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Effective reuse of waste heat energy is an important energy savings issue for green transformation. In
general, phase-change heat storage materials cannot store energy for a prolonged period. If a solid material
could conserve the accumulated thermal energy and release it only on demand, then its heat-storage
application potential is considerably widened. From this angle, in 2015, we proposed the concept of a long-
term heat-storage material, in which latent heat is preserved until the material is triggered by an external
stimulus. This feature article describes long-term heat-storage ceramics composed of lambda-trititanium-
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1. Proposal of long-term heat-storage
materials for a green transformation

Climate change due to the rise of CO, concentration is a global
problem. To safeguard our planet and pass it to the next
generation of humanity, it is imperative to develop
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pentoxide (A-TizOs) from their discovery to heat-storage properties and future applications.

technologies and green innovation along with the accompany-
ing social transformation, green transformation (GX).'™*
Although producing nature-friendly energy (renewable energy)
is vital, effective reuse of the produced energy and further
energy savings are also important. From this point of
view, we have developed eco-friendly materials (i.e., heat-
storage materials).">'® One material effectively reuses energy,
while another is suitable for energy-conserving optical
recordings.

For GX, reuse of waste heat energy is instrumental. Cur-
rently, approximately 40% of the consumed energy from
sources such as oil, gas, and coal is released into the atmo-
sphere as waste heat. This causes several negative
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environmental effects.””® Approximately 80% of this wasted
heat energy is below 200 °C (473 K) (Fig. 1)."” The development
of high-performance heat-storage materials should help solve
these problems. Known heat-storage materials include sensible
ones such as bricks and concrete and solid-liquid latent heat-
storage ones such as water, paraffin, and polyethylene glycol
(Fig. 2).">™ In general, the heat energy accumulated in a heat-
storage material is slowly released over time. The lack of long-term
heat storage is known as the “time-gap problem.” The ability to
store heat long-term and release it on demand opens numerous
practical applications.

Recently, we reported a new concept called long-term heat-
storage ceramic.”>'® A long-term heat-storage ceramic can
conserve latent heat until the material is activated by an
external stimulus. The material is lambda-trititanium-
pentoxide (A-TizOs), which shows a reversible phase transition

Jessica MacDougall received her
MChem from Durham University
(UK) in 2017, and her MSc in
chemistry from the University of
Tokyo (Japan) in 2020. She is
currently a PhD student in the
solid-state  physical chemistry
laboratory of the Department of
Chemistry, School of Science, the
University of Tokyo under the
supervision of Professor Shin-
ichi Ohkoshi. Her research
mainly focuses on functional

Jessica MacDougall
metal oxide nanoparticles.

Yusuke Ikeda received  his
bachelor degree in 2018 and
master degree in 2020 from the
Department of Chemistry, School
of Science, the University of
Tokyo. He is a PhD student at
the Department of Chemistry,
School of Science, the University
of Tokyo under the supervision of
Professor Shin-ichi Ohkoshi. His
research interest mainly focuses
on synthesis and investigation of
the physical properties of
functional materials based on
metal complexes.

Yusuke Ikeda

7876 | Chem. Commun., 2023, 59, 7875-7886

View Article Online

ChemComm
500 o N
- ——2015 Unutilized
3 —/—2000 Thermal Energy:
g \ 2500°C
0w = \ (Steel, non-ferrous
@ 300 Y metals and transport
o : /\ A& machinery) 4
- . e/
B2 20
B \
£ -
100
w Ty ~
P ~ e o -
( Unutilized 0 =
Thermal Energy: ~gg| 100 150 | 200 250 300 350 400 450 |s00
~149 ~199|~249 ~299 ~349 ~399 ~449 ~490 _|

< 200°C
Exhaust gas temperature (°C)

Fig. 1 Temperature range vs. the total amount of heat energy for the 38%
of input resource energy wasted annually as heat in Japan. Of the wasted
heat, 78% of the total caloric value is below 200 °C. Modified from figure in
ref. 17, “Toward future utilization of unused heat” of the New Energy and
Industrial Technology Development Organization (NEDO), Japan.

to beta-trititanium-pentoxide (B-TizOs) by an external stimulus
such as pressure. A-Tiz;Os also exhibits a reversible photo-
induced phase transition between B-Ti;Os by light irradiation.
Moreover, A-Ti;O5 is a promising eco-friendly recording mate-
rial composed of only common elements.

