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This study reports a simple method for synthesizing A-TizOs through hydrogen reduction calcination
using titanium chloride as the starting material. Upon applying 300 MPa pressure, A-TizOs transitions to
B-TizOs as a pressure-induced phase transformation. The B-TizOs produced under pressure reverts to
A-TizOs at 462 K upon heating, accumulating 7.78 kJ mol™ of heat energy. An investigation of the
influence of the crystalline size on the threshold pressure required for the phase transition and the
values of transition enthalpy of the transition between A-TizOs and B-TizOs reveals that larger crystalline
sizes correlate with lower threshold pressures and higher transition enthalpies. Understanding the
interplay between the crystalline size of A-TizOs and its heat storage properties is crucial for designing
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phase transition materials tailored to specific heat storage requirements. This research paves the way for
the development of more efficient heat storage materials, potentially impacting various industrial
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Introduction

In recent years, the intensifying issues of climate change and
environmental deterioration have emerged as prominent global
concerns. Advancing technological innovation is imperative to
safeguard the Earth and ensure its preservation for future
generations.”® To this end, energy reuse technology—a critical
component of energy conservation—has garnered special atten-
tion, especially the recovery of waste heat energy. Currently,
approximately 40% of the energy obtained from sources such as
oil, gas, and coal is emitted as waste heat into the atmosphere.
Note that about 80% of this waste heat is <200 °C (473 K).’ The
development of high-performance thermal storage materials, cap-
able of capturing and transforming sub-200 °C waste heat into
usable thermal energy, could significantly mitigate these chal-
lenges. Established thermal storage materials include sensible
heat storage materials, such as bricks and concrete, and latent
heat storage materials, such as water, paraffin, and polyethylene
glycol, which utilize solid-liquid phase transitions.>'°™"” Generally,
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applications and energy conservation methods.

thermal storage materials release stored heat energy gradually
over time. However, materials that can store heat for extended
periods and release it on demand are promising for various
practical applications.

Recently, we developed a pressure-responsive thermal sto-
rage material that discharges stored heat when subjected to
external pressure.'®'® This material—\-phase trititanium pent-
oxide (A-TizOs5)—is a metastable phase present only in nano-
scale materials and not in bulk forms.'®2° Furthermore,
A-Tiz0s undergoes a reversible phase transition with beta-
phase trititanium pentoxide (B-TizOs) under external stimuli
such as light, pressure, or temperature.*® ' Moreover, A-Ti;Oj
is an environmentally friendly material purely composed of
titanium and oxygen.'®* To effectively use this material,
scalable synthesis methods for mass production and strategies
for enhancing thermal storage properties are crucial. Accord-
ingly, various synthesis techniques for A-Ti;O5 have been
explored. One method involves nanocrystalline A-TizOs synth-
esis through calcination reduction of TiO, nanoparticles in a
hydrogen atmosphere.'®2°>® Another approach uses titanium
chloride as the Ti source, employing the sol-gel process to
produce A-Ti;Os nanoparticles within a silica matrix.>*>¢7®
Additionally, carbon thermal reduction,?** electrochemical
methods,*?* and pulse laser deposition (PLD)***® are other
notable synthesis methods.

In this research, we detail a method for synthesizing A-Ti;O5
through hydrogen reduction calcination of a precursor, utilizing
titanium(wv) chloride as the starting material. This technique
enables the efficient production of A-TizOs without employing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis of A-TizOs using titanium(iv) chloride as the starting material. Schematic of the synthesis used to prepare the precursor and the

calcination procedure.

matrices such as silica. At a pressure of 300 MPa, A-TizOs
undergoes a pressure-induced phase transformation to B-TizOs.
During the reverse transition from B-Ti;Os to A-TizOs upon
heating, the material stores 7.78 kJ mol ' of heat energy at
462 K. We investigated the relationship between the crystalline
size of A-TizOs5 and the threshold pressure for pressure-induced
phase transition and the transition enthalpy values between
ATiz0s and B-TizOs, demonstrating the correlation between
crystalline size and heat storage capabilities.

