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ABSTRACT: Phase behaviors of nanocrystalline TiO,-II have not been well
studied due to the difficulty in its preparations at ambient pressure. In this work,
we prepared nanocrystallites of TiO,-II with average sizes of ~10—20 nm via
high-pressure processing of anatase particles in a large volume press. X-ray
diffraction (XRD) and electron microscopy examinations show that the TiO,-1I
nanocrystallites formed from cracking and phase transformation of large anatase
particles under compression. The high-pressure phase behaviors of the TiO,-II
nanocrystallites were investigated using in situ synchrotron XRD and Raman
spectroscopy. Results show that, under compression up to ~35—40 GPa, the
phase transitions in nano TiO,-II proceed via two parallel routes of TiO,-II (~9—
15 GPa) — baddeleyite (~25 GPa) — TiO,-OI and TiO,-1I (~19 GPa) —
TiO,-OL At different TiO,-II sizes, the TiO,-II-to-baddeleyite transition occurs at pressures from ~9 to 15 GPa, while the
TiO,-1I-to-TiO,-OI transition occurs at ~19 GPa. This difference originates from the different interfacial energies of the
involved titania phases, which control their relative thermodynamic phase stabilities at nano sizes. This work enriches our
understanding of the complex phase behaviors of titania and provides fundamental knowledge for developing applications of the
less-explored titania nanophase of TiO,-IL.

1. INTRODUCTION TiO,-OII phase.'”~** For nanocrystals of titania, the pressure-

induced phase transition is dependent on particle size,
23-29

morphology, and temperature. For example, anatase

nanocrystals with sizes < ~10 nm transform to an amorphous

Titania (TiO,) finds applications in photocatalysis,' > coat-
ings,4 electronic components,s’6 thermal insulations,” etc. TiO,
has more than 10 polymorphs® that include the ambient phases

rutile, anatase, brookite, TiO,(B),” TiO,(H),'® and TiO,(R)"" state at P > 27 GPa and those with sizes between ~12 and S0
) 27
and the high-pressure phases with the structure types of a- nm transform to the baddeleyite phase at P > 18 GPa.
PbO, (i, TiO,II, space group Pbcn, ICSD no 15328'), comparison, bulk anatase crystals transform to TiO,-II at P >
o ‘ 30 . . . .
baddeleyite (space group P2,/c, COD no. 9015355"%), 4.5 GPa.”” Interestingly, in decompression to ambient
orthorhombic-I (TiO,-Ol, space group Pbca, COD no. pressure, all high-pressure phases transform to (or retain)
9004140"%), fluorite,"* cotunnite (TiO,-OII, space group the TiO,-II phase, irrespective of the structures and sizes of the
Pnma, ICSD no. 27736'%), and Fe,P."* It was demonstrated starting phases (e.g., anatase, rutile, or brookite),"”™*" with the
recently that the TiO,-II phase may have promising exception that an amorphous phase may be produced in a
applications in photocatalytic and electrocatalytic hydrogen rapic214 decompression of titania crystallites having sizes <8
generation'®"” and in optical and optoelectronic devices due nm.” However, so far, the high-pressure behavior of
to its high refractive index.'® Previous studies show that, under
compression up to ~70 GPa, bulk anatase, rutile, and brookite Received: October 22, 2019
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nanocrystalline TiO,-II has been scarcely studied because of
the difficulty in synthesizing nano TiO,-II at ambient pressure.
Nonetheless, such a knowledge on the phase behavior of nano
TiO,-1II is highly needed for making good use of its material
properties for novel applications, such as for photocatalysis'®
and electrocatalysis.17 Thus, in this work, we used in situ high-
pressure (HP) X-ray diffraction (XRD) and HP-Raman
spectroscopy to study the structural changes of TiO,-II
nanocrystallites produced from high-pressure processing.
Further, we analyzed the size-dependent phase transition
behaviors of TiO,II using thermodynamics. The obtained
knowledge will be indispensable for exploiting new applications
of nano TiO,-IL

2. EXPERIMENTAL SECTION

2.1. Chemicals. Three titanium dioxide (in anatase phase)
powders with factory-labeled particle sizes of 40 nm (99.8%
wt), 120 nm (99.8% wt), and 2—3 um (99% wt) were
purchased from Macklin Biochem. Co. Ltd. (Shanghai).