In this feature article, we describe A-Tiz;O5 and its metal-
substituted series with potential as long-term heat-storage
ceramics. This metal oxide can preserve the accumulated heat
energy of the phase transition with B-TizOs. Applying external
pressure releases the energy on demand. The rest of this article
is organized as follows. Section 2 explains the discovery and
basic physical properties of A-Ti;Os. Section 3 describes the
pressure-induced phase transition and heat-storage property.
Section 4 demonstrates the control of the heat-storage property
such as the necessary pressure for heat release and the heat-
storage temperature. Section 5 discusses two other functional-
ities: light-induced and current-induced phase transitions.
Finally, Section 6 provides the summary and future prospects.
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Fig. 2 Classifications and common examples of current short-term heat-
storage materials.

2. Discovery of A-TizOs and its physical
properties

Titanium oxide, TiO,, is a common metal oxide. Tetravalent
TiO, is white. It is used as a white pigment for cosmetics or
buildings and as a photocatalyst. By contrast, other titanium
oxides, including trivalent titanium, show a black color. They
are used in black-color cosmetics or as heat-absorbing materi-
als (Fig. 3). The black color originates from the d-electron in the
trivalent titanium. Combining the trivalent and tetravalent
titanium ions generates various titanium oxides (TiO,, Ti,O5,
Ti30s, Ti, 03, etc.), which display a range of colors from white to
pitch black.

To discover new materials or functionalities, we investigated
titanium oxide nanoparticles. Nanoparticles of white titanium
oxide (TiO,) have been intensively studied for various applica-
tions such as photocatalysts. Despite their interesting features,
nanoparticles of black titanium oxides are less studied. For
example, single crystal of Ti;Os; exhibits a metal-insulator

TiO, (Ti**)
White pigment
Photo catalysis

Photo-induced super-
Hydrophilicity
Dye-sensitized solar cell

Ti*, (§=0)

Ti,04 (Ti%)
Black pigment
Heat absorbing
material

Ti**, (8§=1/2)
Metal-insulator phase transition
Antiferromagnetic transition

TiO, (Ti**O,) Ti,0; (Ti%*,Ti**,0;) Ti;05 (Ti**,Ti**O;z) Ti,0; (Ti**,0;)
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Fig. 3 Appearance, properties, and valence states of known titanium
oxides.
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phase transition or an antiferromagnetic transition.'®
Our research focuses on nanoparticle synthesis of Tiz;Os to
elucidate the influence of particle size on the phase transition

properties. 161920

Synthesis and morphology of A-Ti;O5

We initially synthesized Ti;Os as nanoparticles by the following
process.”® First, nanoparticles were trapped in glass by a
combination method of reverse-micelle and sol-gel processes.
Then the precursor was sintered under a hydrogen flow to
obtain titanium oxide nanoparticles in the glass matrix.
Fig. 4(a) shows the transmission electron microscopy (TEM)
image of the obtained nanoparticles in the glass matrix. Finally,
the glass matrix was chemically etched to obtain the nano-
particles (Fig. 4(a), inset). The powder X-ray diffraction (PXRD)
pattern indicated a new monoclinic structure (space group
C2/m) (Fig. 4(b) and (c)). We discovered this new type of
titanium oxide in 2010 and named it “lambda-trititanium-
pentoxide (A-TizOs)".

A-Ti;O05 shows several types of morphologies, depending on
the synthesis. The aforementioned initial synthesis of A-Ti;O5
gave nanocrystals in a SiO, matrix. The sol-gel method also
produces A-Ti;O5 nanocrystals.” The sintering temperature can
control the size of the nanocrystals: 8 & 2 nm for 1123 °C,
9 + 3 nm for 1133 °C, 9 £+ 2 nm for 1143 °C, 10 £+ 3 nm for
1153 °C, 11 + 4 nm for 1163 °C, 13 + 4 nm for 1173 °C,
25 + 12 nm for 1200 °C, and 36 + 15 nm for 1250 °C.

Another synthesis method to prepare large batches of A-
Ti;O5 in fewer steps is to simply sinter anatase-TiO, nano-
particles (size = 7 nm) under a hydrogen flow."’ Fig. 5(a) (upper)
shows the scanning electron microscopy (SEM) image of the
obtained sample, which has a coral-like morphology with a
particle size of 2 um. Fig. 5(a) (lower) shows the TEM image,
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Fig. 4 (a) TEM image of A-TizOs nanoparticles embedded in the SiO,
matrix. Inset shows a single nanocrystal. (b) PXRD pattern of A-TizOs in
SiO, with Rietveld analysis. Red dots, black lines, and blue lines show the
observed pattern, calculated pattern, and their difference, respectively.
Green bars show the calculated Bragg positions of A-TizOs. (c) Crystal
structure of monoclinic A-TizOs. Reproduced from ref. 15, copyright 2010
Springer Nature.
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Fig. 5 (a) HRTEM image of A-TizOs prepared from anatase-TiO, and its
nanocrystal size distribution. Inset shows the SEM image and the size
distribution of flake-form A-TizOs. (b) Temperature dependence of the
PXRD pattern between 31.5° and 33.5°. (c) Temperature dependence of
the (2 0 3) peak of A-TizOs and (0 2 3) peak of a-TizOs. Reproduced from
ref. 15, copyright 2010 Springer Nature.

indicating that the flake-form morphology is an assembly of
primary nanocrystals with an average particle size of 25 nm.
This approach can yield A-TizOs in large quantities.

