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ABSTRACT: Titanium dioxide (TiO2) is one of the most well-known and long-
standing polymorphic materials in the transition metal oxide group of materials. The
transition from rutile to anatase is one of the long-standing fundamental questions
among materials science researchers because seeking the nucleation site at the
beginning of the phase transition is highly challenging. Until now, there have been
no studies on the unconventional structural phase transition of TiO2 nanoparticles
by acoustic shock waves. In the present study, this work provides the first evidence
on the solid-state nanostructure of the rutile-to-anatase phase transition of TiO2 by
acoustic shock waves whereby these phase transition results are evaluated by Raman
spectroscopy, thermal calorimetry, X-ray photoelectron spectroscopy, and micro-
scopic techniques. We propose a novel mechanism for the occurrence of the rutile-
to-anatase phase transition based on thermophysical properties and shock wave-
induced melting concepts. Under shocked conditions, the R−A phase transition
occurs because of the anatase phase’s lower interfacial energy (γL/A) and surface energy compared to rutile. We strongly believe that
the present work can provide in-depth insight into understanding the crystallization concepts of the TiO2 NPs under extreme
conditions, especially with regard to the rutile-to-anatase phase transition.

■ INTRODUCTION
Titanium dioxide is one of the pioneering polymorphic and
chemistry-rich compounds, like silicon dioxide, because of its
multiple oxidation states arising out of the partially filled 3d
shell, and such materials of prominence always have a high
degree of research interest in high-pressure science domains,
which include materials science and geological sciences.1−3

Over the past few decades, researchers of high pressure/
temperature have made significant contributions to under-
standing the polymorphic and stoichiometry changes of TiO2
with respect to the external conditions experimentally4 as well
as theoretically5 and thereby found several interesting phase
transition paths and crystallization behaviors. From the
literature, it can be found that TiO2 can be crystallized in
several crystallographic phases such as rutile (P42/mnm),
anatase (I41/amd), brookite (Pbca), TiO2-B (C2/m), TiO2-R
(Pbnm), TiO2-H (14/m), pyrite (Pa-3), columbite (Pbcn),
baddeleyite (P21/c), cotunnite, α-PbO2 type TiO2 (TiO2-II),
fluorite (Fm3-m), cubic, and post cotunnite phases.6−9 Among
the above-listed phases, naturally existing polymorphs are
rutile, anatase, brookite, and TiO2-B while the remaining
phases are considered as high pressure polymorphs which can
be obtained under extreme conditions.6−9 It is worth

mentioning that among the four most common polymorphs,
rutile is the most stable phase, followed by anatase, brookite,
and TiO2-B, whereas at the nanoscale region (the critical
particle size is 10 nm), the anatase phase becomes the most
thermodynamically stable phase compared to rutile.10,11 Most
of the common forms of anatase and rutile TiO2 have
technological applications on the basis of their nanoscale
morphologies and crystallographic structures. The relationship
between the TiO2 phases, their relative stability of
interconversion, and the structure−property relationship has
been particularly well-studied for bulk and nanocrystals.12,13

The anatase and rutile phases have different structural
evolutions under static (steady-state thermodynamical con-
ditions−diamond anvil cell)14,15 and dynamic (unsteady state
thermodynamical conditions−shock waves)16−18 high pres-
sure/temperature conditions while the critical pressure/
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temperature is obviously different for nano and bulk
solids.14−18 For instance, Li et al. reported the nanoporous
rutile-to-baddeleyite TiO2 phase transition at 26.1 GPa by
subjecting it to static compression,19 and the anatase-to-
baddeleyite transition is observed at 21 GPa.20 Wang et al.
investigated a similar compression experiment with the mixed
phase of anatase/rutile TiO2 and observed that anatase
particles would convert into the amorphous phase and the
rutile particles would convert into baddeleyite at 16.4 GPa.21

Anatase TiO2 particles follow different phase transition
sequences based on their initial particle size as follows: the
nanoparticles undergo the anatase-amorphous phase transition
under high pressure when the particle size is lower than 10
nm22−25 whereas this type of direct transition is absent in the
case of bulk TiO2.25 The anatase-to-baddeleyite transition
occurs when the particles’ size appears between 12 and 50
nm.20,24 The anatase−columbite−baddeleyite phase transition
occurs when the particles are larger than 50 nm,24,26 whereas,
in the case of the pure static temperature-dependent annealing
condition, the anatase to rutile phase transition begins at ∼580
°C and is completed at ∼900 °C27,28 and the rutile phase
remains stable for higher temperatures up to 1200 °C.29,30 The
anatase to rutile phase transition is the most thermodynami-
cally favorable phase transition path for TiO2 and it is
irreversible.30,31 Under steady-state conditions, according to
the thermodynamic properties of anatase and rutile, rutile
cannot be converted into the anatase phase because of the
absence of any phase equilibrium. This is one of the long-
standing fundamental research problems of TiO2 for
researchers cutting across all the science domains. In general,
rutile is a thermodynamically stable phase and kinetically
favored, which means, under chemical reaction conditions,
rutile can easily react with the solutions and undergo structural
transitions.