2.2, Preparation of TiO,-ll Samples under High-
Pressure and High-Temperature (HPHT) Conditions.
TiO,-II samples were prepared from HPHT processing of
anatase powders using a multianvil large-volume press (LVP)
(Mavo Press LP1000). First, about 0.1 g of powders of a
purchased anatase chemical were loaded to the sample
chamber (diameter 3 mm) of a zirconia octahedron with a
length of 8 mm. Then, the octahedron was assembled to the
LVP. The pressure of the LVP was calibrated using the
resistance changes associated with the high-pressure phase
transitions of ZnS and GaAs.” After compressing the sample
to ~1S5 GPa, the temperature was ramped from room
temperature to 350 °C at a rate of 50 °C/min and kept at
the temperature for 2 h. Then, the sample was quenched to
ambient temperature and pressure. The final product was
shaped in a compacted rod (~¢ 2.5 mm X L3 mm) consisting
of TiO,-II nanocrystallites (see below). The average crystallite
size (see below) of the TiO,-II sample derived from the
factory-labeled “120 nm” anatase was 10.7 nm (herein denoted
as sample #1), that from the factory-labeled “2—3 ym” anatase
was 17.9 nm (denoted as sample #2), and that from the
factory-labeled “40 nm” anatase was 20.2 nm (denoted as
sample #3).

2.3. Characterizations of Raw Anatase Samples and
As-Prepared TiO,-ll Samples. XRD patterns of the raw
anatase samples and the as-prepared TiO,-II samples were
collected using an X-ray diffractometer (Malvern Panalytical)
operated at 40 kV and 40 mA, with a Cu Ka radiation (X-ray
wavelength 1.54056 A). The average crystallite sizes of the
samples were derived from Rietveld fitting using the Maud
program.g"%’34

The morphologies of the crystallites contained in the
samples were examined using a scanning electron microscope
(SEM) (FEI Versa 3D dual-beam FIB/SEM) operated at 5.0
kV. The elemental distributions in the samples were mapped
using energy dispersive spectroscopy (EDS) of the SEM
operated at 15.0 kV. The focused ion beam (FIB) accessory of
the SEM was used to prepare the specimen for observing the
microstructures of the TiO,-II crystallites using a transmission
electron microscope (TEM). The TiO,-1I nanocrystallites
contained in the as-prepared TiO,-II samples and the samples
quenched from chosen high pressures (see below) were
examined using a JEOL 2100 TEM operated at 200 kV.
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2.4. Phase Behavior of TiO,-ll by in Situ High-
Pressure X-ray Diffraction. A diamond anvil cell (DAC)
was used to generate high pressures on a studied sample. The
culet size (diameter) of the anvils was 300 ym. A T301
stainless steel gasket was preindented to ~30 ym in thickness
using the DAC, and a hole of ~120 ym in diameter was drilled
through the center of the indentation using a laser mill, serving
as the sample chamber. Another DAC with a culet size of 600
pum was used to compress a sample to ~15 um in thickness. A
piece of thus compressed sample ~40 ym in diameter was
picked out and loaded into the sample chamber of the first
DAC together with two small grains of ruby as the pressure
calibrant.>® Then, neon as the pressure transmitting medium
was loaded into the sample chamber using a gas-loading
system.

High-pressure XRD of the 10.7 nm TiO,-II sample #1 (at P
up to 35.3 GPa) was performed at the BL1SU1l beamline
station of Shanghai Synchrotron Radiation Facility (SSRF) at
room temperature. XRD patterns were collected at a photon
energy of 20 keV (wavelength 0.6199 A) using a MAR16S
CCD detector. The sample-to-detector distance was calibrated
using a CeO, powder standard.

High-pressure XRD of the 17.9 nm TiO,-II sample #2 (at P
up to 41.5 GPa) was performed at the experimental station 13-
BM-C at the GSECARS beamline of Advanced Photon Source
(APS). The diffraction was performed at room temperature.
XRD patterns were collected at a photon energy of 28.6 keV
(wavelength 0.4340 A) using a MAR165 CCD detector. The
sample-to-detector distance and the detector tilt were
calibrated using a NIST LaB4 powder standard.