PXRD measurements acquired as the temperature is
increased show that the diffraction peaks of A-Tiz;O5 are con-
verted to o-Ti;Os peaks continuously, for example (2 0 —3) and
(2 0 3) of A-Ti305 — (0 2 3) of a-TizO5 (Fig. 5(b) and (c)).
Furthermore, heating the sample to 640 K and subsequently
cooling it to 300 K causes o-Tiz;Os peaks to return to
A-Ti;O5 peaks.

Magnetic and electric properties

Fig. 6(a) shows the magnetic susceptibility () versus tempera-
ture (7) curve of the flake-form A-Ti;O5 and that of a conven-
tional single-crystal B-TizOs. The y value of A-Ti;O5 across the
measured temperature range remains at ca. 2 x 10~* emu per
Ti atom, suggesting that A-TizOs is a Pauli paramagnet due to
metallic conduction. The estimated electrical conductivity (o)
value for A-TizOs is 30 S em !, indicating that it is a near
metallic conductor. This is consistent with the magnetic data.
Fig. 6(b) shows the ultraviolet-visible (UV-vis) and infrared (IR)
reflectance spectra. A-Ti;Os exhibits metallic absorption over
these wavelength ranges. By contrast, §-Ti;O5 is a semiconduc-
tor with a band gap of 0.14 eV and a calculated conductivity of
3x102Sem ™.

The valence states for the three Ti sites in A-Tiz;Os; were
estimated using the link between the valence state and the
bond length.>" The calculated valence states for Ti(1), Ti(2), and
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Fig. 6 (a) y vs. T at 0.5 T for flake-form A-TizOs (red) and single-crystal
B-TizOs (dashed black). (b) UV-vis and IR absorption spectra for flake-form
A-TizOs (red) and single-crystal B-TizOs (dashed black). (c) Band structures
calculated by VASP for (i) A-TizOs and (ii) B-TizOs with electron-density
maps for the Fermi level displayed below. Reproduced from ref. 15,
copyright 2010 Springer Nature.

Ti(3) are +3.37, +3.20, and +3.53, respectively. These values are
close to that of Ti'®**| suggesting that the charge is deloca-
lized over the structure. This further supports that A-Ti;Os is a
metallic conductor. By contrast, the valence states of B-TizOs
suggest that it has a charge-localized system of Ti**-Ti(!¥/3)*—
Ti(1)* as the valence states of Ti(1), Ti(2), and Ti(3) in B-Ti;O5
are +3.00, +3.79, and +3.32, respectively.

First-principles calculations for A-Ti;Os indicate that the
bands residing close to the Fermi level are the t,, orbitals from
the Ti ion octahedral 3d orbitals. These are split by coupling
with adjacent Ti ions. The d,, orbital on Ti(2) forms slipped =
stacking (akin to a zig-zag chain) with the d,, orbital on Ti(3),
which is located at the Fermi level (Fig. 6(c), left), making
A-Ti30s5 a metallic conductor. In semi-conducting B-Ti;Os, the
valence band at —0.60 eV consists of a bipolaron of Ti(3)-Ti(3)
formed by c-bonding with the d,, orbitals on Ti(3). The con-
duction band at +0.71 eV mainly consists of a vacant d,, orbital
on Ti(2) (Fig. 6(c), right).

3. Pressure-induced phase transition
and heat-storage properties of A-TizOsg
Material and morphology

The heat-storage properties and the pressure-induced phase
transition were investigated using A-Ti;Os samples synthesized
using rutile-TiO, particles as the starting material.'® Rutile-TiO,
has a particle size of ca. 500 nm, which is much larger than

This journal is © The Royal Society of Chemistry 2023
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(a)

Fig. 7 (a) SEM images of (i) rutile-TiO, and (ii) stripe-type A-TizOs. (b) TEM
image of stripe-type A-TizOs showing 200 nm x 30 nm stripe-type crystal
domains. Reproduced from ref. 16, copyright 2015 Springer Nature.

anatase-TiO, (Fig. 7, upper left). The obtained sample shows a
coral-like morphology composed of rectangular-shaped nanor-
ods measuring 200 nm x 30 nm, which we refer to as stripe-
type A-TizOs.

