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Crystal structures and electrochemical reactivities of high-pressure forms of the lithium titanium spinel
Li[Liy/3Tis/3104 (LTO) were investigated under a pressure of 12 GPa to elucidate its structural phase
transition from spinel to post-spinel and to obtain a wide variety of electrode materials for lithium-ion
batteries. LTO is recognized as a “zero-strain” lithium insertion material, because the change in the lattice
parameter is negligibly small during charge and discharge reactions. As the heating temperature
increased, the initially spinel-structured LTO decomposed into an amorphous phase at 400 °C and then
changed into a mixture of columbite-type TiO, (C-TiO,) and Li,O phases at temperatures above 600 °C.
According to selected-area electron diffraction analyses, the amorphous phase at 400 °C was a mixture
of two different phases, one of which was C-TiO,. Electrochemical investigations of the sample heated to
1000 °C exhibited stable charge and discharge curves with a rechargeable capacity of ~40 mA h g7, as
was previously reported for C-TiO,. Details of the structural change from the spinel to columbite struc-
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1 Introduction

The spinel oxide Li[Li;;Tis;3]0, (LTO) maintains its cubic
lattice parameter (a.) at an almost constant value (~8.36 A)
during Li-insertion/extraction reactions.”” This is termed zero-
strain characteristics, for which LTO has been regarded as an
ideal electrode material for lithium-ion batteries (LIBs).'™ In
the crystal lattice of LTO, Li" ions occupy both tetrahedral 8a
and octahedral 16d sites, while Ti*" ions occupy the 16d site,
with the Fd3m space group (Fig. 1a). The relatively large O*~
ions occupy the tetrahedral 32e site and form a cubic close-
packed (ccp) array. Recently, ex situ Raman spectroscopic
studies have revealed that the zero-strain characteristics are
due to local structural changes in the LiOs and TiOg octa-
hedra.®” Zero-strain or nearly zero-strain characteristics are
also observed in other spinel compounds like Lij+xF€s5/2—3x/2
Ti, O, with 0.875 < x < 5/3,%° LiRh,0,,'° and LiCoMnO,;""**
however, in the case of LiCoMnO,, the rigid framework of the
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ture are also discussed in this report.

ccp lattice—not the local structural changes—contributes to
the zero-strain reaction scheme.

Spinel compounds such as MgAl,O, usually undergo struc-
tural phase transitions at high pressures (HPs) above ~4
GPa,"*'" and the compounds that have undergone phase tran-
sition are identified as post-spinel ones. There are three well-
known post-spinel structures—CaFe,0,-,">""7 CaMn,0,-,"*"®
and CaTi,O,-type'®'®—as shown in Fig. 1b, ¢, and d, respect-
ively. Each distorted MOy (M = Fe, Mn, and Ti) octahedron in
these structures is connected to three adjacent MOg octahedra
through edge-sharing or corner-sharing, forming the so-called
double rutile chains. The three post-spinel structures are
similar to each other; however, differences arise from the
arrangements of the double-rutile chains and site symmetries
of the M ions.””™® Post-spinel compounds have recently
received great attention as next-generation electrode materials
for high-energy-density LIBs or other types of batteries,**™>*
owing to their higher true densities compared to those of the
parent spinel compounds. However, HP studies for such pur-
poses have been limited, except for an investigation of
LiMn,0, that showed that it transforms into the CaFe,O,-type
structure at 6 GPa and at temperatures above 1100 °C.>* This is
probably because it is difficult to obtain a large amount of
samples (>50 mg) under HPs above 6 GPa.

In this study, we performed HP studies of LTO under a
pressure of 12 GPa and at temperatures up to 1000 °C and
characterized the crystal structures from both macro- and
microscopic viewpoints, by using X-ray diffraction (XRD),
Raman spectroscopy, and selected area electron diffraction
(SAED). Furthermore, we examined the electrochemical pro-
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Fig. 1 Schematic views of the (a) Li[Liy/3Tis;3104 (LTO) spinel structure with the Fd3m space group, (b) CaFe,O4-type structure with the Pnma space
group, (c) CaMn,O4-type structure with the Pbcm space group, and (d) CaTi,O4-type structure with the Cmcm space group. The crystal symmetry

of LTO is cubic, whereas the other three structures are orthorhombic.

