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Lithium titanium oxide (Li; TisO1,, LTO), a ‘zero-strain’ anode material for lithium-ion batteries, exhibits

excellent cycling performance. However, its poor conductivity highly limits its applications. Here, the

structural stability and conductivity of LT O were studied using in situ high-pressure measurements and
first-principles calculations. LTO underwent a pressure-induced amorphization (PIA) at 26.9 GPa. The
impedance spectroscopy revealed that the conductivity of LTO improved significantly after amorphization

and that the conductivity of decompressed amorphous LTO increased by an order of magnitude compared

with its starting phase. Furthermore, our calculations demonstrated that the different compressibility of the

LiOg and TiOg octahedra in the structure was crucial for the PIA. The amorphous phase promotes Li™

diffusion and enhances its ionic conductivity by providing defects for ion migration. Our results not only
provide an insight into the pressure depended structural properties of a spinel-like material, but also
facilitate exploration of the interplay between PIA and conductivity.

Keywords: high pressure, pressure-induced amorphization, lithium-ion battery materials, ionic

conductivity

INTRODUCTION

Lithium-ion batteries (LIBs) have been regarded as
one of the most important components of portable
electronics in our daily life, electric vehicles, station-
ary power storage and so on [1,2]. Energy density,
safety, cost and the performance of LIBs are key fac-
tors, which are all controlled by the materials used
[3,4]. Lithiated metal oxides and carbonaceous ma-
terials are commonly used as positive and negative
electrode materials. However, carbon-based anodes
suffer from the formation of a solid electrolyte inter-
face, which often causes poor rate performance and
safety issues [S]. As an alternative material, lithium
titanium oxide (Li4TisO;,, LTO) has been stud-
ied extensively as an ideal LIBs material, because its
Li-ion insertion process operates at ~1.5 V, which
ensures great safety characteristics. Furthermore, it
shows a negligible volume change during the Li-ion
intercalation—deintercalation processes and is called
as a ‘zero-strain’ anode material for LIBs, exhibit-
ing excellent cycling performance and making it a

promising anode for LIBs [6-8]. However, LTO
shows poor electronic and ionic conductivity [9,10],
which limits its application. Therefore, improvement
of its conductivity is crucial. The migration ability
and open level of the immigration channels of Li*
are key factors, but at times they compete. For exam-
ple, breaking the LiOg octahedron in LT O will prob-
ably enhance the migration of Li™, but it could close
the open channel for the ion and void the improve-
ment under certain conditions. In situ investigations
of transport properties during the process of amor-
phization will be beneficial for optimizing the perfor-
mance of such materials.

Pressure has long been recognized as a powerful
thermodynamic variable, which can tune properties
of materials widely [11,12]. The pressure-induced
amorphization (PIA) process that occurs in solids is
very important in many fields, including Earth and
planetary sciences, physics, chemistry and materials
science[13-16]. The formation mechanism of PIA
depends significantly on the types and structures of
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Figure 1. XRD patterns and Raman spectra of LTO spinel under compression and de-

compression. (a) Exerting pressure up to 26.9 GPa. The asterisk indicates the diffraction

peak from the gasket. The inset shows magnified (111) peaks. (b) Exerting pressure up
to 47.4 GPa. (c) Raman spectra in the range of 0.5~29.2 and (d) 0.9~50.1 GPa.

materials. The PIA taking place in solid H, O was as-
cribed to a density-driven phase transition. The iso-
morphism phenomenon with H,O was found ear-
lier in other tetrahedrally coordinated solids, such as
Si and GeO,, and also in octahedrally coordinated
TiO, [17-19]. A high-density amorphous (HDA)
phase during the PIA process could transform into
low-density amorphous (LDA) structures during
decompression. Recently, high-energy pair distri-
bution function (PDF) measurements confirmed
the amorphization associated with the breakdown
of the long-range order of the YOg4 octahedron in
Y, 05 [20]. The interlinking of the YO¢ octahedron
along a-c is much easier to break down compared
to the connection along a-b for the Y, O3 crystal. In
contrast to the polyhedra in the Y,O; crystal, the

octahedrally coordinated spinel Li; Tis O, involves
two different octahedra and two types of interlink-
ing. We expected a new candidate for studying PIA
in LiyTisO;, with two kinds of polyhedra—LiOg
and TiOg octahedra—and were thus motivated to
expand our research of the amorphization mecha-
nism and related macroscopic properties. A thor-
ough study of the crystal structure evolution and new
phase formation can improve our understanding of
the structural properties of this important anode ma-
terial. Moreover, high-pressure-induced phase tran-
sitions have been observed in other LIB materi-
als such as LiFePQO,, LiMn,0O,; and Li,MnSiO,4
[21-24]. These high-pressure polymorphs may be-
come novel materials for LIBs.

With the above-mentioned motivations, we in-
vestigated the structural stability and conductance of
spinel LTO under high pressure up to S0 GPa. The
pressure-induced amorphization pressure started at
26.9 GPa. Our calculations reveal that the different
compressibility of the LiOg and TiOg octahedra in
LTO is the key to the transition process. More im-
portantly, ac impedance spectroscopy showed that
the conductivity of LTO was greatly enhanced in
its amorphous state, which offers us a new clue to
overcoming the well-known issue of LTO’s poor
conductivity.