Pressure-induced phase transition

The pressure (P) dependence of the crystal structure of stripe-
type A-Ti;O5 was measured by PXRD. Fig. 8(a) shows the PXRD
pattern of the sample at 300 K under atmospheric pressure
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Fig. 8 (a) PXRD pattern of stripe-type A-TisOs at ambient pressure. (b)
PXRD of B-TizOs after applying 510 MPa pressure. (c) Pressure dependence
of the phase fractions of A-TizOs and B-TizOs. (d) Temperature depen-
dence of the phase fractions of A-TisOs and B-TisOs. Reproduced from ref.
16, copyright 2015 Springer Nature.
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(P = 0.1 MPa). Rietveld analysis indicated that the sample is
80% A-TizO5 and 20% P-Ti;Os. By applying P = 510 MPa, the
PXRD pattern changes to that of B-Ti;Os (Fig. 8(b)). Fig. 8(c)
shows the pressure dependence of the phase fractions of
ATiz05 and B-Tiz;Os. The pressure where the fraction of A-Ti;Os
becomes 50% (Py,) is ~60 MPa. Upon further heating, the
pressure-formed B-TizO5 returns to A-TizOs at 470 K (Fig. 8(d)).

Accumulated heat energy and pressure-released energy

Differential scanning calorimetry (DSC) was performed for a
detailed examination of the heat-storage process. The transi-
tion enthalpy (AH) for the first-order phase transition of -Ti;O5
to A-Tiz05 is 230 & 20 kJ L™ * (12 4 1 k] mol ') (Fig. 9(a)). During
the DSC measurement as the temperature decreased, a peak
did not appear, indicating that the system conserves the
accumulated heat energy of the phase transition from B-TizOs
to A-Tiz0s.

To measure the amount of energy released, pressure was
applied to the sample to induce a phase transition of stripe-type
A-TizO5 to B-Tiz0s. The released heat energy is 240 + 40 k] L™,
which is almost the same as the heat accumulated energy
(Fig. 9(b)). The DSC curves show that this material conserves
the heat energy of the first phase transition of B-Tiz;Os to
A-Tiz0s. However, this stored energy is released when a low
pressure is applied to induce the reverse phase transition of
A-TizOs5 to B-TizOs.

Mechanism

First-principles phonon-mode calculations were conducted for
a deeper understanding of the pressure-induced phase transi-
tion. Fig. 10(a) shows the calculated phonon density of states
(phonon DOS) for A-TizOs and B-Ti;Os. During the pressure-
induced phase transition of A-Tiz;Os to B-TizOs, the coordina-
tion geometry of Ti(3) changes. The Ti(3)-O(4) bond forms as
the Ti(3)-O(5) bond breaks. The significant phonon modes of \-
Ti;Os to this transition appear at 248.6 cm ™%, 318.5 cm ™%, and
445.8 cm™'. In the B, phonon mode at 445.8 cm ', Ti(3)
vibrates away from O(5) and towards O(4) (Fig. 10(b), upper).
During the reverse phase transition (thermally induced), where
the Ti(3)-O(4) bond is broken and the Ti(3)-O(5) bond is
reformed, the significant phonon modes are 226.7 cm™ "' and
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Fig. 9 DSC measurements showing (a) the heat-induced transition of -
TizOs to A-TizOs and (b) the pressure-induced phase transition of stripe-
type A-TizOs to B-TisOs. Reproduced from ref. 16, copyright 2015 Springer
Nature.
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(upper) and B-TizOs (lower). Reproduced from ref. 16, copyright 2015
Springer Nature.

339.3 cm ™. In the B, phonon mode at 226.7 cm ™', Ti(3) now
vibrates away from O(4) towards O(5) (Fig. 10(b), lower).

The Slichter and Drickamer mean field model** was
deployed to elucidate the thermodynamics of the pressure-
induced phase transition from A-TizOs to B-TizOs. In this
model, G is defined by the transition enthalpy (AH), the
transition entropy (AS), and an interaction parameter between
the A-TizOs and B-Ti;Os phases. The change in Gibbs free
energy (G) dictates the generation of stripe-type A-Tiz;Os5 vs.
B-TizOs, and this change is thought to occur at the surface/
interfacial energy of the nanoscale domain. Fig. 11(a) shows the
G vs. M-TizO5 fraction (x) curves from this calculation. Under
atmospheric pressure (P = 0.1 MPa), the sample is stable as
A-TizO5 after it is formed at higher temperatures due to the
energy barrier for the transition between A-Ti;Os and B-TizOs.
When external pressure is applied, the G vs. x curves are
affected. Because no energy barrier is present below 400 K for
P = 60 MPa, there is a pressure-induced phase transformation
from A-Ti;0s5 to B-TizOs. Fig. 11(b) plots the x vs. temperature
curves for P= 0.1 MPa and P = 60 MPa, and Fig. 11(c) shows the
X vs. pressure curve at 300 K, which represents the threshold of
this pressure-induced transition.