Experimental
Material synthesis

A mixture solution of 420 mL of H,0, 1.40 mL of TiCl, (Wako),
and 9.6 mL of NH; (25 wt%, Wako, ammonia solution) was
prepared in a 1-L container. The solution was stirred for 20 h at
50 °C in an oil bath to produce Ti(OH), precipitates. These
precipitates were separated via centrifugation, washed with
ethanol, and dried at 60 °C for 24 h (Fig. 1) (eqn (1)).

TiCl, + 4H,O + 4NH; — Ti(OH), + 4NH,CI

(1)

The resulting precipitate underwent calcination under a
hydrogen flow rate of 0.5 dm>® min~" at 1100 °C for 5 h, forming
a black powder sample (eqn (2)).

3Ti(OH), + H, — Ti;05 + 7H,0

(2)

Measurements

Elemental analysis was conducted via X-ray fluorescence (XRF)
spectroscopy using the Rigaku ZSX Primus IV. The morphology
of the synthesized samples was examined using scanning

1 um
Fig. 2 SEM image of the obtained A-TizOs particles.

© 2024 The Author(s). Published by the Royal Society of Chemistry

electron microscopy (SEM) (JSM-7500FA), manufactured by
JEOL. Powder X-ray diffraction (PXRD) patterns were obtained
using a Rigaku Ultima IV instrument with Cu-Ko radiation (4 =
1.5418 A). Rietveld analyses of the PXRD patterns were per-
formed using Rigaku PDXL software. The heat absorption
during the phase transition from B-Ti;Os to A-Ti;O5 was mea-
sured using a Rigaku differential scanning calorimetry (DSC)
Thermo plus EVO2, with liquid nitrogen (N,) as the cooling
agent. Magnetic measurements were conducted using a Quan-
tum Design MPMS superconducting quantum interference
device magnetometer.

Results and discussion
Material

According to the XRF measurements, the composition of the
synthesized black powder was Tiz o0(3)Os.00(3) (calculated: Ti:
64.22; O: 35.78 wt%; Observed: Ti: 64.53; O: 35.47 wt%). Fig. 2
presents an SEM image of the sample. The sample displayed a
flake-like morphology with an average width of 299 + 54 nm
(Fig. S1, ESIT). The PXRD and Rietveld analysis confirmed the
samples as monoclinic A-Ti;Os with the space group C2/m
(lattice parameters: a = 9.8332(2) A, b = 3.78568(7) A, ¢ =
9.9688(2) A, B = 91.2589(14)°), and the crystalline size was
estimated to be 57 + 0.3 nm (Fig. 3 and Fig. S2 and Table S1,
ESIt). In other words, this sample was an aggregate with a
flake-like structure, approximately 300 nm in width, composed
of crystallites of about 57 nm.

In the magnetic susceptibility () versus temperature (7)
curve, A-Tiz;O5 displayed a y-value of approximately 2 x 10 *
emu per Ti atom over the entire temperature range (Fig. S3,
ESIT). This aligns with prior findings identifying A-Ti;O5 as a
Pauli paramagnet, stable across the temperature spectrum. The
gradual decrease in y value below 150 K is attributed to the
spin-orbit interaction of Ti** ions. The abrupt increase in
magnetic susceptibility below 40 K is possibly because of Curie
paramagnetism resulting from minor defects in the sample.*”

Pressure-induced phase transition

We investigated the effects of pressure on the crystal structure.
The pellets subjected to varying uniaxial pressures were ana-
lyzed, and their PXRD patterns were measured. As demon-
strated in Fig. 3 and Fig. S4-S13 and Tables S2-S11 (ESIt),
increasing pressure led to a decrease in the A-TizOs fraction and