High-pressure XRD of the 20.2 nm TiO,-1I sample #3 (at P
up to 40.1 GPa) was performed at beamline 12.2.2 station of
Advanced Light Source (ALS) at room temperature. XRD
patterns were collected at a photon energy of 25 keV
(wavelength 0.4959 A) using a MAR34S image plate detector.
The sample-to-detector distance was calibrated using a CeO,
powder standard.

All diffraction images were converted to the intensity versus
20 data using the Dioptas program.’® Then, the phases present,
the phase contents, and the lattice parameters of all involved
TiO, phases were identified and/or derived from Rietveld
analyses of the XRD data using the Maud program.”***

2.5. Phase Behaviors of TiO,-Il by in Situ High-
Pressure Raman Spectroscopy. Raman spectroscopy of
TiO,-1I samples at high pressure (up to ~42 GPa) was
measured at room temperature using a Raman spectrometer
(inVia Refiex, Renishaw) with a 532 nm-wavelength excitation
laser. For a sample at a given pressure, a laser beam of ~10 ym
in diameter was focused at chosen locations of the sample in
the DAC and the spectra in the Raman shift range of 100—
1250 cm™" were collected and then averaged.

3. RESULTS

3.1. Average Crystallite Sizes of Raw Anatase
Samples. The average crystallite sizes (see Table SI,
Supporting Information) of the three raw anatase samples
were estimated to be 35.0, 326.9, and 416.0 nm based on
Rietveld fitting of the XRD patterns (see Figure Sla—d). The
latter two sizes (>100 nm) are regarded as inaccurate due to
use of narrow XRD peak broadening in the size estimations.”’
To compensate for this shortcoming, SEM images (Figure
S2a—c) were used to estimate the average sizes of the
crystallites contained in each of the three samples, as listed in
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Table S1. It is seen that the nominally 40 nm-sized sample
shows good agreement of the SEM size (34.5 nm) with the
Rietveld-derived size (35 nm). The medium-sized sample
(nominally 120 nm) was measured by SEM to be 122.0 nm,
ie, very close to the nominal size. However, the factory-
labeled “2—3 pm” anatase actually has an average crystallite
size of 117.5 nm, as determined by SEM. The factory-labeled
size might be the aggregate size of anatase nanoparticles.

3.2. Average Crystallite Sizes of As-Prepared TiO,-ll
Samples. The average crystallite sizes of the three as-prepared
TiO,-1I samples (see Table S2) were estimated to be 10.7 +
0.1 nm (sample #1), 17.9 + 0.2 nm (sample #2), and 20.2 +
0.1 nm (sample #3) based on Rietveld fitting of the XRD
patterns (see Figure S3). TEM images (Figure S4) show that
the TiO,-II samples consisted of densely packed nano-
crystallites of TiO,-II due to application of high pressure
during the HPHT syntheses, and the estimated crystallite sizes
[~(10—20) + (2—4) nm] and size distributions (Figure S4d)
are in good agreement with those derived from the XRD data
(Table S2). The crystallite sizes of the prepared TiO,-II
samples (~10—20 nm; Figure S4) are much smaller than those
of the raw anatase particles (average size ~35—120 nm; Figure
S2) owing to cracking of the bigger raw anatase crystallites
under compression and their subsequent phase transformation
to TiO,-IL It is interesting to note that the smaller the raw
anatase crystallites are, the larger the derived TiO,-II
nanocrystallites are (Table S2). This may be attributed to
the reduced compressibility and hence the enhanced
deformation strength of smaller anatase particles.”®

The morphologies of the grains contained in the three as-
prepared TiO,-II samples are shown in the SEM images in
Figure SSa—c, and the EDS spectra and the elemental mapping
of the samples are shown in Figure S5d—f. As with the TEM
images (Figure S4a—c), the SEM images show the compacting
structure of grains in the as-prepared TiO,-II samples. EDS
spectra show that the TiO,-II samples consisted of Ti and O
atoms with an atomic ratio of Ti:O = 1:2, while EDS elemental
mapping shows that Ti and O are uniformly distributed in the
samples.