On the other hand, so far, very few articles have been made
available in the literature for the rutile-to-anatase transition in
chemically doped TiO2 nanosystems by various techniques
such as oxygen plasma immersion ion implantation,32 under
oxygen pressures,33 contacting the strongly negatively charged
colloid particles,34 chlorination,35 and ammonolysis36 and this
phase transition occurs because, in strong acidic solutions, the
condensation rate is slow enough and the formation of the
rutile phase is kinetically favored. In addition, during the
femtosecond laser shock wave irradiation on the rutile bulk
single crystals, the rutile−anatase transitions were observed on
the surface of the crystals.37−39 To date, no report is available
for the thermodynamically converted solid-state rutile-to-
anatase transition in nanosystems.

In recent years, mild-acoustic shock wave processing on
nanocrystalline materials has become one of the fascinating
research problems such that it has linearly grown from the
beginning of the 21st century because of its spectacular
applications in structural phase transitions and surface
modifications.40,41 Especially, in TiO2 nanosystems, there has
been a considerable number of publications reported using
conventional shock tubes42−44 and tabletop shock tubes.45,46

For instance, using a conventional shock tube, Jayaram et al.
observed the complete anatase-to-rutile transition at 1 pulse
shocked condition with the transient pressure of 6.6 MPa,42

and a mixed phase of anatase and rutile TiO2 was observed by
Kim et al.43 and Freitas et al.44 By using the tabletop shock
tube, Kalaiarasi et al. reported a complete anatase−rutile
transition upon the exposure of 90 shock pulses45 and
Aswathappa et al. also found similar results under the same
shocked conditions,46 whereas the rutile TiO2 NPs remain in
the same crystalline structure even at the 90-shocked condition
with a transient pressure of 2.0 MPa.46 Our research group has
already investigated the shock resistance behavior of the mixed
phase of brookite/rutile TiO2 NPs (brookite rich-TiO2) and

Figure 1. Raman spectral features of the control and shocked AR TiO2 NPs. (a) Recorded Raman spectra over the wavenumber region 100−800
cm−1. (b−e) Internal Raman bands of the (b) control sample, (c) 30-shocked sample, (d) 60-shocked sample, and (e) 90-shocked sample. (f) Area
under the peaks’ ratio of the AR TiO2 NPs of the Raman bands with respect to the number of shock pulses.
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found the absence of structural transitions even up to 300-
shocked conditions.47

For the first time in the literature, herein we report the
rutile-to-anatase phase transition in nanocrystalline TiO2 under
acoustic shocked conditions, which is essentially not possible
in steady-state thermodynamical conditions such as static
heating and compression conditions. The present work offers a
new possible way to initiate the unconventional thermody-
namic structural transition by tabletop shock tube experiments.
In the first part, the rutile-to-anatase phase transition is
justified by various analytical techniques such as spectroscopic,
calorimetric, microscopic, and electron diffraction techniques.
In the second part, a novel mechanism is provided for the
rutile to anatase phase transition in TiO2 NPs that is based on
its thermophysical properties and shock wave-induced super-
heating concepts.

■ EXPERIMENTAL SECTION
Syntheses of TiO2 Nanostructures. To prepare the TiO2

solution, 2 mL of titanium(IV) isopropoxide was added to 200 mL
of deionized water with continuous magnetic stirring at room
temperature. During the precursor solution preparation, 20 mL of
glacial acetic acid, serving as a chelating agent, was added dropwise to
prevent nucleophilic attacks on the titanium isopropoxide by water.
The solution was subsequently heated to 80 °C until the xerogel was
completely dried, then allowed to cool naturally to room temperature.
The dried gel was ground into a fine powder and then calcinated at
700 °C for 5 h in a muffle furnace.
Shock Wave Loading Experiment. The detailed information on

the shock wave loading procedure and analytical instrument details
are presented in the Supporting Information. For the present
experiment, totally 4 equal samples have been chosen such that one
sample has been kept as the control sample while the other three
samples have been treated with 30, 60, and 90 shocks with the Mach
number of 2.2. Figure S1(a and b) shows the schematic diagram of
the experimental setup of the shock tube. Subsequently, 30 shock
pulses were loaded on the test sample with an interval of 5 s between
each shock pulse. For example, 30 pulses mean shock wave-exposed
on a sample 30 times with Mach number 2.2 (±0.1). For the current
study, we have chosen shock waves of Mach number 2.2 with a

transient pressure (P5) and temperature (T5) of 2.0 MPa and 864 K,
respectively.