perties of the HP-treated LTO samples in nonaqueous lithium
cells. This information could be crucial for gaining a deeper
understanding of the electrochemical properties on structural
factors, because the HP synthesis method provides novel poly-
morphs that cannot be obtained under ambient pressure.*>°
Moreover, HP studies on LTO would be useful to elucidate the
structural phase transitions in the Earth’s mantle. This is
because MgSi,O, with a y-spinel structure decomposes into
MgSiO; (perovskite) and MgO under the transition layer of the
Earth’s mantle (>660 km).”” We have recently reported that
one of the HP forms of TiO, anatase (or rutile), columbite-type
(a-PbO,-type) TiO, (C-TiO,) with an orthorhombic structure,
exhibits stable charge and discharge profiles with a recharge-
able capacity (Qrecha) Of ~70 mA h g7'.*® Consequently, it was
found that the HP-treated LTO samples at temperatures above
600 °C crystallize into a mixture of the C-TiO, and Li,O
phases, exhibiting similar charge and discharge profiles as
those shown by C-TiO,.

2 Experimental
2.1 Synthesis

We first prepared the LTO sample under ambient pressure, as
reported previously.>”*?° LiOH-H,O and TiO, anatase (Wako
Pure Chemical Industries, Ltd) powders were mixed by using a
mortar and pestle in a molar ratio of Li/Ti = 4.02/5.00, and then
the resulting mixture was pressed into a pellet with an ~23 mm
diameter and ~5 mm thickness. The pellet was heated at 750 °C
in air for 12 h, followed by pre-heating at 400 °C in air for 12 h.
We examined the crystal structure of the obtained sample using
XRD (D8 ADVANCE, Bruker AXS, Inc.) equipped with copper Ka
radiation, and confirmed that the LTO sample was in a single
phase exhibiting the spinel structure with the Fd3m space group
(Fig. S1at). The electrochemical reactivity of the LTO sample was
investigated in a nonaqueous lithium cell. As shown in
Fig. S1b,t the LTO sample showed a steady Qccha With a value
higher than 165 mA h g™ in the voltage range between 1.0 and
3.0 V vs. Li'/Li. This LTO sample, LTO(raw), was packed into a
platinum capsule with an ~3 mm inner diameter and ~5 mm
height. The platinum capsule was installed into an octahedral
(Mg,Co)O pressure medium with a side length of 14 mm (MINO

1942 | Inorg. Chem. Front,, 2018, 5, 1941-1949

CERAMICS Co., Ltd). The (Mg,Co)O octahedron was then placed
in the corner made by eight WC anvils (FUJI DIE Co., Ltd) with
eight truncations, and finally compressed to 12 GPa at room
temperature. The HP syntheses were performed using Kawai-
type high-pressure apparatus®® at Osaka Prefecture University.
When the pressure reached 12 GPa, the sample was heated to
200, 400, 600, 750, or 1000 °C for 30 min. The time needed to
approach each desired temperature was 15 min. After quenching
to room temperature, the pressure was slowly released down to
ambient pressure. Further details of the HP syntheses have been
previously described.>'*> We denoted the HP samples heated to
200, 400, 600, 750, and 1000 °C as HP(200), HP(400), HP(600),
HP(750), and HP(1000), respectively. In addition, HP(RT) rep-
resents the sample only pressurized at room temperature.