3.3. High-Pressure Phase Behavior of As-Prepared
10.7 nm TiO,-1l. The XRD patterns of the originally 10.7 nm
TiO,-II (sample #1) at high pressure is shown in Figure 1. It is
seen that XRD peaks broaden significantly and, in many cases,
overlap with each other due to the small sizes of the involved
titania phases. This hinders direct identifications of the phases
present. Thus, visual inspections were combined with Rietveld
fitting to identify the phases. Representative Rietveld fittings
are shown in Figure S6, and the obtained phase contents and
lattice parameters are listed in Table S3. Results show that, in
compressing to 4.1 GPa, the sample remained as a single phase
of TiO,-II. As the pressure increased to 12 GPa, the
baddeleyite phase started to occur. The content of the
baddeleyite phase continued to increase with increasing
pressure up to the highest experimental value of 35.3 GPa.
When the pressure was increased to 21.1 GPa, the TiO,-OI
phase appeared, which remained up to 35.3 GPa. On the other
hand, the TiO,-II phase disappeared at 25.8 GPa. The
observed coexistence of baddeleyite and TiO,-OI at 25.8—
35.3 GPa may be attributed to the similarities between the two
phases.’”** This is because, as shown in Figure 2, both phases
comprise regular or slightly distorted augmented triangular
prisms® each of which consists of one Ti atom coordinated by
seven O atoms (Figure 2a,c), and both phases produce similar
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Figure 1. High-pressure XRD patterns of the originally 10.7 nm TiO,-
II (sample #1) under compression (a) and decompression (b) using
neon as the pressure transmitting medium. Calculated XRD patterns
of TiO,-II, baddeleyite, and TiO,-OI are shown at the bottom for
comparison. The X-ray wavelength is 0.4340 A. II = TiO,-I, MI =
baddeleyite, OI = TiO,-OL

motifs with open channels along the [001] direction (Figure
2b,d). In decompression, the TiO,-OI phase fully converted
back to the baddeleyite phase at 11.4 GPa, which converted
back to the TiO,-II phase after decompression to ~0 GPa.
These show that the high-pressure phase transitions in TiO,-II
are reversible.

HP-Raman data (Figure 3) are further used to examine the
high-pressure phase transitions in the originally 10.7 nm TiO,-
II. As shown in Figure 3a, the Raman peaks at 0.2 GPa are in
good agreement with the predicted vibrational bands of TiO,-
IL"" When the pressure was increased to 7.6 GPa, a new
Raman peak (~194 cm™") appeared. This indicates the start of
the transition from TiO,-II to baddeleyite, as this B, phonon
mode of TiO,-II associates closely with the atomic displace-
ments in TiO,-II in its transformation to the baddeleyite
phase.*' As the pressure increased to 13.3 GPa, several weak
peaks appeared at 219.1, 241.6, and 267.4 cm™', originating
from the characteristic vibrational modes of the baddeleyite
phase.B'41 Upon further compression to 20.4 GPa, the Raman
peaks of the TiO,-OI phase started to occur, while those of the
TiO,-II phase became weak and then almost disappeared at
30.5 GPa. From 30.5 to 40.9 GPa, the Raman spectra contain
contributions from both the baddeleyite and TiO,-OI phases.
In decompression (Figure 3b), when the pressure was
decreased from 40.9 to 14.1 GPa, the Raman peaks of TiO,-
OI progressively weakened, while those of baddeleyite
increased. On further decompression to 12.3 GPa, the
Raman peaks were almost all due to the baddeleyite phase.
As the pressure was decreased to 3.2 GPa, Raman peaks of
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Figure 2. Polyhedron representations of the crystal structures of baddeleyite (a, b) and TiO,-OI (c, d). Baddeleyite comprises augmented
triangular prisms each of which is made of one Ti atom and seven O atoms (a) (see the inset). TiO,-OI also comprises augmented triangular
prisms that are slightly distorted (c). When looking down the [001] direction, both structures produce similar motifs (b, d), indicating their

structural similarities.

TiO,-II became obvious. After the sample is released to the
ambient environment (~0 GPa), the Raman spectra can be
attributed fully to the single TiO,-II phase. The observed
phase behaviors from the HP-Raman spectroscopy are in good
agreement with those from the HP-XRD experiment (above).

