed curved nano-TiO,
aggregates by means of the Vander Waals interaction at the
beginning. As the sample pressure is increased and pressur-
ized, its density is supposed to increase when the loose
grains pack together. This can change the interfaces, grain
boundaries, and further the total surface free energy. There
must be a condition of nucleation and growth which some
phases satisfied can form. Li*® reported the pressure-induced

20
2 theta

25 30

phase transitions of TiO, nanosheet with exposed {001} fac-
ets (the side length 20—40nm) and they found that the ana-
tase phase persisted to 12.3 GPa, started to transformed into
the baddeleyite structure at 14.6 GPa and transformed com-
pletely into the baddeleyite phase above 22.8 GPa. For the
exposed curved surface TiO, in this paper, the phase transi-
tion pressure is higher, with a gap of about 3 GPa, as both
phases experience similar transitions. However, for anatase
TiO, nanowires (with the diameter size 50-200nm), the
transition from the anatase phase to a baddeleyite structure
starts at ~9 GPa and transforms completely into baddeleyite
phase above 21 GPa. This indicates that the different size
and morphologies can influence the transition process, espe-
cially the phase transition pressure, and the sample with a
larger size has the lower transition pressure. It has been veri-
fied that the nanosize materials have higher transition pres-
sures than their corresponding bulk materials.*' >

The phase transition diagrams of bulk and nano-TiO,
under high pressure are summarized in Fig. 3 and compare
this work with previous studies. Fig. 3 shows that the phase
transition pressure corresponding to the bulk,”® nanopo-
rous,38 nanowires,26 nanotubes,35 nanosheets,30 and is differ-
ent in our data. The bulk TiO, in anatase phase follows the

phase transition route: anatase phase to columbite
Anmse' Columbite I Baddeleyite
5 15 [Ref.27]
:20.5
Anatase ‘" Amorphous
15.2 18.4 [Ref.37]
Anatase [ Baddelevte
g 58 [Ref.25]
Anat: leyite
122 5 [Ref.34]
Anatase  Baddeleyite
14.6 22.8 [Ref.29]
Anatase -addeleyite
19.4 24.6 [this paper]
5 15 25 35

Pressure / GPa

FIG. 3. Phase diagram of bulk and nano-TiO, with increasing pressure
referred from several adapted literatures.
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(orthorhombic «-PbO, phase) and then to baddeleyite.
However, TiO, nanomaterials demonstrate a different phase
transition route: the anatase phase transforms to the badde-
leyite phase directly, which heavily depends on the sizes and
morphologies of nanomaterials. As previously discussed, the
phase transition pressure in the exposed curved surface TiO,
we observed in higher, with a gap of about 3 GPa, which can
be attributed to its unique truncated bionic morphology and
nanosize grains.

Fig. 4(a) shows the pressure dependence of relative lat-
tice parameters (a/ag,c/co) of exposed curved surface nano-
TiO, in the range of 0-15.1 GPa. It shows that the c-axis
length is more compressible than the a-axis length, due to
the difference in the directional population of the hard occu-
pied (TiOg) and soft empty (Og) oxygen octahedral.?® This is
consistent with the properties of previously reported anatase
nanowires, nanosheets, nanoparticles and bulks.?%3%3* The
reduction in the size of the grains can block the compressi-
bility tendency. However, until the phase transition appears,
the c-axis is more highly compressible than the a or b axis
for the anatase phase, regardless of the microphology or
exposed facets changes. Fig. 4(b) shows the pressure depend-
ence of the volume. The pressure-volume data for the nano-

a
1.000 ¢ ), .
L ° L) ]
0.995} o "F
| ]
0.990}
[ ]
OO
S 09851 .
& L ] alao
®0980f e cc, °°
L [ ]
0.975}
[ °
0.970}
L " L 2 1 " L 2 1 L

" L " 1 " 1 2
0 2 4 6 8 10 12 14 16
Pressure /| GPa
138

137
136
135

134

Volume / A3

133

132

1 31 | —— PR | PR B | —— PR 1
0 2 4 6 8 10 12 14 16
Pressure /| GPa
FIG. 4. The pressure dependence of relative lattice parameters (a/a,, c/cg)

(a) and the pressure-volume diagram (b) of exposed curved surface
nano-TiO,.
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TiO, was fitted to the third-order Birch-Murnaghan equation

of state®
7 5
) - ()
1% V
3 Vold
1+2By =4[ (=2) —1]¢.
X{ +4( 0 )l(v> }

The bulk modulus (By) was determined at 338.81 GPa with the
first derivative (By/) fixed at 4. The bulk modulus is much higher
than those of the nanoparticles (180-240 GPa),***3%3%37 rice-
shape nanoparticles (319 GPa),3 4 and nanosheets (317 GPa).30
This indicated that this nano-TiO, is more incompressible than
other morphological TiO,. The incompressibility can be ascribed
to the nanosize effects and special exposed curved facets.