■ RESULTS AND DISCUSSION
The Rutile-to-Anatase Phase Transition of TiO2 by

the Raman Spectroscopic Results. The recorded Raman
spectra of the control and shocked TiO2 samples are shown in
Figure 1a. The control sample has five internal Raman bands at
395, 447, 517, 610, and 639 cm−1, respectively. Among the five
Raman bands, the bands at 395 (B1g), 517 (A1g), and 639 cm−1

(Eg) belong to the fingerprint Raman bands of the anatase
phase45 and the bands at 447 (Eg) and 610 cm−1 (A1g) belong
to the Raman bands of the rutile phase.45 Based on the
observed Raman spectral results, the control sample has a
mixed phase of anatase and rutile, which occurs because of the
lower calcination temperature (700 °C). Under shocked
conditions, considerable changes have occurred in the internal
and lattice Raman bands with respect to the number of shock
pulses, and the corresponding Raman spectra are displayed in
Figure 1a. For more clarity of the obtained results, the internal
Raman bands of the control, 30, 60, and 90 shock pulse-loaded
TiO2 samples are depicted in Figure 1b−e. Up to 60-shocked
conditions, all the anatase Raman bands are retained in their
respective Raman shift positions as well as the respective
intensity, whereas the rutile Raman band’s 610 cm−1 (A1g) has
experienced a slight reduction in the intensity at the exposure
of 30 shocks but regained its intensity at the 60-shocked
condition. However, at the exposure of 90 shocks, significant
changes occurred such that all of the rutile Raman bands such
as 447 (Eg) and 610 cm−1 (A1g) experienced significant
reduction in their respective intensities (Figure 1e), which
clearly demonstrates the occurrence of the rutile-to-anatase
phase transition.

The areas under the anatase and rutile internal Raman bands
have been calculated with respect to the number of shock
pulses, and the corresponding profile is presented in Figure 1f.
It is clear that the A/R peak ratio has significantly increased at
the exposure of 90 shocks compared to the control and other

Figure 2. Zoomed-in Raman fingerprint patterns of the control and 90-shocked TiO2 NPs. (a) Eg mode. (b) Raman bands of the B1g and Eg. (c)
Normalized intensity ratio of the B1g and Eg. (d) Raman bands of the A1g and Eg. (e) Normalized intensity ratio of the A1g and Eg.
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shocked conditions, which provides direct evidence for the
rutile-to-anatase phase transition, and similar kinds of results
have been witnessed in the rutile single crystal under
femtosecond laser irradiation conditions.37−39 The Raman
band at 143 cm−1 (Eg) in the lower wavenumber region also
provides convincing testimony for the rutile-to-anatase phase
transition or vice versa.37−39 The Eg Raman band is common
for both phases, but it has a very high intensity for the pure
anatase and a lower intensity for the pure rutile phase.37−39

As shown in Figure 2a, the zoomed-in portion of the lattice
mode of the Eg mode is presented without normalization, and
it was found that it has higher intensity at the 90-shocked
condition compared to the control sample, which very well
supports the occurrence of the rutile-to-anatase transition.37−39

In Figure 2b and c, the internal Raman band features of the
anatase and rutile phases [B1g (A) and Eg (R)] are showcased
for the control and 90-shocked samples, and it is observed that
the Eg (R) mode is found to have been reduced at the 90-
shocked condition. The calculated values of the normalized
intensity ratio are determined as 0.88 and 2.28, respectively, for
the control and the 90-shocked samples. A similar kind of
observation has been confirmed in the normalized intensity
ratio features of the Eg (A) and A1g (R) Raman modes for the
control and 90-shocked samples such that the corresponding
profiles are portrayed in Figure 2d and e. Based on the features
of Figures 1 and 2, it is obvious that most of the rutile particles
have converted into the anatase phase. In summary, the TiO2
NPs have the mixed phase with the rutile and anatase phases,
whereas at the exposure of 90 shocks, the anatase phase
particles are found to have increased significantly.
Shock Wave-Induced Anatase Phase Evolution by