3.4. High-Pressure Phase Behavior of As-Prepared
17.9 nm TiO,-Il. As shown in Figure 4a, at high pressure, the
phase behaviors of the originally 17.9 nm TiO,-II (sample #2)
are similar to those of the originally 10.7 nm TiO,-II (sample
#1; above). Again, visual inspection combined with Rietveld
fitting (Figure S7) was used to identify the phases present and
to obtain the phase contents (Table S4). In compression
(Figure 4a), the TiO,-II phase was observed to transform to
baddeleyite at 13.7 GPa. As the pressure increased further, the
TiO,-OI phase occurred at 21.9 GPa, whereas the TiO,-1I
phase disappeared at 26.3 GPa. Baddeleyite and TiO,-OI
coexisted in the pressure range from 26.3 to 41.5 GPa. In
decompression (Figure 4b), the TiO,-OI phase fully converted
back to baddeleyite at 14.7 GPa. Upon further decompressing
to 8.0 GPa, the TiO,-II phase reoccurred. A single phase TiO,-
IT was formed when the sample was decompressed to ~0 GPa.

The HP-Raman spectra of the originally 17.9 nm TiO,-II are
shown in Figure S. In compression (Figure Sa), the phonon
mode B, of TiO,-II appeared at 7.9 GPa, indicating initiation
of its transition to baddeleyite.*' As the pressure increased to
140 GPa, the Raman peaks of the baddeleyite®>*' phase
appeared. Upon further compression to 19.3 GPa, the Raman
peaks of the TiO,-OI phase appeared, whereas the peaks of
TiO,-II became weak and then almost disappeared at 25.4
GPa. In decompression (Figure Sb), when the pressure was
decreased to 14.9 GPa, almost all of the Raman peaks came

1200

from baddeleyite. As the pressure was further decreased to 8.3
GPa, the TiO,-II phase appeared, which remained as the only
phase when the sample was released to ~0 GPa. The observed
phase behaviors from the Raman spectroscopy are consistent
with those by the HP-XRD (above).

3.5. High-Pressure Phase Behavior of As-Prepared
20.2 nm TiO,-Il. Representative Rietveld fittings of the HP-
XRD patterns of the originally 20.2 nm TiO,-II (sample #3)
are shown in Figure S8, and the derived contents of phases
identified are listed in Table SS. In compression (Figure 6a),
the TiO,-II phase started to change to baddeleyite at 16.7 GPa.
As the pressure increased further, the TiO,-OI phase appeared
at 22.1 GPa, whereas the TiO,-II phase disappeared at 29.4
GPa. In the pressure range of 29.4—40.1 GPa, baddeleyite and
TiO,-OI coexisted. In decompression (Figure 6b) from 40.1
down to 15.3 GPa, TiO,-OI tended to convert back to
baddeleyite. When the pressure was decreased to 4.8 GPa,
TiO,-II appeared. After the sample was fully released to the
ambient pressure (~0 GPa), a single phase of TiO,-II was
retained.

The HP-Raman spectra of the originally 20.2 nm TiO,-II are
shown in Figure 7. In compression (Figure 7a), the phonon
mode B, of TiO,-II*" appeared at 7.7 GPa, similar to those in
samples #1 and 2 (above). After the pressure was increased to
20.2 GPa, the Raman peaks of the baddeleyite phase
appeared.””*" As the pressure was further increased to 21.8
GPa, the Raman peaks of the TiO,-OI phase started to form,
whereas those of TiO,-II disappeared at 27.0 GPa. From 27.0
to 42.0 GPa, the Raman spectra were contributed from both
the baddeleyite and TiO,-OI phases. In decompression (Figure
7b) from 42.0 to 15.0 GPa, the Raman peaks of TiO,-OI
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Figure 3. High-pressure Raman spectroscopy of the originally 10.7
nm TiO,-1I (sample #1) under compression (a) and decompression
(b). Neon was used as the pressure transmitting medium. II = TiO,-
II, MI = baddeleyite, OI = TiO,-OL

became weaker, while those of the baddeleyite phase became
stronger. At 12.6 GPa, the Raman spectra were almost all from
the baddeleyite phase. When the sample was decompressed to
6.0 GPa, the Raman peaks of TiO,-II appeared. After the
sample was fully decompressed to the ambient pressure (~0
GPa), the Raman peaks were all from the TiO,-II phase. The
observed phase behaviors from the Raman spectroscopy are
consistent with those by the HP-XRD (above).