2.2 Characterization

The particle morphologies of LTO(raw), HP(200), HP(400),
HP(600), HP(750), and HP(1000) samples were investigated by
scanning electron microscopy (SEM; S-3600 N, Hitachi High-
Technologies Co., Ltd). Their crystal structures were examined
by XRD measurements and Raman spectroscopy (NRS-3300,
Jasco Co. Ltd). Rietveld analyses were performed by using the
software RIETAN-FP,** and the schematics of the crystal struc-
ture were drawn by using the software VESTA.>* Raman spec-
troscopy was conducted using a 532 nm excitation wavelength
supplied by a diode-pumped solid-state laser at room tempera-
ture. The intensity of the laser beam was 0.1 mW, and the
acquisition time for each Raman spectrum was 10-90 s, as
reported previously.”” For the LTO(raw), HP(400), and HP
(1000) samples, transmission electron microscopy (TEM; JEM
2100F, JEOL Ltd) analyses including SAED pattern analyses
and energy dispersive X-ray (EDX) spectroscopy studies were
carried out to investigate the microscopic crystal structures
and chemical compositions. For preparing the TEM speci-
mens, we employed two different methods. For the LTO(raw)
and HP(1000) samples, particles were dispersed in an acetone
solution. Meanwhile, for the HP(200) sample, because par-
ticles form large secondary particles, as described later, the
specimen was prepared by using a focused ion beam
(FIB-SEM; NB-5000, Hitachi High-Technologies Co., Ltd). The
sample was first attached to a SEM holder with carbon tape,
and then cut into a rectangular solid with a Ga'-induced

This journal is © the Partner Organisations 2018
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beam. The specimen was ~10 pm in height, ~6 pm in width,
and ~100 nm in depth (Fig. S27).

Because the HP(600), HP(750), and HP(1000) samples were
slightly blue in color, magnetic susceptibility (y) was measured
to investigate the amount of localized moments in these
samples. y was obtained in the field-cooling (FC) mode using a
superconducting  interference = magnetometer  (MPMS,
Quantum Design) under a magnetic field of 10 kOe. Details of
the y measurements have been provided in an earlier report.>®

2.3 Electrochemical measurements

The electrochemical reactivities for the LTO(raw), HP(200),
HP(400), HP(600), HP(750), and HP(1000) samples were inves-
tigated in nonaqueous lithium cells. We employed a dry
process to prepare mixed electrodes, because the total amount
of the HP-treated samples was limited to ~50 mg. A mixed
electrode consisting of 70 wt% active material, 25 wt% con-
ducting carbon (acetylene black, HS-100, Denka Co., Ltd), and
5 wt% polytetrafluoroethylene (PTFE) was used as the working
electrode (¢10), while a lithium metal pressed onto a stainless-
steel plate (¢19) was used as the counter electrode. The
addition of 25 wt% conducting carbon does not influence the
capacity and operating voltage of the samples, as previously
reported.”® The weights of the active materials were approxi-
mately 5 mg. The electrolyte used was 1 M LiPF, dissolved in
an ethylene carbonate (EC)/diethylene carbonate (DEC) (EC/
DEC = 1/1 by volume) solution (Kishida Chemical Co., Ltd).
The lithium cells were operated at a current of 0.05 mA and
25 °C in the voltage range between 0.02 and 3.0 V. This current
corresponds to a current density of ~0.07 mA cm™> based on
the surface area of the working electrode.

3 Results and discussion

3.1 Particle morphology and color

Fig. 2 shows the SEM images of the (a) LTO(raw), (b) HP(RT),
(c) HP(400), (d) HP(750), and (e) HP(1000) samples. For the

(dy

HP(750)
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LTO(raw) and HP(RT) samples, each primary particle within
1 pm aggregates together, forming a large secondary particle.
The sizes of such secondary particles range between 5 and
10 pm. The particle morphology of HP(400) is quite different
from that of LTO(raw) and HP(RT); i.e., its secondary particles
indicate flat and squarish surfaces, as for compounds with a
rock-salt structure.*® Moreover, the size of some secondary par-
ticles reaches ~30 pm owing to the aggregation of several sec-
ondary particles. For HP(750), there are no large secondary
particles, but there are many isolated primary particles with
~500 nm instead. The particle sizes of HP(1000) are slightly
larger than those of HP(750), as seen in the enlarged SEM
image shown in Fig. 2f. The particle morphology of HP(1000)
is similar to that of HP(750).