Thermal Calorimetric Results. In thermal analysis, the
appearance of the exothermic peak ∼700 °C is usually
considered as a reference of the crystallization point for the
demonstration of the anatase-to-rutile phase transition, and its
intensity is directly proportional to the anatase−rutile phase

conversion quantitatively.48,49 The recorded DSC profiles of
the control and shocked TiO2 samples are presented in Figure
3a, wherein the appearance of the exothermic peak around the
peak at 720 °C is marked in cyan color. As seen in Figure 3a,
the intensity of the exothermic peaks is abnormally low, such
that their differences could not be observed. Because the
control TiO2 NPs have almost equal percentages of the anatase
and rutile phase particles, the rutile particles do not contribute
to the exothermic reaction in this region due to their high
thermal stability and only the available anatase particles are the
major responsible factors for the exothermic peak intensity. So,
for better visibility, the zoomed-in profiles of the exothermic
peaks of the control and shocked samples are depicted in
Figure 3b−e. The intensity of the exothermic peak has
experienced considerable changes with respect to the number
of shock pulses, and the observed values are determined as
0.016, 0.019, 0.013, and 0.022 for their correspondent 0, 30,
60, and 90 shocks, respectively.

The intensity of the exothermic peak is slightly increased for
the 30-shocked sample compared to the control sample, which
is probably owing to the conversion of a few rutile particles in
to the anatase phase such that the Raman spectral results also
provided similar results. However, the intensity of the
exothermic peak will be reduced at the 60-shocked condition
because of the dominance of the rutile particles. Noteworthily,
the exothermic peak has a higher intensity for the 90-shocked
sample than others, since it has a higher concentration of the
anatase particles, which provides strong evidence for the
occurrence of a significant rutile-to-anatase phase transition.
The A−R exothermic peak intensity, position, and area with
respect to the number of shock pulses are presented in Figure
3f−h, wherein the observed profile data support the formation
of the anatase-rich TiO2 at the 90-shocked condition following
up for the rutile-to-anatase phase transition. The inter-relation
between the ratio of the A/R Raman bands area and the A-R

Figure 3. (a) DSC profiles of TiO2 NPs with respect to the number of shock pulses. (b−e) Zoomed-in portion of the exothermic peak of the
control and shocked TiO2 samples, as well as (f) intensity, (g) position, and (h) area of the exothermic peak with respect to the number of shock
pulses.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.4c02723
Inorg. Chem. 2024, 63, 17043−17055

17046

https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02723?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02723?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02723?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c02723?fig=fig3&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c02723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


exothermic peak intensity is found to be directly proportional
(Figure S2).
Shock Wave-Induced Melting and Dynamic Recrys-

tallization of TiO2 NPs: Microscopic Results. Crystal-
lization of TiO2 structures such as anatase and rutile is highly
sensitive to the particle size, and generally anatase particles
crystallize below ∼30 nm while rutile is formed above ∼30
nm.50−52 In light of the vibrational spectroscopic and thermal
calorimetric results, the 90-shocked TiO2 sample’s particle size
is reduced significantly due to the rutile-to-anatase phase
transition. In general, static heating methods are highly
favorable for the increment of particle size due to the grain
coarsening effect.50−52 So, understanding the surface morpho-
logical changes and size changes is essential to draw convincing
results on the shock wave-induced rutile-to-anatase phase
transition in TiO2 NPs. The captured SEM images of the
control and shocked TiO2 are displayed in Figure 4. The
control TiO2 sample has two sets of particle sizes with different
morphologies. The higher size particles belong to the rutile
phase, and the ultrasmaller particles belong to the anatase
phase. The size distribution of the anatase and rutile TiO2 NPs
could not be analyzed by the SEM images because the anatase
has ultralower size particles such that the particle size could not
be precisely measured. Under 30 and 60 shocked conditions,
the TiO2 NPs do not experience significant changes from their
initial particle size and shapes (Figure 4b and c). However, at
the 90-shocked condition, remarkable changes could be clearly
witnessed in the particle size changes such that most of the
large-size particles have been converted into the downscale of
the particles which is due to the occurrence of the rutile-to-
anatase phase transition.50−52 The significant reduction in the
particle size at the 90-shocked condition occurs because of the
shock wave-induced dynamic recrystallization process, for

which the lower thermal conductivity materials are highly
favorable.53−55

In Figure 5, the features of the TEM images of the control
and 90-shocked TiO2 NPs are observed. It makes clear that the
average particle size is ∼48 nm and the rutile particle also
belongs to a well-defined hexagonal morphology.

At the 90-shocked condition, the particles of hexagonal
morphology are significantly reduced in size such that they are
turned into the morphology of nonhexagonal (Figure 5e−h).
The lattice fringe patterns of the control TiO2 sample can be
witnessed in Figure 5i−k, wherein the mixed phases of the
anatase and rutile particles are observed (Figure 5i). At the 90-
shocked condition, the rutile particles’ concentration is
reduced such that the anatase particles’ concentration is
increased, and the corresponding lattice fringe patterns are
presented in Figure 5l−n. The overall features of the TEM
images also evidently support the occurrence of the rutile-to-
anatase phase transition at the 90-shocked condition.