Fig. 5 shows the Raman spectra of exposed curved surface
nano-TiO, during compression (a) and decompression (b). In
Fig. 5(a), at 1.2GPa pressure, there are almost five Raman
active modes observed at 149 cm*I(Eg), 399cm (B, o)
515cm™ (A}, and B,y), and 641 cm™ '(E,), which agree with
the TiO, anatase structure in previous reports.”>>** With
increasing pressure, the Raman peak 399 cm_l(Eg) disap-
peared at 15 GPa, and all the other Raman bands showed blue-
shift, becoming weaker and broader. When the pressure
reached 17.8 GPa, an additional Raman band at 495 cm !
occurred, which can be attributed to the appearance of the bad-
deleyite phase. This is basically consistent with the result of
XRD, where the phase transition appeared. However, the in-
tensity of the baddeleyite phase decreased gradually with
increasing pressure up to 31.2 GPa, which revealed that the
nano-TiO, was composed of a disordered structure and partial
amorphization. Upon decompression, the intensity of the peak
of the baddeleyite phase is obvious, until the pressure is
released to 8.2 GPa. When the pressure is released to ambient
pressure, the baddeleyite phase almost completely transformed
into the o-PbO, phase, which revealed the quenched sample
has the structure of a «-PbO, phase. This phase transition was
confirmed by the results of synchrotron XRD. Compared to
previous reports,’®*° the phase transition pressure always
lagged behind at about 3 GPa for this biconical nano-TiO,, in
both from the XRD and Raman spectra, which indicated that
this material proves more incompressible than other similar
nanomaterials. To further study the effect of compression on
the change of the grain size, we performed HRTEM on
quenched nano-TiO,. Figs. 1(e) and 1(f) show the TEM
images of the samples that were decompressed from 18 GPa
and 36 GPa and corresponded to the phase transition pressure
and highest pressure reached, respectively. It shows that the
average grain size of nano-TiO, did not change obviously,
except for the increased grain boundary density. The insets in
Figs. 1(e) and 1(f) shows the samples have been cut into thiner
ones by focused ion beam (FIB) convenient for TEM
performance.

As shown in Fig. 6, all four Raman peaks (assigned to
two E, modes, one B;, mode, and one A,,/B;, duplicated
mode) shift to higher frequencies under compression. The
pressure dependence of the Raman frequencies shift slope

P(V) = 1.5B,
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FIG. 5. Raman spectra of the nano-
TiO, at various pressure: (a) compres-
sion and (b) decompression.

0 GPa

200 400 600, 800
Raman shift (cm™)

have been linearly fitted over the compression. The fitted
values that correspond to the peaks of E, (149 cmfl), By,
(399cm™ 1), A/Bi, (515 cm '), and E, (641 cm ™) modes
are 2.83 cm ™ '/GPa (0.09), 2.12cm ™ '/GPa (0.16), 2.71 cm ™'/
GPa (0.11), and 3.25 cm ™ '/GPa (0.09), respectively. The
phase transition occurred at around 17.8 GPa (baddeleyite) and
has the pressure coefficient of 3.13cm™'/GPa. The average
slope of the intense E, band (located at 149 cm ') is compara-
ble with other anatase nanoparticles (2.58 cm™~'/GPa), nanopo-
rous anatase TiO, (2.84 cmfl/GPa) and bulks (2.7 cm ™Y/
GPa).?®¥-9 The slopes can laterally reflect from lateral view
the fluctuation of the bulk modulus values.?>*404!

IV. CONCLUSIONS

Using exposed curved surface anatase nano-TiO, as a
starting material, high pressure-driven structural transitions
were studied with in situ synchrotron radiation and Raman
spectroscopy. The results revealed that the exposed curved
surface anatase nano-TiO, started to transform into the bad-
deleyite phase upon compression to 19.4 GPa, and com-
pletely transformed into the baddeleyite phase above
24.6 GPa, but when the pressure was released to an ambient
pressure, the baddeleyite phase completely transformed into

700 ,/‘/,/v/"'
600
E 500} 4———1—"‘——‘4
)
£ L
Za00f " °  aE
g 300 A A1g/B1g
3 v EQ
200k / <4 Baddeleyite
[ 1 " 1 " 1 " 1 " 1 " 1 " " 1 " 1 "

1
0 3 6 9 12 15 18 21 24
Pressure /| GPa

FIG. 6. Pressure dependence of the peak frequencies of Raman spectra for
the nano-TiO,.

200 400
Raman shift (cm™)

1 1
600 800

the «-PbO, phase. Although other TiO, nanomaterials dis-
play similar phase transition, the phase transition pressure in
this study is higher, with a gap of about 3 GPa. The pressure
dependence observed in the Raman spectrum confirms that
this exposed curved surface nano-TiO, displays higher
incompressibility than its other counterparts.
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