Surprisingly, the color of particles changed with the HP
treatment. As shown in Fig. 3a and b, LTO(raw) particles are
white in color, whereas HP(1000) particles are light blue or
navy blue in color. This indicates the formation of Ti** ions
with the d" configuration in the HP(1000) sample. Indeed, the
x value of the HP(1000) sample is larger than that of the LTO
(raw) sample, particularly at temperatures below ~60 K, due to
the localized moments of the Ti*" ions (Fig. 3¢). The magnetic
transitions at around 63 K (= Tp,;) and 21 K (= T,y,,) originate
from either slight compositional deviation from stoichiometry
or dislocations such as Magnéli phases in the pristine LTO
sample.>® The temperature against the y curve for HP(1000)
was fitted by

(1)

X =0 ()

where Cy, is the Curie-Weiss term, T is the temperature, 0 is
the Weiss temperature, and f,(T) [= Am + Bim(T)] is the weakly
temperature-dependent term that arises from both Pauli para-
magnetism and Laudau diamagnetic contributions. Cy, is also
represented by

Cnm = N,uzeff/Ska

(2)

Fig. 2 SEM images at the 50 pm scale for (a) LTO(raw), (b) HP(RT), (c) HP(400), (d) HP(750), and (e) HP(1000). Enlarged SEM image of (e) at the

10 pm scale is shown in (f).
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Fig. 3 Particle color of the (a) LTO(raw) and (b) HP(1000) samples. (c)
Temperature dependence of the magnetic susceptibility () of the LTO
(raw) and HP(1000) samples. y was measured in the field-cooling (FC)
mode with H = 10 kOe.

where N is the number density of Ti ions, u.g is the effective
magnetic moment of Ti ions, and kg is the Boltzmann’s con-
stant. By neglecting the y data in the temperature range
20-65 K, the C,, value for HP(1000) was determined to be
1.47 x 10~ emu per Ti-mol, which is close to that of LTO(raw)
(= 0.89 x 107 emu per Ti-mol).”® Assuming that the C,, term
can be attributed to the Ti** ions with the d" (S = 1/2) configur-
ation, the average valence of Ti ions in the HP(1000) sample
was calculated to be 3.993. This means that most of the Ti ions
in the HP(1000) sample were in the tetravalent state with the
d° (S = 0) configuration, although its particles were light blue
or navy blue in color.

3.2 Crystal structure

Fig. 4 shows the XRD patterns of the (a) LTO(raw), (b) HP(RT),
(c) HP(400), (d) HP(600), (e) HP(750), and (f) HP(1000)
samples. As described in Introduction, LTO(raw) has a spinel
structure with the Fd3m space group, in which Li" ions occupy
both tetrahedral 8a and octahedral 164 sites, and Ti*" ions sit
at the octahedral 164 site. The a. value determined by Rietveld
analysis was 8.356(1) A, consistent with previously quoted a.
values."*®7%?° When HP was applied to the LTO(raw) sample
(Fig. 4b), the a. value decreases slightly to 8.349(1) A,
accompanied by broadening of each diffraction line. When the
heating temperature was increased to 400 °C (Fig. 4c), the orig-
inal diffraction lines almost disappear, indicating that the
sample is in an amorphous phase. For the HP(600) sample,
new diffraction lines are observed at around 20 = 19.14° (d =
4.63 A) and 31.18° (d = 2.87 A). The XRD pattern of the
HP(750) sample is similar to that obtained for the HP(600)

1944 | Inorg. Chem. Front, 2018, 5, 1941-1949
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Fig. 4 XRD patterns of the (a) LTO(raw), (b) HP(RT), (c) HP(400), (d) HP
(600), (e) HP(750), and (f) HP(1000) samples.

sample, but the XRD pattern of the HP(1000) sample lacks the
diffraction line at around 26 = 19.14°.

Regarding lithium titanium oxides consisting of Ti*" ions,
little is known about their HP forms: only three structures
under ambient pressure have been reported, —namely, Li,TiO;
with a monoclinic structure (C2/c),>® Li,TiO, with an ortho-
rhombic structure (Cmem),”” and Li,TizO, with an ortho-
rhombic structure (Pbnm).*® The XRD pattern of HP(1000)
could not be assigned to any of the three structures; however,
a preliminary Le Bail analysis®® indicated that the major phase
of HP(1000) is another orthorhombic structure. We then
carried out Rietveld analysis with various orthorhombic
phases, and found that the major phase of HP(1000) is in an
orthorhombic structure with the Phcn space group, where the
lattice parameters are a, = 4.532(1) A, b, = 5.501(1) A, and ¢, =
4.902(1) A. These structural parameters were similar to those
of C-TiO, with the Phcn space group,”®*° which is one of the
HP forms of anatase TiO, (I4;/amd) and rutile TiO, (P4,/mnm).