In Figure 6a and b, the electron diffraction features of the
control and the 90-shocked samples are presented while the
zoomed-in portions are portrayed in Figure 6c and d. As
displayed in Figure 6c, the anatase (101) and rutile (110)
diffraction spots have almost equal intensity, whereas the
rutile-diffraction spots’ intensity is found to have reduced
because of the formation of the anatase-rich TiO2 resulting
from the rutile-to-anatase phase transition (Figure 6d).
Shock Wave-Induced Oxidation State Changes (Ti3+

to Ti4+) in TiO2 NPs: XPS Results. Figure 7 shows the core
XPS band features of the TiO2 NPs, and the survey spectra of
the control and 90 shocked TiO2 NPs are also presented
(Figure S3). In the XPS results, a significant difference could
not be identified between the anatase and rutile phases of TiO2
NPs, as it is in the Raman and morphological aspects. Both

Figure 4. SEM images of the control and shocked TiO2 NPs. Herein, (a) control; (b) 30-shocked; (c) 60-shocked and (d) 90-shocked TiO2 NPs,
respectively.
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anatase and rutile phases exist with Ti4+ ions, and the band
splitting energy difference in the Ti 2p states (Ti 2p3/2 and Ti
2p1/2) is 0.1 eV.56,57 However, the XPS data can prove the
existence of the crystallographic phases of the TiO2 based on
its core band positions of Ti and O as well as the valence band
spectra, since the valence band spectra have various intensity
profiles for both phases. For the control TiO2 NPs, the peaks
of the core Ti 2p bands are displayed in Figure 7a, which has
two bands at 457.57 and 464.53 eV, and these two bands
belong to the Ti 2p3/2 and Ti 2p1/2 states. At the 90-shocked
condition, the obtained core Ti 2p bands are depicted in
Figure 7b, wherein the bands are located at 463.27 and 463.22
eV. The observed slightly higher binding energy shift is
probably owing to the rutile-to-anatase phase transition. As
usual, oxygen vacancies are formed, which leads to the
reduction of Ti ions from Ti4+ to Ti3+, and the rutile-rich
structures may have a few Ti3+ ions during the temperature-
induced anatase-to-rutile phase transition in the crystal
lattice.58,59 The Ti3+ 2p state bands have occurred in the
lower binding energy levels (456.1 and 461.94 eV for the Ti
2p3/2 and Ti 2p1/2 states of Ti3+). In contrast, herein, the
positive binding energy shift is found in the Ti 2p state bands
at the 90-shocked condition, for which the available oxygen
vacancies are reduced, whereby the Ti4+ ions are enhanced in
the crystal lattice due to the formation of the anatase rich
structure. Besides, the anatase has more than two times higher

Figure 5. TEM images of the control and 90-shocked TiO2 NPs. (a−d) TEM images of the control TiO2 NPs. (e−h) TEM images of the 90-
shocked TiO2 NPs. (i−k) Lattice fringe patterns of the control TiO2 NPs. (l−n) Lattice fringe patterns of the 90-shocked TiO2 NPs (insets: FFT
patterns).

Figure 6. Electron diffraction images. Herein, (a) and (b) stand for
the control and 90-shocked TiO2 NPs; (c, d) stand for their
corresponding zoomed-in portions of the electron diffraction images,
respectively.
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unit cell volume (136.2 Å3) compared to the rutile cell volume
(62 Å3) such that the anatase structured particles have a larger
number of Ti4+ and O2− ions on the surface compared to rutile.
In light of the higher concentration of the Ti4+ and O2− on the
surface, the intensities of the Ti 2p and O 1s bands are
increased (Figure 7c).

In Figure 7d and e, the core O 1s spectra are presented for
the control and 90-shocked TiO2 NPs. For the control sample,
the lattice oxygen band appears at 528.79 eV, wherein the
higher biding energy bands are due to the existing surface
hydroxyl species.60 At the 90-shocked condition, the O 1s
lattice oxygen band appears at 528.75 eV, in which a slightly

Figure 7. XPS spectra of the control and 90-shocked TiO2 NPs. Herein, (a) and (b) represent the core Ti 2p spectra of the control and 90-shocked
TiO2 NPs; (c) represents the binding energy shift of the Ti 2p states for the control and 90 shocks (Inset: intensity comparative profiles of the Ti
2p and O 1s bands); (d) and (e) represent O 1s spectra of the control and 90-shocked TiO2 NPs; and (f) represents the valence band spectra of the
control and 90-shocked TiO2 NPs.