3.6. Variations of Contents, Sizes, Lattice Parameters,
and Densities of Titania Phases with Pressure. From
Rietveld fitting (see the examples in Figures S6—S8) of the
HP-XRD data (Figures 1, 4, and 6) of the three TiO,-II
samples under compression (decompression), the phase
contents (Figure 8), average crystallite sizes (Figure S9),
lattice parameters (Figures S10—S12), and densities (Figure
S13) of relevant phases are derived as a function of pressure.
The onset pressure of the phase transition from TiO,-II to
baddeleyite (i.e., at the transition point) can be obtained by
linear extrapolation of the phase content of baddeleyite to zero
(see Figure 8). The transition pressures (~9—15 GPa) thus
obtained are listed in Table 1. In the table, listed are also the
average crystallite sizes and densities of TiO,-II determined
from Figures S9 and S13, respectively, by reading their
respective values at the corresponding transition pressures. The
densities of baddeleyite at the transition pressures (Table 1)
were calculated from their respective linear-least-squares
fittings shown in Figure S13.

Figure 8 also shows that the TiO,-OI phase started to form
at 18.9 (Figure 8a), 19.1 (Figure 8b), and 18.8 GPa (Figure
8c) in the three TiO,-II samples under compression. After
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Figure 4. High-pressure XRD patterns of the originally 17.9 nm TiO,-
II (sample #2) under compression (a) and decompression (b) using
neon as the pressure transmitting medium. Calculated XRD patterns
of TiO,-II, baddeleyite, and TiO,-OI are shown at the bottom for
comparison. The X-ray wavelength is 0.6199 A. II = TiO,-II, MI =
baddeleyite, OI = TiO,-OL

initiation of the formation of TiO,-OI at the transition
pressure in each of the three samples, the phase content of
baddeleyite continued to increase, while that of TiO,-II
continued to decrease (Figure 8). This suggests that the
formation of TiO,-OI was controlled primarily by the TiO,-1I-
to-TiO,-OlI transition rather than the baddeleyite-to-TiO,-OI
transition. However, after full conversion of TiO,-II to
baddeleyite and/or TiO,-OI at above ~2S GPa, the phase
content of baddeleyite decreased, while that of TiO,-OI
increased (Figure 8), suggesting direct transition from
baddeleyite to TiO,-Ol Thus, there are two parallel phase
transition routes in compression of the nano TiO,-II samples
in this study: TiO,- I (~9—15 GPa) — baddeleyite (~25
GPa) — TiO,-OI and TiO,-II (~19 GPa) — TiO,-OL In
decompression, these transition sequences are reversible
(Figure 8).

4. DISCUSSION

4.1. Pressure Dependence of the Average Crystallite
Size of TiO,-ll. The average crystallite sizes and microstrains
of the TiO,-II phase in compression of the three TiO,-II
samples are shown in Figure S9. It is seen that the average size
of the TiO,-II phase increases with increasing pressure in
sample #1 (Figure S9a), while it decreases with increasing
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Figure S. High-pressure Raman spectroscopy of the originally 17.9
nm TiO,-1I (sample #2) under compression (a) and decompression
(b). Neon was used as the pressure transmitting medium. II = TiO,-
II, MI = baddeleyite, OI = TiO,-OL

pressure in samples #2 and 3 (Figure S9c and e). Under
compression to high pressures, there are several factors that
can affect the average sizes of highly packed nanocrystallites.
With an increase in pressure, nanocrystallites may undergo
elastic and then plastic deformation, depending on the
magnitude of the applied pressure. The former can shrink
the crystallite elastically, while the latter can cause cracking of
the crystallites. Both factors would produce smaller crystallite
sizes with increasing pressure, as seen in Figure S9¢ and e. On
the other hand, if adjacent nanocrystallites happen to have
similar crystallographic orientations, under compression, they
may join to form one or more bigger crystallites via orientated
attachment.*>** This would produce increased crystallite sizes
with increasing pressure, as seen in Figure S9a. Parts b, d, and f
of Figure S9 show that, with an increase in pressure, the
microstrain increases, which can be attributed to the increased
structural distortions in the nanocrystallites induced by high
pressure.