Mater. Adv., 2024, 5, 3832-3837 | 3833
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Fig. 3 (a) PXRD patterns without applying pressure (blue), and after
releasing pressures of 100 MPa (light blue), 300 MPa (light green), 500
MPa (green), 1000 MPa (orange), and 2000 MPa (red). (b) Phase fraction of
A-TizOs (circle) and B-TizOs (square) as a function of applied pressure.

an increase in B-TizOs. The threshold pressure value (Py,) for
converting 50% of A-Ti;Os to B-TizOs was approximately
300 MPa (Fig. 3b). The crystal structure of B-Tiz;O5 formed after
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Fig. 4 DSC measurements for pressure-produced B-TizOs by heating (i)
and cooling (ii). Second cycle of heating (iii) and cooling (iv), and third cycle
of heating (v) and cooling (vi).

a 2000 MPa pressure was monoclinic with lattice parameters a =
9.7540(6) A, b =3.7993(2) A, c = 9.4428(6) A, = 91.528(3)° (space
group C2/m) (Fig. S13 and Table S11, ESIf).

Accumulated heat energy

To investigate the heat energy accumulated during the phase
transition from B-Tiz;Os5 to A-Tiz;O5, DSC measurements were
conducted using B-TizOs samples after applying a pressure of
300 MPa and releasing the pressure (Fig. 4). The transition from
B-Tiz05 to A-Tiz05 occurred at 462 K, and the observed transi-
tion enthalpy (AHans) during this temperature-induced phase
transition was 7.78 £ 0.26 k] mol™" (Fig. 4, i). Subsequent
cooling of the sample during DSC measurements revealed no
peaks (Fig. 4, ii), indicating that the heat energy accumulated
during the B-TizO5 to A-TizO5 phase transition was not released
upon cooling. Moreover, once transformed into A-Ti;Os, the
sample exhibited no peaks in repeated heating and cooling
cycles (Fig. 4, iii-vi), highlighting the stability of A-Tiz;Os.

Thermodynamic interpretation of the threshold pressure

The threshold pressure for the phase transition from A-TizOs5 to
B-Ti;O5 was analyzed using the Slichter and Drickamer mean-
field thermodynamic model (SD model)."®>%*” In this model,
the Gibbs free energy (G) is expressed as

G =xAH + yx(1 — x) + T{R[x In x + (1 — x)In(1 — x)] — xAS},

where x represents the fraction of charge delocalization units
corresponding to A-Ti;Os; AH denotes the transition enthalpy,
and AS indicates the transition entropy. y represents the
interaction parameter between the A-Tiz;O5 and B-TizOs phases,
and R denotes the gas constant. The origin of the energy is set
to be the Gibbs free energy of B-Tiz;Os (x = 0). Using the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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experimentally observed AHi..,s value (7.78 k] mol ') and
ASirans value (21.0 J K" mol™') from the DSC measurements,
the Gibbs free energy curve for the bistable state was calculated
at 300 K, as depicted in Fig. 5a (S6, ESIT). This equilibrium state
reveals an energy barrier between A-Ti;O5 and B-TizOs, suggest-
ing that A-TizOs, synthesized via high-temperature calcination
and cooled to room temperature, does not spontaneously
convert to B-TizOs. Conversely, applying pressure at 300 K
reduces this energy barrier between A-Tiz;Os and B-Tiz;Os dec
(Fig. 5b), which vanishes at 300 MPa. The pressure at which this
energy barrier disappears is identified as the theoretical thresh-
old pressure.