Figure 8. (a) Thermo-dynamical stability plot of the anatase and rutile TiO2 with respect to their size (Reprinted Figure with permission from ref
10. Copyright (2004) American Chemical Society); (b) interfacial energy for the anatase and rutile TiO2; (c) Thermal conductivity-driven energy
diagrams of the rutile TiO2, and (d) Thermal conductivity-driven energy diagrams of CdO NPs,53 respectively; (Reproduced with permission from
ref 53. Copyright (2004) by the American Chemical Society).
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lower binding energy shift is noticed with respect to the
reduction of the available oxygen vacancies and the formation
of the anatase-rich TiO2 NPs.56,57 In Figure 7f, the valence
band XPS spectra of the control and 90-shocked TiO2 NPs are
presented, wherein a couple of peaks are witnessed at 4.09 and
6.01 eV. The intensity of a valence band spectrum depends on
its orbital makeup. Since the TiO2 phases have the same
chemical composition, it is assumed here that the valence band
spectrum has essentially the same orbital makeup (in this case
consisting primarily of O 2p with some Ti 3d contribution),
thereby having the same overall photoionization cross-section.
Hence, the intensity of the fitted anatase component of a VB
spectrum can be directly related to the amount of the anatase
present within the sampling depth of the measurement.
Therefore, it can be proposed that the XPS VB can efficiently
extract quantitative phase information. As for the pure anatase
phase, the lower binding energy band (Figure 7f, marked as I)
has a higher intensity for the anatase and a lower intensity for
the rutile.61 At the 90-shocked condition, the enhancement of
the intensity of the lower binding energy peak could be
noticed, which could provide possible evidence for the rutile to
anatase phase transition, as observed from XPS data.
Proposed Mechanism for the Rutile to Anatase Phase

Transition. Based on the existing literature reports of the
TiO2, the thermodynamical stabilities for the rutile and anatase
TiO2 are expected to change with respect to the size of the
particles.10,62 For instance, in bulk particles, the rutile is
considered a thermodynamically stable state and the anatase is
considered a metastable state, whereas, in the case of ultrasmall
size (below 10 nm) particles, the anatase becomes a
thermodynamically stable phase and the rutile acts as the
metastable state. The thermodynamical stability plot of the
anatase and rutile TiO2 with respect to their size is shown in
Figure 8a. From the viewpoint of nucleation kinetics, the
nucleation rate is determined by the interfacial energy between
the liquid and solid as well as the thermodynamic driving force.
The values of interfacial energy for the anatase and rutile of
TiO2 are 379.2 ergs/cm2 and 931.5 ergs/cm2, respectively
(Figure 8b).63 The values of the thermodynamic driving force
(Gibbs free energy difference between the liquid and solid
phases) for the anatase and rutile of TiO2 are 0.85 J/m2 and
1.5 J/m2, respectively.52 The molar free energies of the
formation of the anatase and rutile phases are 2883.266 and
2889.406 kJ/mol, respectively. In addition to that, the surface
energy of the anatase phase (1.275 J/m2) is lower than that of
the rutile phase (1.5 J/m2).52 Hence, the anatase phase has a
critical radius smaller than that of the rutile particles. Due to
the smaller particle size formation, the anatase has the first
preference to be in the crystallized form in the molten state. A
stability reversal hysteresis of the anatase−rutile transformation
is because of the higher surface energy of rutile compared to
anatase. Surface free energy is defined as the reversible work
performed in creating a new unit surface area. Clean metal
oxide surfaces are composed of ions with unsatisfied
coordination, which means some atoms have unsatisfied
electric charges. The more unsatisfied charges per unit surface
area, the greater the work needed for creating the surface and,
thus, the higher the surface energy. The rutile has more
unsatisfied charges per unit surface area compared to anatase.64

According to the critical energy for nucleation from melt or
solution, the preferential nucleation is for the anatase instead of
the rutile because of the lower interfacial energy between the

anatase and liquid compared to the interfacial energy between
the rutile and liquid.

Note that, under shocked conditions, lower thermal
conductivity materials undergo the premelting processes by
the shock wave-induced superheating effect which occurs
within milliseconds of the transient time scale, and the
premelting process of a test sample is represented as a prestate
of the conventional melting process that enables homogeneous
nucleation during sudden cooling whereby the final phase of
the product is highly dependent on the interfacial energy
between the liquid and solid state phases.63 The superheating
process occurs on the order of milliseconds, and after a few
milliseconds, the sample undergoes rapid cooling; therefore,
the surface becomes a region of low temperature, which
initiates a significant dynamic recrystallization process.53−55 In
the present studies, the title sample has the anatase and rutile
phases within it, such that the thermal conductivity values of
the nanocrystalline anatase and rutile phases are 5.6 and 3.5 W
m−1 K−1, respectively.65,66 The thermal expansion values of the
anatase and rutile phases are 24.9 × 10−6 K−1 and 28.6 × 10−6

K−1, respectively. Note that the rutile particles have higher
thermal expansion ability compared to the anatase particles,
which facilitates the fast-melting process and easy formation of
the molten state during the superheating process.