In order to examine the microstructures of the samples at
high pressure, samples #1—3 were compressed in a DAC to
their respective transition pressures (Table 1) in a neon
pressure medium and then quenched to ambient pressure for
TEM examinations. TEM images (Figure S14) reveal that, in
the quenched samples, many original grain boundaries formed
among raw anatase particles were retained, while small TiO,-II
crystallites were contained within the original grain boundaries.
This once again confirms the formation of the TiO,-II
nanocrystallites from cracking and phase transition of the
raw anatase particles. The average crystallite sizes (Table S6)
and the size distributions (Figure S14d) derived from the TEM
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comparison. The X-ray wavelength is 0.4959 A. II = TiO,-I, MI =
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images are in good agreement with the sizes derived from the
Rietveld fittings (Table 1).

4.2. Thermodynamic Analyses of the Size Effect on
Pressure-Induced Phase Transitions. Table 1 shows that
the transition pressure from TiO,-II to baddeleyite changes
appreciably with the average crystallite size of TiO,-II. It has
been shown previously that the size dependence of the phase
transition temperature and/or pressure in nanoparticles can be
analyzed using classic thermodynamics.*** According to ref
45, at a constant temperature, the free energy change in
transition from a nanophase a (here, TiO,-II) to a nanophase
B (here, baddeleyite) can be written as

AG(nano-a — nano-f3)
= AG(oo-a = o0-ff) + (surface free energy
and surface pressure contributions)

= AG°(o0, T) + AV(P — B) + 2(2t + 3)

Y
x M| -2 — a
Dﬁpﬂ Dapg,
o s Ya
= AG°(o0, T) + AV(P — B) + 1OM| — — —=
Dﬁpﬁ D,p,

(1)

DOI: 10.1021/acs.jpcc.9b09932
J. Phys. Chem. C 2020, 124, 1197—1206


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b09932/suppl_file/jp9b09932_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b09932/suppl_file/jp9b09932_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b09932/suppl_file/jp9b09932_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b09932/suppl_file/jp9b09932_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b09932/suppl_file/jp9b09932_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b09932/suppl_file/jp9b09932_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b09932/suppl_file/jp9b09932_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b09932/suppl_file/jp9b09932_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b09932

The Journal of Physical Chemistry C

Intensity (a.u.)

BABB B

B_A, A BBB B,
3y I 26208 1

A BB
PR 1 !

100 200 300 400 500 600 700 800 900 1000
Raman Shift (cm")

M
~ 3
= 9
< 20.5 |
> 7
Y B ALY e &
w
=
W A B
-
=
—

)
BA BABBB, A, BB -

100 200 300 400 500 600 700 800 900 1000
Raman Shift (em” )

uu.z B, '

Figure 7. High-pressure Raman spectroscopy of the originally 20.2
nm TiO,-1I (sample #3) under compression (a) and decompression
(b). Neon was used as the pressure transmitting medium. II = TiO,-
II, MI = baddeleyite, OI = TiO,-OL

In the above equation, AG°(oo, T) is the free energy change
from a bulk a-phase to a bulk S-phase; T is the temperature; P
is the pressure (P, is the ambient pressure, ~0 GPa); M is the
molecular weight of TiO, (79.9 g/mol); AV is the difference in
the molar volumes of the two nanophases; t is a coefficient
close to 1; and y, D, and p are the interfacial energy, the
diameter, and the density of a nanophase (« or ). Rigorously,
7 is a function of crystallite size at a given temperature and
pressure. However, it was shown that y is 1nsens1t1ve to the size
at larger particle sizes (e.g., > ~10 nm for anatase)*® and hence
we treat ¥ as a constant in this work. AV can be calculated
from

av=m+ -1
oV )

Thermodynamically, for occurrence of the nano TiO,-II-to-
baddeleyite transition, the free energy change (left-hand side of
eq 1) must be <0. Upon initiation of the phase transition (i.e.,
at the transition point), the free energy change equals zero.
Further, as the densities of TiO,-II and baddeleyite are close at
the transition point (see Table 1), we treat D, = Dy = D. With
these considerations, by substituting eq 2 into eq 1 and letting
the left-hand side of eq 1 equal zero, we obtain the following
relationship