Relationship between crystalline size, AHya,s and Py,

Subsequently, we investigated the relationship between crystalline
size, AHyans and Py, wherein crystalline size was estimated as
57 nm with a spherical shape, AHys is obtained as 7.78 k] mol %,
and Py, was experimentally observed at 300 MPa. In previous
reports, various values of Py, with different crystalline sizes have
been reported. For instance, the Py, for flake-shaped A-TizOs
(crystal size: 25 nm, cubic shape) was 400 MPa,”® whereas the
Py, for stripe-shaped A-TizOs (crystal size: 200 x 30 nm, rectangular
prism shape) was 60 MPa.'® The value of Py, for block-shaped -
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TizOs (crystal size: 400 nm, cubic shape) was 7 MPa.>* Further-
more, A-TizO5 synthesized using a block copolymer (crystal size:
54 nm, spherical shape, S5, ESIt) exhibited a Py, of 300 MPa.> The
relationship between the Py, values and the crystalline size (crystal-
line volume) of A-Ti;O5 is plotted in Fig. 6a, exhibiting a clear size
dependency of Py, ie., Py decreases as the crystalline size
increases.

This trend led us to consider that the Py diminishes with
increasing crystalline size. As the crystalline size decreases, the
ratio of surface atoms to total atoms in the crystal (¢ = Ngyrface/
Niotal) increases, enhancing the significance of surface energy
in the Gibbs free energy of the crystal. Fig. 6b illustrates
the inverse relationship between AH.,s and o: a smaller o
corresponds to a larger AH,,,s, and vice versa. Similarly, Fig. 6¢
demonstrates the direct relationship between Py, and a: a larger
o results in a higher Py,. These observations suggest that as the
crystalline size reduces, o increases, leading to a heightened
surface energy contribution to the Gibbs free energy, conse-
quently reducing AHans. A decrease in AHi,,s consequently
correlates with an increase in Py, (Fig. 6d). Employing the
Slichter and Drickamer model to manipulate AH values, we
observed that a smaller AH aligns with a higher P,, whereas
a larger AH associates with a lower Py, (Fig. S15, ESIt). Surface

c d
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(a) Py, versus crystalline volume plot, (b) AHyans versus Nsurrace/ Niotat PLOt, (C) Py, versus Nsurtace/ Niotal POt and (d) Py, versus AHyans plot. Black
whereas blue circles indicate data from the present study.
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effects influence not only enthalpy but also entropy. Fig. S16
(ESIT) shows the AS versus AHyans plot. As AH.ns increases,
AS also increases. Fig. S17 (ESIT) shows the Py, versus AS plot.
The influence of AS on Py, suggests a similar trend to that of
AI_Itrans-

Conclusions

In this research, we introduced a simple synthesis technique
for producing A-TizOs without the use of matrices such as silica.
This method involves hydrogen reduction calcination of a
precursor derived from titanium(wv) chloride. The resultant
A-Ti3;O5 had a crystalline size of ~57 nm, and the threshold
pressure required for its phase transition from A-Tiz;Os to
B-TizOs was ca. 300 MPa. The transition from -Ti;O5
-Ti305 occurred at 462 K, leading to the accumulation of
7.78 kJ mol " of heat energy.

The examination of the relationship between crystalline size
and the threshold pressure and transition enthalpy values
between A-Tiz;Os and B-Ti;Os demonstrated that a reduction
in crystalline size and an increase in the proportion of surface
atoms intensified the influence of surface energy on the Gibbs
free energy. This decreases the transition enthalpy and conse-
quently increases the threshold pressure. Understanding the
relationship between the crystalline size and heat storage
properties is essential for developing effective heat storage
materials in contemporary society.

The synthesis method utilizing titanium(wv) chloride as the
starting material provides an economical and efficient route to
produce A-Ti;Os, suitable for large-scale manufacturing. Given
the broad availability of metal chlorides for various metals, this
approach is a viable candidate for preparing metal-substituted
A-TizOs. Although certain metal-substituted A-Tiz;Os has been
previously reported,**™** those methods typically involve calci-
nation or melting of titanium oxide particles with different
metals. The synthesis technique presented in this study offers
potential for homogeneous doping using diverse metal chlor-
ides as starting materials to prepare the precursor, enabling
greater versatility in the synthesis of metal-substituted A-Ti;O5.
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