In the SD model, this pressure-induced phase transition
originates from the PAV term of the enthalpy change (AH = AU +
PAV). From the phonon-mode calculations, the pressure-
induced change of PAV at 60 MPa is 0.19 kJ mol ', which is
two orders of magnitude larger than the change in internal
energy (AU) of 1 x 1072 k] mol~'. The effect on AS is also
negligible and does not significantly contribute to the phase
transition.
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Fig. 11 (a) Gibbs free energy (G) vs. fraction of A-TizOs (x) calculated by
the Slichter—Drickamer mean-field model at (i) 0.1 MPa and (ii) 60 MPa
external pressure. Blue and red circles denote A-TizOs and B-TizOs,
respectively. (b) x vs. T curves at 0.1 MPa (blue) and 60 MPa (red) external
pressures. (c) x vs. pressure curve at 300 K. Reproduced from ref. 16,
copyright 2015 Springer Nature.

In developing novel heat-storage materials, structural phase
transition materials have potential as heat-storage materials. In
addition to the sufficient magnitude of transition enthalpy, an
important criterion for a heat-storage material is to possess a
thermal hysteresis in the phase transition. The larger the
hysteresis, the wider the possible temperature range is for
heat-storage. In the case of A-Ti;Os, the thermal hysteresis is
so wide that this phase is maintained through all temperatures
below the heat-storage temperature.’>'® This is the unique
characteristic of A-TizOs realizing the “long-term” heat-
storage ceramic that does not release the accumulated heat
unless stimulated by pressure. A-Tiz;Os and its metal-
substituted series are the only “long-term” heat-storage mate-
rials up to date.

4. Tuning the heat-storage properties
of )u'Ti305
Controlling the necessary pressure for heat release

Vehicles (e.g., cars, trucks, and buses) use heat energy from
combusting fuel in an engine to gain power. The realization of
technologies that can store and reuse waste heat while driving
would drastically improve fuel consumption. For such applica-
tions, the necessary pressure for heat release must be low to
compactly equip the heat-release system in an automobile. We
investigated the effect of sintering conditions during the synth-
esis on the necessary pressure for heat release.*

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 TEM image of block-type A-TizOs (left) with an enlarged image
showing clear lattice fringes (right). Inset shows the FFT image (upper) and
the corresponding lattices (lower). Reproduced from ref. 23, copyright
2019 Springer Nature.

The sample was prepared by 1300 °C sintering of rutile-type
TiO, under a hydrogen gas flow. Rietveld analysis of the PXRD
pattern determined that A-Tiz;Os has a monoclinic structure
with a C2/m space group. The sample is comprised of block-
shaped crystals (Fig. 12). The crystal size is in the sub-
micrometer range, which is notably larger than the previously
reported samples (stripe-type A-Ti3Os). This material is called
block-type lambda-trititanium-pentoxide (block-type A-Ti;Os),
which reflects the primary particle morphology.

PXRD patterns were measured at different applied external
pressures to investigate the pressure effect on block-type A-
Ti;Os (Fig. 13(a) and (b)). As P increases, the phase fraction of A-
TizOs decreases, whereas that of B-Tiz;Os increases until 30
MPa. Above 30 MPa, the phase fractions remain constant.
The P,,, value is 7 MPa.

@ (b) *

0.1 MPa

Fraction (%)

2.5 MPa

5 MPa

7.5 MPa

10 MPa

Intensity (a.u.)

S

12.5MPa

15 MPa
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60 MPa

17 1‘8 |; 2‘0 2‘1 22

26 (degree)
Fig. 13 (a) Pressure-dependent PXRD patterns from 0.1 to 60 MPa
external pressures. (b) Phase fraction vs. pressure curves of block type A-
TizOs (blue) and B-TizOs (red). (c) Thermographic images of block-type A-
TizOs after applying external pressure at t = 0. Reproduced from ref. 23,
copyright 2019 Springer Nature.
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Thermography was employed to visually measure the tem-
perature change during a pressure-induced phase transition
induced by striking the sample with a hammer. The initial
thermal image is blue, and the starting temperature is 26.8 °C.
After striking the sample, the thermal image changes to white,
and then progressively turns red, orange, yellow, green, and
finally returns to blue (Fig. 13(c)). The maximum temperature
of the white area is 85.5 °C, which is reached less than 67 ms
after applying pressure. These results demonstrate that the
heat energy is released immediately upon applying pressure
and the temperature exponentially decreases over time with a
decay time of 1.7 s.