Fig. 5a shows the final result of the Rietveld refinement of
HP(1000). If we take into account only the C-TiO, phase, differ-
ences between the observed and calculated patterns were seen

This journal is © the Partner Organisations 2018
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Fig. 5 (a) Rietveld refinement result for the HP(1000) sample. The XRD
pattern is assigned to a mixture of columbite-type TiO, (C-TiO;) and
Li,O phases. The C-TiO, phase crystallizes into an orthorhombic struc-
ture with the Pbcn space group with lattice parameters of a, = 4.532(1)
A, b, = 5.501(1) A, and ¢, = 4.902(1) A. (b) TEM image and (c) the EDX
spectrum for the HP(1000) sample. The SAED pattern from the [100]-
incident is also shown in (d). The SAED pattern is well explained by the
structural model determined by Rietveld refinement.

particularly at 260 = 43.84°, 63.87°, 80.75°, and 113.14°
(Fig. S371). In addition, reliability indices of the R-weighted
pattern (R,,) and scaling factor (S) were relatively low (R, =
15.9% and S = 3.31), indicating that another phase probably
consisting of Li and O atoms is present in the HP(1000)
sample. We then performed Le Bail analysis again, and found
two possible structural models: two cubic structures with the
Fm3m (a. =~ 5.89 A) and Im3m (a. ~ 2.94 A) space groups.
Because the latter structural model provided better reliability
indices, it is most likely that the HP(1000) sample is a mixture
of the C-TiO, phase with the Pbcn space group and the Li,O
phase with the Im3m space group. Structural parameters deter-
mined by the Rietveld refinement are listed in Table 1. Further
Rietveld analyses using the XRD pattern obtained at a synchro-
tron radiation facility and the neutron diffraction pattern
could clarify more precise occupancies of Li and O atoms in
the C-TiO, and Li,O phases.

View Article Online
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We also investigated the microscopic crystal structure by
EDX/SAED analyses for LTO(raw), HP(400), and HP(1000)
samples. The SAED pattern for LTO(raw) was assigned to a
spinel structure with the Fd3m space group (Fig. S41). As
shown in Fig. 5b and ¢, the HP(1000) particle with a size of
~1 pm consists of Ti and O atoms. Furthermore, the SAED
pattern shown in Fig. 5d can be explained by an orthorhombic
structure with the Pbcn space group; i.e., the SAED pattern and
the nearest diffraction spots are attributed to the [100]-incident
and the 020 (020) spots, respectively. Hence, the EDX/SAED
analyses were consistent with the Rietveld refinement results.

As shown in Fig. 6a, two distinct regions, denoted as
Region (I) and Region (II), are observed in the TEM specimen
for HP(400). There are several straight lines in Region (I), indi-
cating the presence of stacking faults or two-dimensional
defects (Fig. 6b). According to the elemental mapping given by
the EDX analyses, the O atoms are homogeneously distributed
in both Regions (I) and (II), whereas the Ti atoms are unevenly
distributed in the specimen: Region (II) contained slightly
greater amounts of Ti atoms than Region (I) (Fig. 6¢ and d).

HP(400)

-

Fig. 6 (a) TEM image of the HP(400) sample and (b) enlarged TEM
image of the area surrounded by the broken line in (a). Two distinct
regions are noted in the TEM specimen, denoted as Region () and
Region (l1). Elementary mapping of the HP(400) sample for (c) O and (d)
Ti atoms. SAED patterns for (e) Region (I) and (f) Region (Il).

Table 1 Structural parameters for the HP(1000) sample determined by Rietveld refinements

Space group Atom Wyckoff position g x y z Bigo (A?)

Pbcn Ti 4c 1 0 0.329(1) 0.25 0.6(1)
o1 8d ) 0.99(1) 0.261(1) 0.120(1) 0.084(1) 0.4(1)
Lattice parameters: a, = 4.532(1) A, b, = 5.501(1) A, and ¢, = 4.902(1) A

Im3m Li 12d 0.73(1) 0.25 0 0.5 0.7(1)
0 6b 0.73(1) 0 0.5 0.5 0.4(1)

Lattice parameter: a. = 2.923(1) A

Reliability indices: Ry, = 8.18% and S = 1.69.