AG°(oc0, T)
TV
- D( nano P())(pa - p/})/lo (3)
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Figure 8. Pressure dependences of the phase contents of various TiO,
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Table 1. Properties of Phases at the TiO,-II-to-Baddeleyite
Phase Transition Point

density of density of transition
sample  average size of TiO,-II baddeleyite pressure
no. TiO,-II (nm) (g/cm®) (g/cm?) (GPa)
1 11.0 + 0.2° 4.480 4.780 8.7
2 124 £ 04 4.573 4.901 132
3 13.1 £ 0.5 4.607 4.935 154
“Standard deviation.
or
10(7,0, = 140,) PPy AG°(co, T)
Pnano - PO = D( ) + M
Py~ pﬂ pﬂ - p
(4)

where P, . represents the transition pressure in a nanophase.
For a transition at the bulk sizes, D — oo and eq 4 becomes
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,Dﬂ -

AG°(co0, T)
M

Poo_ 0=

)
where P represents the transition pressure in a bulk phase.
Subtracting eq 5 from eq 4, one obtains

h_ Ik
AR

(i
b (6)

Using known quantities at the transition points for the three
TiO,-1I samples (Table 1), three concurrent equations can be
established in the form of eq 3. Thus, the three unknown
quantities ¥,, 75 and AG°(oo, T) can be derived: y, = 3.61 ]/
m’, 75 = 0.96 J/m’, and AG°(c0, 298 K) = 53675.6 J/mol.
Understandably, the three derived quantities may have large
uncertainties, as the number (three) of the established
concurrent equations is just equal to the number (three) of
unknown variables. Even so, the following term

h T

o P

nano

[e]

~—-06<0

predicts a decrease of the transition pressure with decreasing
crystallite size according to eq 6, consistent with the
experimental data (Table 1).

Using the experimentally determined densities (Table 1)
and the derived AG°(o0, 298 K), the transition pressure from
bulk TiO,-II to bulk baddeleyite was calculated to be ~47 GPa
using eq 5. In a previous work, the enthalpies of various TiO,
phases were calculated as a function of pressure using density-
functional theory.”® Using the enthalpy versus pressure
diagram in ref 20, the theoretical transition pressure from
bulk TiO,-II to baddeleyite is ~25 GPa. Thus, the modeling-
derived P, (~47 GPa) has the same order of magnitude as the
theoretically derived one. The apparent difference between
them can be attributed to the potentially high error of AG°(c0,
298 K) introduced in its derivation from only three concurrent
equations (eq 3).

For the TiO,-1I-to-TiO,-OlI transition, the closeness in the
transition pressures (18.9, 19.1, and 18.8 GPa) in the three
TiO,-II samples suggests that

Bt
p A

~0

according to eq 1, where a and f denote TiO,-II and TiO,-O],
respectively. Taking p, ~ 4.6 g/cm® (Table 1) and py ~ 5.3 g/
cm’ ¥p ~ 3.61 X 5.3/4.6 = 42 J/m* according to the above
relationship.

The above thermodynamic analyses show that the dissimilar
pressure dependences of the phase transitions that occurred in
compression of TiO,-II nanocrystallites stem from the different
interfacial energies of the involved phases, which control their
thermodynamic stabilities at different sizes.

5. CONCLUSIONS

In this work, we prepared densely packed nanocrystallites of
TiO,-II with average sizes of ~10—20 nm via high-pressure
and high-temperature processing of ~35—120 nm anatase
particles. Then, using in situ synchrotron XRD and Raman
spectroscopy, we studied the phase transitions of the prepared
TiO,-II nanocrystallites at pressures up to ~35—40 GPa at
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room temperature. It was found that smaller raw anatase
particles produced larger TiO,-II nanocrystallites. Under
compression, the pressure-induced phase transitions of the
TiO,-II nanocrystallites follow the routes of nano TiO,-II
(~9—15 GPa) — baddeleyite (~25 GPa) — TiO,-OI and
nano TiO,-II (~19 GPa) — TiO,-OI, which are reversible in
decompression to the ambient pressure. Thermodynamic
analyses show that the decrease in the transition pressure of
the TiO,-II-to-baddeleyite transition with the decrease in the
crystallite size originates from the higher interfacial energy of
the TiO,-II phase (3.61 J/m?) than the baddeleyite phase
(0.96 J/m?). On the other hand, the minor size dependence of
the transition pressure of the TiO,-II-to-TiO,-OI transition
indicates that the two phases have closer interfacial energies
(3.6 vs 4.2 J/m?). This work enriches our understanding of the
complex phase behaviors of the TiO, system, providing
knowledge useful for exploring new applications of the
pressure-quenchable TiO,-II nanophase.
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