Materials for use in vehicles should have transition pres-
sures below 10 MPa. Hence, this current heat-storage ceramic
has potential for applications in automobile components near
engines or mufflers, as the heat-storage ceramic can be
employed to rewarm cooled internal systems when the vehicle
is restarted. Additionally, changing the morphology can control
the threshold pressure.

Controlling the heat-storage temperature

Another important property is the heat-storage temperature. A-
Ti;Os5 stores heat near 200 °C and undergoes a phase transition
from B-Ti;Os to A-TizOs. If the heat-storage temperature can be
controlled and lowered, the potential for development as heat-
storage materials will greatly expand. Thus, the effect of repla-
cing titanium ions with other metal ions has been examined.

The synthesis of magnesium-substituted A-TizOs was first
reported by our group in 2017.>* Subsequently, in 2019, Wang
et al. discovered that with Mg-substitution, the phase-transition
temperature of A-TizOs to a-TizO5 to is decreased.>® We then
investigated the effect on the pressure-induced phase transition
of A-Ti;05 to B-Ti;O5 in 2022.%°

Mg-substituted A-TizOs (A-Mg,Ti; ,Os) was synthesized
using the following procedure (Fig. 14(a)). First, an aqueous
ammonia solution was added to a mixed dispersion of rutile
TiO, particles in aqueous magnesium acetate, forming the Mg
ion-covered TiO, precursor. This precursor was sintered at
1300 °C under a hydrogen gas flow to give A-Mg,Ti; ,Os (x =
0.015, 0.022, 0.043, and 0.053). SEM images showed that the
samples have a coral-like shape. Increasing the Mg substitution
gradually reduces the diameter of the coral-like structure
(Fig. 14(b)). The diameter at x = 0.053 is about half that at
x = 0.015.

The heat-storage properties were evaluated by DSC measure-
ments. The DSC curves contain endothermic peaks at heat-
storage temperatures of 178 °C (x = 0.015), 160 °C (x = 0.022),
108 °C (x = 0.043), and 80 °C (x = 0.053) (Fig. 14(c)).
The transition enthalpy values are 227 k] L™" (x = 0.015),
223 kJ L7* (x = 0.022), 215 kJ L™" (x = 0.043), and 216 kJ L™ "
(x = 0.053) (Fig. 14(d)). Mg cation substitution decreases the
heat-storage temperature from 198 °C (x = 0) to 80 °C (x = 0.053),
while maintaining the accumulated heat energy. This reduced
heat-storage temperature can be understood by the narrowing
of the thermal hysteresis loop caused by the decrease of the
interaction parameter within the crystal due to defects, which is
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substituted A-TisOs samples. (d) x vs. T dependence on the transition temperature. Reproduced from ref. 26, with permission from the Royal Society of

Chemistry.

supported by mean-field thermodynamic simulations proposed
by Slichter and Drickamer (the SD model).

Furthermore, an Sr-substituted A-TizOs (A-Sr,Ti;_,Os) was
synthesized.27 A-Sr,Ti;_,Os shows an endothermic peak at
67 °C (340 K) during the DSC measurement, which is below
the boiling temperature of water (100 °C). Sc substitution can
effectively reduce the heat-storage temperature of the heat-
storage ceramics. First-principles calculations suggest that the
decrease of the heat-storage temperature (= AH/AS) originates
from the decrease in the AH value caused by Sc substitution.

As summarized in Fig. 15, the present long-term heat-
storage property in A-Ti;O5 provides insight into a new concept
called heat-storage ceramics. Heat-storage ceramics can store

New concept “Heat storage ceramics”
A'Ti305 ,05 d

60 MPa
release
\

-04 Thermal energy o= . ’

230kJ L' 04
A i

. >

N
N
‘

\ storage
03 Heating

New material preserving the stored heat eergy
for a prolonged period

Fig. 15 Concept of “"heat-storage ceramics” showing an external
stimulation-induced reversible phase transfer between A-TizOs (left) and
B-TizOs (right).
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heat energy for a prolonged period as latent heat and release
this stored energy on demand by a pressure application.
Furthermore, metal substitution on A-Ti;O5; is an effective
approach to broaden the heat-storage performance.