This journal is © the Partner Organisations 2018

Inorg. Chem. Front,, 2018, 5, 1941-1949 | 1945


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8qi00371h

Open Access Article. Published on 19 June 2018. Downloaded on 10/30/2025 6:56:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Research Article

We could not assign the SAED pattern for Region (I) using any
structural model to the spinel (Fd3m), anatase (I4,/amd), rutile
(P4,/mnm), or C-TiO, (Pbcn) phase. In contrast, the SAED
pattern for Region (II) could be attributed to an orthorhombic
structure with the Pbcn space group (C-TiO, phase). Thus,
although the XRD pattern for HP(400) indicated amorphous
character, the SAED pattern clarified the presence of multiple
phases in the sample. In other words, the structural transform-
ation from spinel (Fd3m) to C-TiO, (Pbcn) proceeds not in a
direct step, but in multiple steps, involving at least two
different phases.

Raman spectroscopy provides structural information at the
atomic scale, leading to an in-depth understanding of struc-
tural phase transitions of matter and change in the crystal
structure of LIB materials. Indeed, we recently demonstrated
that the zero-strain reaction scheme of LTO arises from struc-
tural changes in the LiO, and TiOg octahedra.®” Fig. 7 shows
the Raman spectra for the LTO(raw), HP(RT), HP(400), HP
(750), and HP(1000) samples. For the LTO(raw) sample, three
major Raman bands are observed at 671, 428, and 234 cm™*,
while four minor Raman bands are observed at 762, 522, 341,
and 147 cm™". According to factor group analyses based on the
Fd3m space group, five Raman modes of A, + E, + 3F,, are
predicted for the LTO(raw) sample. The three major Raman
bands at 671, 428, and 234 cm™' were assigned as the A,
mode for a symmetric vibration between Ti and O atoms, the
E, mode for an asymmetric vibration between Li and O atoms,
and the F,, mode for a bending vibration between O-Ti-O
atoms, respectively.®” The two minor Raman bands at 522 and
147 em™! come from the TiO, anatase, which was used as a
starting material. As seen in Fig. 7b, the Raman spectrum for
HP(RT) is similar to that obtained for LTO(raw). This is con-
sistent with the results of the XRD measurements that the HP
(RT) sample is in the spinel phase with the Fd3m space group
(Fig. 4b).

(@)

LTO(raw)

(b)

HP(RT)

(d) Jds |
HP(750) N¥

(e)

HP(1000)

12|0010|00 860 660 4(I)0 260 0
RAMAN SHIFT / cm™

Fig. 7 Raman spectra of the (a) LTO(raw), (b) HP(RT), (c) HP(400),
(d) HP(750), and (e) HP(1000) samples.
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Before addressing the results for HP(400) and HP(750), we
wish to discuss the Raman spectrum for HP(1000). XRD
measurements indicated that the HP(1000) sample is a
mixture of the C-TiO, phase with the Phcn space group and the
Li,O phase with the Fm3m space group. Based on factor group
analyses,”" eighteen nondegenerate Raman bands of 4A,, +
5Big + 4By, + 5B, are predicted for the Pbcn space group,
while three Raman bands of 3F,, are predicted for the Fm3m
space group. As seen in Fig. 7e, there are at least twelve Raman
bands; for instance, two strong Raman bands are observed at
429 and 174 cm™', and five moderate Raman bands are
observed at 443, 355, 315, 289, and 150 cm ™. According to pre-
vious experimental®®** and theoretical®> Raman analyses of
C-TiO,, all the Raman bands for HP(1000) could be explained
by only the C-TiO, phase. The two Raman bands at 429 and
174 cm™! were assigned to the A;; mode and the three moder-
ate Raman bands at 443, 315, and 289 cm™" were assigned to
the B;, mode.