At the 90-shocked condition, the rutile particles experience
significant shock wave-induced superheating effects because of
their slightly lower thermal transport ability, which facilitates
the initiation of the premelting process. However, in the case
of acoustic shock experiments, the shock pulse duration is
considerably longer compared to the laser shock wave
propagation time scale.54,55 Because of this longer period, the
local heating of the samples may take place over time scales on
the order of milliseconds. This sustained slow heat propagation
can allow the required latent heat to melt the samples. After
the shock wave propagation, the test sample experiences a
sudden cooling effect, and during such a process, the
conversion of the molten state (liquid-like state) to solid
state takes place. Note that, from the liquid-to-solid conversion
of TiO2, the most preferable phase is anatase due to its lower
interfacial energy.37−39,63 Moreover, in such a faster cooling
time scale, the particles do not have time to make bigger grains
(the critical nucleus size of rutile is much higher than that of
anatase), and hence, the liquid-like particles are suddenly
solidified with lower size particles, which restrict the rutile-to-
rutile or anatase-to-rutile transitions; thereby, the rutile-to-
anatase transition occurred. In addition to that, the shock
wave-induced super heating occurs with the millisecond time
scale and after a few milliseconds, the cooling process
occurs,67−71 and hence, at such a faster cooling rate, the
atoms cannot find the required lowest energy sites in the
lattice, whereby they crystallize at the possible highest energy
sites such that the particles crystallize in the anatase phase.

Furthermore, according to ligand field theory, in a solution
of the Ti (IV) ions exist 6-fold coordinated structural units
(TiO6), which undergo condensation to become the octahedra
that bond via corner- and edge-sharing to form the final crystal
structure. In the rutile form, TiO6 octahedra link by sharing an
edge along the c-axis to form chains that are interlinked by
sharing corner oxygen atoms, whereas in the anatase, there is
only edge sharing. Thus, the formation of anatase is highly
preferable because of the less complex structure. Based on the
above-mentioned perspective, anatase formation is highly
favorable from the molten state due to the lower surface
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energy and lower critical size nucleus compared to rutile. Li et
al. reported the solidification of the TiO2 from melting and
under a faster cooling rate, wherein the anatase nucleates are
directly formed from the melt below 2057 K.63 This result
agrees with the current experimental observation that anatase
is formed in a rapid cooling process. We propose a new
mechanism to explain the rutile-to-anatase phase transition by
acoustic shock waves which is based on the thermal
conductivity of TiO2.

Based on the previous results, it is found that materials of
lower thermal conductivity undergo structural transitions.53 In
contrast, materials of higher thermal conductivity do not
experience any structural transitions under shocked con-
ditions.67 To optimize this relation, it is considered that the
value of the thermal conductivity of a material is inversely

proportional to the molten pool width. If the thermal
conductivity is low, under shocked conditions, the material
can achieve the molten state, and during cooling conditions, it
can crystallize in a different crystal structure. Assuming the
width of the shock wave-induced unstable molten pool, it is
divided by several time channels (tn) at the unit volume, which
means that the larger width molten pool has a greater number
of time channels (tn = 1/k) and vice versa for the lower width
molten pool. The cooling time of the materials depends upon
the value of the thermal conductivity and thermal diffusivity. If
the thermal conductivity is high, the number of time channels
in the molten width is much less and vice versa for the lower
thermal conductivity materials.

Note that materials with low thermal transport can undergo
a significant premelting process under shocked conditions,

Figure 9. Structural transition path of TiO2 under steady state (diamond anvil cell) and unsteady conditions (acoustic shock waves and
femtosecond laser shock waves).

Figure 10. TEM images and particle size histogram profiles for the previously published shock wave-induced anatase to rutile phase transitions of
TiO2 (a, b)43 (c, d)43 (e, f)45 (Reprinted figure with permission from ref.43,43,45 Copyright (2021) by the Elsevier,43 Copyright (2021) by the
Elsevier,43 and Copyright (2018) by the Elsevier,45 (g, h) present work.
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such that they have a greater number of time channels in the
molten pool due to their larger width, and the atoms reach a
lower energy state during the cooling process. When the atoms
reach a lower energy state during the cooling process, they
cannot find the lowest energy sites due to insufficient time (fast
cooling process), and instantly, they can choose higher energy
sites to crystallize, resulting in the structural transitions
observed from rutile to anatase. The energy diagrams of
Figure 8c highlight the acoustic shock wave-induced structural
transitions based on the dynamic recrystallization process
enabled by the thermal conductivity (k) of the test samples.
The CdO NPs have undergone the structural transition from a
lower energy state (B1) to a higher energy state (B2) under
shocked conditions (Figure 8d).53 The higher thermal
conductivity materials such as ZnO,67 MgO, Al2O3, graphite,
and graphene do not undergo any kind of structural transitions
under shocked conditions; however, the MgO, graphite, and
graphene results are not discussed herein.