As a future direction for the development of long-term heat-
storage materials, controlling the thermal hysteresis is the key.
Any first-order phase transition material with a thermal hyster-
esis can be a candidate for latent heat-storage materials, and
the width of the thermal hysteresis decides the active tempera-
ture range and the energy storage period. A previous study
indicates that the interaction parameter, which is affected by
the crystalline size, defects, etc., influences the width of the
thermal hysteresis.”*?*?® Exploring the hysteresis of various
first-order phase transitions could lead to the discovery of new
families of long-term heat-storage materials.

5. Other functions: light- and current-
induced phase transitions
Light-induced phase transition

Herein we introduce a metal-semiconductor phase transition
with A-Ti;Os; at ambient temperature.’®> This was the first
demonstration of a photo-rewritable phenomenon for a metal
oxide. This phenomenon is possible due to the specific state of
A-TizO0s, which is trapped at a thermodynamic local energy
minimum.

This journal is © The Royal Society of Chemistry 2023
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Fig. 16 Photograph showing the result of irradiating flake-form A-TizOs
with a 532 nm nanosecond laser pulse followed by a 410 nm nanosecond
laser pulse.

Irradiating the flake form of A-Tiz;Os with 532 nm nanose-
cond laser light (6 ns, five shots, 1.5 x 10> mJ um > pulse ') at
room temperature causes the irradiated area to change from
navy to brown. Further irradiating with 410 nm laser light
(8 x 107° mW pm™?) restores the navy color at the irradiated
spot (Fig. 16). The color change by alternating light irradiation
with 532 nm and 410 nm light is repeatedly observed. The XRD
pattern indicated that the brown area is B-Ti;Os. Irradiating
with 532 nm light induces a phase transition from A-Tiz;Os to
B-Tiz0s, as demonstrated by the color change of navy to brown.
By contrast, irradiating with 410 nm light induces the reverse
transition. A similar phase-transition pattern appears when the
sample is irradiated with 355 and 1064 nm nanosecond-pulsed
laser light.

The SD model can explain the mechanism of the light-
induced phase transition. As explained in Section 3, an energy
barrier exists between the charge-localized B-Ti;O5 and charge-
delocalized A-Ti;Os throughout the entire temperature range
when an external pressure is not applied. The light-induced
phase transition from A-Tiz;Os (navy) to B-Ti;Os (brown) is a
transition from a thermodynamically trapped metastable phase
at a local energy minimum state to the true stable phase by
light. Since metallic absorption allows A-Ti;Os to effectively
absorb light over a wide range of wavelengths from ultraviolet
to near-infrared, the A- to B-Ti;Os5 transition appears by irradiat-
ing with 355, 532, or 1064 nm nanosecond-pulsed laser lights.
The reverse photo-induced phase transition from -Ti;Os to
A-Tiz;O5 is an excitation from the valence band to the conduc-
tion band on B-TizOs, where the excited state changes directly
to A-TizOs in the pulsed laser irradiation or as a photothermal
transition from B-TizO5 to A-TizOs.

Recently, dynamic observations of the light-induced phase
transition from B-Ti;O5 to A-Ti;Os were performed using ultra-
fast time-resolved PXRD measurements at the Swiss X-ray Free
Electron Laser facility (Swiss-FEL).>® The experiments revealed
that the crystal structure of the TizOs crystal deforms within 500

This journal is © The Royal Society of Chemistry 2023
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Fig. 17 (a) Debye-Scherrer ring of a sample observed using 6.6 keV
photons. (b) Photograph of sample and measurement setup. (c) Lattice
distortion over time. Reproduced from ref. 29, copyright 2021 Springer
Nature.

fs after light irradiation and the phase transition is proceeded
by strain waves propagating from the light-irradiated TizOs
surface through the crystal on the order of picoseconds
(Fig. 17). This propagation speed is much faster than the phase
transition caused by thermal diffusion (ca. 100 ns).

Current-induced phase transition

As another stimulus, the electric current was investigated as a
trigger for the phase transition."” A pressure-formed sample of
B-Ti;Os was exposed to an electric current of 0.4 A mm 2,
causing the brown sample to turn navy (Fig. 18(a)). The PXRD
patterns prior to and following the applied electric current
showed that B-Ti;O5 is converted into A-TizOs (Fig. 18(b)). The
threshold current of the current-induced phase transition is
0.2 A mm™ 2, according to the electrical current dependence of
the transformation of pressure-formed B-Tiz;Os to A-TizOs
(Fig. 18(c)). This current-induced phase transition likely origi-
nates from (i) the breaking of charge ordering or (ii) the Joule
heat.>*? As shown in Fig. 6, B-TizO5 has a localized charge on
Ti**(3) and an empty orbital on Ti**(2), while A-Ti;O5 has a
delocalized charge on Ti(2) and Ti(3). Applying an electric
current to B-Ti;O5 impels the localized charge on Ti(3) to the
vacant orbital of Ti(2), resulting in charge-delocalized A-TizOs.