The Raman spectrum for HP(750) is similar to that of HP
(1000), and there is no trace of the Li,O;_; phase with the
Fm3m space group in its Raman spectrum (Fig. 7d). In con-
trast, the Raman spectrum for HP(400) is different from that of
LTO(raw) or HP(1000). Only three broad Raman bands are
observed at 421, 317, and 166 cm™" in the sample. This indi-
cates the presence of an intermediate crystal structure when
the spinel structure changed into the C-TiO, structure. The
disappearance of the original Raman bands and evolution of
the new Raman bands are different from the recent results
reported for an in situ HP Raman spectroscopy study of LTO,**
i.e., no phase transitions were observed at room temperature
except for the broadening of the original Raman bands.**

3.3 Electrochemical properties

Fig. 8 shows the charge and discharge curves for the non-
aqueous lithium cells for the LTO(raw), HP(RT), HP(400), HP
(750), and HP(1000) samples. Rescaled charge and discharge
curves only for the HP(400), HP(750), and HP(1000) samples
are shown in Fig. S5.1 The initial discharge and charge curves
were excluded from the figure to eliminate the contributions
of the decomposition reaction of the PTFE binder. Moreover,
we set the discharge cut-off voltage (V) as 0.02 V to examine
the entire range of the electrochemical reactivity of the HP
samples, although the V., for LTO is usually set at 1.0 V.>*°7
The cell voltage for LTO rapidly drops at ~1.6 V at the begin-
ning of the discharge reaction, and then maintains an almost
constant voltage of around 1.5 V up to the discharge capacity
(Qais) of ~130 mA h g7, and finally decreases almost linearly
down to 0.02 V. Since the C rate of the present study was extre-
mely low (~C/20), the flat operating voltage at ~1.5 V suggests
a two-phase reaction scheme, not a quasi-solid solution reac-
tion scheme.” The Qg and charge capacity (Qcna) at the
second cycle are 235.5 and 217.2 mA h g™, respectively; this
Quais value is comparable with previously reported values for
LTO (= 225 mA h g™"), where the V., was set at ~0 V.*>*® If we
assume that Li" ions are inserted only into vacant octahedral
16¢ sites, the rechargeable capacity (Qrecna) can be calculated

This journal is © the Partner Organisations 2018
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Fig. 8 Charge and discharge curves of the nonaqueous lithium cells of
the (a) LTO(raw), (b) HP(RT), (c) HP(400), (d) HP(750), and (e) HP(1000)
samples. The cells were operated at a current of 0.05 mA (~0.07
mA cm™2) and 25 °C in the voltage range between 0.02 and 3.0 V.

to be 175.1 mA h g~'. A value higher than 175 mA h g™* for
LTO(raw) indicates the additional Li occupation at the tetra-
valent 8a site, as probed by neutron diffraction measurements
on a chemically Li-inserted LTO sample.*

The charge and discharge curves for HP(RT) seem to be
different from those for LTO(raw), regarding itS Qecha and
voltage profile below ~0.5 V. The Qgis and Qcn, values in the
second cycle were 198.7 and 175.5 mA h g™, respectively (see
Fig. 8b), where the Qecna value around 1.5 V is limited to
~70 mA h g~'. Furthermore, as shown in Fig. S6,F the deriva-
tive of Qq;s with respect to the cell voltage, the dQg;s/dV curve,
indicates another cathodic reaction peak at ~0.45 V. Since the
line broadening was observed in the XRD pattern of HP(RT),
the differences between HP(RT) and LTO(raw) are probably
caused by the distortions and/or defects around the 16¢ site.

For the HP(400), HP(750), and HP(1000) samples, the redox
reaction at around 1.5 V disappeared and the discharge (or
charge) voltage gradually decreases (or increases) as the reac-
tion proceeded. The Qqis and Qcnh, values in the second cycle
are ~60 and 40 mA h g™, respectively. These electrochemical
properties are similar to those reported for C-TiO,,*® although
the Qqgis and Qcn, values of C-TiO, were reported to be ~100
and 70 mA h g™, respectively. The decrease in Qgis and Qcna
values can probably be attributed to the presence of Li,O,
which is electrochemically inactive. However, the reversible
charge and discharge reactions of the HP(400), HP(750), and
HP(1000) samples indicate that the Li,O impurity acts as a
solid-state electrolyte in these samples. It should be noted that