In a typical temperature- and pressure-induced phase
transition on TiO2, the anatase-to-rutile,27,28 the anatase-to-
baddeleyite,20 and the rutile-to-baddeleyite19 transitions are
the allowed transition paths, whereas the rutile-to-anatase
phase transition is conventionally not possible because of the
absence of superheating and cooling processes, and the
corresponding schematic diagram is presented in Figure 9.
However, laser shock waves and acoustic shock waves could
provide the transition path between the rutile and anatase
TiO2.37−39

Why Has the Rutile-to-Anatase Transition Occurred
Rather Than the Anatase-to-Rutile Transition? According
to the previous reports of acoustic shock wave effects on TiO2
NPs,42−44 the anatase-to-rutile transition is highly known, easy,
and a possible transition path, such that the transition is
proposed based on the same dynamic recrystallization
mechanism.42−44 Now, one common question may arise; for
instance, in the present work, the test sample has anatase and
rutile phases whereby the anatase particles should be converted
into the rutile phase under shocked conditions, and at the final
stage, the rutile phase content of the particles will be increased.
But, why has it not happened? Herein, two possible reasons are
considered for the observed rutile-to-anatase transition. First,
in the previous reports, the initial particle size is lower43,44 than
that of the preset work (Figure 10). According to the thermal
stability theoretical calculation profiles with respect to their
size, anatase is considered as a lower energy state while the
particle size is lower than the 10 nm, while under shocked
conditions, thereby the atoms are crystallized in the higher
energy sites such that the anatase-to-rutile phase transition has
occurred. In refs 43 and 45, the initial particle sizes are slightly
higher than the theoretical critical size of the inverse stability of
TiO2.. However, in experimental conditions, the critical size of
the inverse stability can be slightly increased based on the
particle shapes, purity, surface roughness, thermal conductivity,
and so on. Second, the thermal conductivity of the rutile
particles is lower than that of the anatase phase, such that,
under shocked conditions, the sample can undergo a high
degree of premelting process, thereby creating a high degree of
molten state based on the superheating effect. In such cases,
the anatase phase has a higher possibility to crystallize during
the sudden cooling process.

■ CONCLUSIONS
In the present work, we report the unconventional
thermodynamic rutile-to-anatase phase transition in TiO2
NPs under acoustic shocked conditions, and the results have
been evaluated by Raman spectroscopic, DSC, SEM, TEM and
XPS techniques. The Raman spectroscopy results evidently
demonstrate the intensity reduction of the characteristic rutile
Raman bands such as 447 (Eg) and 610 cm−1 (A1g) at the 90-
shocked condition. By the DSC technique, the anatase-to-rutile
transition is witnessed, such that the exothermic peak intensity
is found to have increased, which provides robust evidence for
the 90-shocked sample possessing a higher number of anatase
particles. Most importantly, the particle sizes have significantly
reduced at the 90-shocked condition, which is one of the
strong pieces of evidence for the proposed phase transition.
Furthermore, the acoustic shock wave-induced phase transition
of the sample from those of our acquired electron diffraction
and XPS results is also illustrated in detail. According to the
thermal conductivity values and shock wave-induced melting
concepts, this is the first time that a novel mechanism was put
forward to reasonably explain the occurrence of the rutile-to-
anatase phase transition. In light of the lower interfacial energy
(γL/A) of the anatase phase compared to the rutile phase, the
R−A transition occurs under shocked conditions. We strongly
believe that the present work can provide a new platform to
understand the crystallization concepts of the TiO2 NPs under
extreme conditions, especially for the rutile-to-anatase phase
transition of nano and bulk size particles. In addition to that, it
can offer a new pathway to initiate studies on the unconven-
tional thermodynamic structural transition arising out of
tabletop shock tube experiments whereby the effectiveness of
tabletop shock tubes over conventional high-pressure tools
such as a diamond anvil cell can be affirmed. Materials such as
MoSi2 and Al2O3 can undergo phase transitions from the stable
state to metastable states during a fast melting and solid-
ification process such as that of TiO2. These materials are
alternative candidates to examine such unconventional phase
transition processes under shocked conditions.
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