6. Summary and perspectives

This article details A-Ti;Os; and a metal-substituted series
called long-term heat-storage ceramics. This metal oxide can
conserve the accumulated heat energy of the phase transition
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Fig. 18 (a) Color change of the sample after exposure to an electric
current of 0.4 A mm~2. (b) PXRD patterns before (left) and after (right)
applying current. (c) Phase fraction of A-TizOs vs. electric current. Repro-
duced from ref. 16, copyright 2015 Springer Nature.

with B-Ti;Os and release the stored energy on demand by
applying external pressure. The first section provides the back-
ground that leads to the concept of long-term heat-storage
ceramics. The second section explains how A-Tiz;Os was first
discovered and its physical properties with an emphasis on the
phase transition between A-Ti;05 and B-TizOs. The third section
introduces the pressure-induced phase transition from A-TizO5
to B-Ti;O5 and the heat-storage property. The fourth section
details approaches to control the heat-storage property. Increas-
ing the particle size reduces the necessary pressure for heat
release to 7 MPa, while substituting Ti with Mg or Sc decreases
the heat-storage temperature below 100 °C. The fifth section
illustrates two other features: a light-induced phase transition
and a current-induced phase transition between A-TizOs and -
Ti30s.

Such a functional metal oxide with unique heat-storage
properties has potential in diverse applications (Fig. 19). For
example, A-Ti;Os may be used in automobile components near
engines and mufflers to rewarm cooled internal systems using
the conserved waste heat upon restarting.**** Additionally, this
heat-storage ceramic has potential in solar power plants, which
often have nitrate-based heat-storage tanks. As A-TizOs has both
sensible and long-lasting latent heat storage, it should be a
convenient alternative.>®** Furthermore, Mg-substituted A-
Ti;Os or Sc-substituted A-Tiz;Os with low heat-storage

(a) (b)
= ___ (Day) Stores energy in heat storage tanks
> j‘ (Night) Heat energy release from heat

" Heat Storage Turbine "

Ceramics
Combustion
Chamber

Crankshaft

Fig. 19 Suggested applications for heat-storage ceramic A-TizOs in (a)
internal systems of vehicles for reheating engines and (b) energy-storage
tanks in solar-power systems. Reproduced from ref. 23, copyright 2019
Springer Nature.
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Fig. 20 Suggested application for heat-storage ceramics, Mg- and Sc-
substituted A-TizOs for the conservation of wasted heat energy in power
plants or factories. Reproduced from ref. 27, reprinted with permission
from AAAS.

temperatures should be useful to reuse heat waste at power
plants or factories (Fig. 20), where 70% of the generated heat
energy is wasted below 100 °C.> Heat-storage materials func-
tioning below the boiling point of water can recapture the
thermal energy from cooling water in electric power plant
turbines, which is vital to prevent rising sea-water tempera-
tures. Moreover, the heat-storage temperature can easily be
tuned by changing the Mg or Sc content in A-Ti;O5 according to
the target application. Such a tunable material series will
expand opportunities to use thermal energy that has not been
recycled.

In addition to heat-storage applications, the present mate-
rial has potential in pressure-sensitive conductivity or optical
sensors because A-TizOs is a metallic conductor while B-TizO5 is
a semiconductor. Furthermore, the light-induced and current-
induced phase transitions between B-Ti;Os and A-TizOs are
enticing for developing advanced electronic devices. In parti-
cular, the light-induced phase transition opens possibilities for
ATizO0s as a candidate for next-generation superhigh-density
optical storage media. The future memory density is expected
to achieve one terabit inch™2. The vast potential of A-TizOs has
attracted many researchers: various synthesis methods have
been developed,®®™° studies of phase transition mechanism
have been reported,’®®® and novel functionalities are being
explored.®””’® Since A-Ti;Os is composed of readily available
elements of titanium and oxygen, it offers harmless, sustain-
able, and economic features, which are advantageous in indus-
trial applications.

One of the most important tasks for the research of A-Ti;O5
material family would be the investigation of the strategy for
increasing the amount of stored energy, the AH value between
A-TizO5 and B-TizOs. This task is of high interest not only for
practical applications but also for basic science unveiling the
details of the structural transformation during the phase
transition. Such studies will involve theoretical calculations of
the phase transition dynamics as well as highly precise time-
resolved measurements and novel synthetic approaches, i.e.,

This journal is © The Royal Society of Chemistry 2023
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various aspects of basic research. The present material holds
numerous directions for future research.
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