This journal is © the Partner Organisations 2018
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C-TiO, adopts a structure comprising distorted hexagonal-
closed packing (hcp) arrays of O>” ions, as is observed for
rutile-type Ti0,.>**> Although compounds with hcp arrays
have been empirically regarded as electrochemically inactive
unless they are nano-sized materials,”” the detour conduction
pathway for Li" ions enables reversible electrochemical reac-
tions in C-TiO,.?®

3.4 Structural changes of LTO under HP

As described above, the spinel-structured LTO (Fd3m) trans-
formed into neither CaFe,0,- nor CaMn,0,4- nor CaTi,0,-type
structures, but decomposed into the C-TiO, (Pbcn) and Li,O
phases via the amorphous phase. This structural decompo-
sition can be represented as

3Li[Li; /3Ti5/3]04 — 5TiO, + 2Li, O, (3)

neglecting a small amount of oxygen deficiency in the C-TiO,
lattice. Note that under ambient pressure, LTO decomposes
into cubic Li,TiO; and Li,Ti;O, phases at temperatures above
1000 °C.*® Schematics of the crystal structures of C-TiO, and
Li,O are shown in Fig. 9a and b, respectively. Based on group
theory,” a possible transformation from the Fd3m to Pbcn
space group is illustrated in Fig. 9c. Since Pbhcn is a general (all-
gemeine)-type subgroup of Fd3m consisting of translationen-
gleiche and klassengleiche subgroups, both twin domains and
antiphase domains would be produced in the HP-treated LTO
samples. Actually, two distinct regions were observed in the
HP(400) sample, as seen in Fig. 4a. Twin domains and anti-

Fig. 9 (a) Schematics of the crystal structures of the C-TiO, and Li,O
and (b) maximal subgroups from Fd3m (No. 227) to Pbcn (No. 60) space
groups. The indices for the transformation are indicated in parentheses.
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phase domains also appeared in electrochemically cycled
orthorhombic LiMnO, °° and delithiated Li,C00,.”" Since the
crystal structure of the HP-treated sample drastically changes
in the temperature range between 400 and 600 °C, further
in situ XRD measurements under HPs could reveal the details
of structural changes on LTO.

In contrast to cases involving other spinel oxides, the pres-
ence of the Li* ions at the 16d site and/or ionic radius of Ti**
ions would play a crucial role in governing the phase transition
of the spinel-to-CaM,0, structure or the decomposition of the
parent spinel structure. This is because inverse spinel oxides
such as Mg,Ti, O, and Co,TiO, decompose into ilmenite and
rock-salt phases, and the ionic size of M ions significantly
affects the type of CaM,0, structure."*>' Another possibility
would be attributed to the charge valence of Ti**/Ti'" ions,
because the LiMn,0, spinel transforms into the CaFe,O,4-type
structure above 6 GPa.** Further HP studies on the Li
[Li,Mn,_,]O, spinel with 0 < x < 1/3 could offer more in-depth
insight into the structural changes of spinel oxides.

Regarding the electrochemical properties, the particle size
and morphology strongly influence these performances, as
reported for nano-sized TiO, rutile.”’ Although the electro-
chemical performances of the HP-treated LTO samples are
inferior among TiO, polymorphs, further optimizations such
as particle size and elements for the substitution would
improve their electrochemical properties.

4. Conclusions

HP studies were performed on a spinel-structured LTO sample
at a pressure of 12 GPa. As the heating temperature increased
from room temperature to 400 °C, the initial spinel phase
changed into the amorphous phase, and then decomposed
into the columbite-type TiO, (C-TiO,) and Li,O phases at
temperatures above 600 °C. The structural change from spinel
to C-TiO, proceeded not in a direct step, but in multiple steps,
as expected from the group theory between spinel (Fd3m) and
C-TiO, (Pbcn). Although the sample heated to 1000 °C, HP
(1000), contained Li,O as an impurity, its electrochemical reac-
tivity was similar to that of C-TiO,. That is, the cell voltage
gradually increased/decreased with increasing capacity, and
steady charge and discharge curves were obtained for up to 10
cycles. The reversible electrochemical reaction indicated that
the Li,O impurity acts as a solid-state electrolyte in the
sample.
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