RESULTS AND DISCUSSION

Figure 1a shows the evolution of the x-ray diffrac-
tion (XRD) patterns for the LTO spinel upon com-
pression and decompression using silicone oil as a
pressure-transmitting medium (PTM). The diffrac-
tion peaks identified in the starting structure were
consistent with the diffraction pattern of cubic LTO.
Figure 1a shows that the intensity of all the diffrac-
tion peaks became significantly weaker and the
broadening of the peaks became more obvious be-
tween 0.9 and 26.9 GPa during compression. At
26.9 GPa, the (111) peak split into two peaks, which
is magnified in the inset of Fig. 1a, indicating a trans-
formation of the crystalline LTO structure. How-
ever, the diffraction pattern could not be indexed to
any space group. Our further calculations using den-
sity function theory (see Supplementary Materials
for details, available as Supplementary Data at NSR
online) suggest the splitting is due to the lattice dis-
tortion of the spinel. Upon decompression, the LTO
spinel recovered when the pressure was released to
0.3 GPa. This distorted phase was metastable and
transformed back into the LTO spinel when the
stress was released. The LT O spinel showed a plau-
sibly reversible process when the maximum external
pressure was 26.9 GPa. To ascertain the structural
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Raman bands at 674 and 759 cm ™! can be assigned
to the vibrations of the Ti—-O bonds in the TiOg
octahedra; the middle frequency bands at 344 and
425 cm™! are from the stretching vibrations of the
Li-O bonds in the LiOg polyhedra; and the low-
frequency peaks are due to the bending vibrations
of O-Ti-O and O-Li-O, respectively. Supplementary
Fig. 3a—f, available as Supplementary Data at NSR

@) PTM: Helium

GPa
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-~ 18.3 online, show the Raman spectra at different pres-
;‘, sures and the peak positions and intensities as a
z 14.2 function of pressure. It is clear that all the Raman
é bands show linear blue shifts up to 21.8 GPa, sug-

gesting the two octahedra are compressed mono-
tonically and no crystal structure change occurs,
which agrees with the XRD results. The spinel struc-
ture was preserved from 0.5 to 21.8 GPa. The in-
tensity of the peaks became weak and sharply de-
creased as pressure reached ~23.2 GPa, suggesting
the structure coherence reduced considerably due

to lattice distortion, in agreement with the XRD ob-
servation. When the pressure was increased further
to 26.5 GPa, the peaks almost disappeared, except
for the weak peak at 674 cm™!, indicating an obvi-
ous phase transition to an amorphous state. Upon

26 (°)
Figure 2. (a) XRD patterns of the LTO spinel under compression using helium asaPTM. ~ decompression, the typical Raman features of crys-
The weak diffraction peaks from rhenium are marked. HRTEM images of the starting
(b) and recovered samples (c).

talline LTO started to emerge at pressures below
10.8 GPa. The LTO-spinel phase could be fully re-

properties under higher pressure, we applied pres-
sure on the starting spinel phase to a maximum value
of 47.4 GPa. Figure 1b shows the pressure depen-
dence of the XRD patterns for the LTO spinel. The
sample maintained its initial phase well until the
pressure increased to 20.4 GPa. Then, the diffrac-
tion peaks weakened and remarkable peak shifts to a
large angle were observed because of the reduction
in the lattice parameters. We observed peak split-
ting again at 25.3 GPa. All the diffraction peaks then
started to disappear, indicating the loss of the long-
range ordered structure, thus indicating that PIA had
occurred. The phase remained amorphous at pres-
sures up to 47.4 GPa. When the pressure was re-
leased to 0.5 GPa, the phase did not transform back
into crystalline LTO, and only a few weak peaks
were detected (marked with arrows), as shown in
Fig. 1b. This phenomenon is similar to the PIA pro-
cess found in nano-TiO, [14-17]. The existence of
several weak peaks might suggest the formation of
nanopolycrystals dispersed in the LDA phase.

In situ Raman spectroscopy was employed to
characterize the changes in the local structure of
the LTO spinel under high pressure. Figure 1c
shows the Raman spectra of the LTO spinel under
compression from ambient pressure to 29.2 GPa.
These Raman bands are features of the spinel struc-
ture (A;;+E,+3F,,) for LTO. The high-frequency

stored when the pressure was released to 0.4 GPa.
These results were fairly consistent with the results
obtained from XRD. To investigate the PIA effect
of LTO further, another in situ Raman spectroscopy
measurement was performed from ambient pressure
to a higher uppermost pressure of 50.1 GPa. The dis-
appearance of all the peaks was also observed in this
measurement at pressures above 26.4 GPa, confirm-
ing the amorphization of LTO (Fig. 1d). The weak
broad peak near 690-788 cm™! blue-shifted by in-
creasing pressure from 26.4 to 50.1 GPa. No new
phase transition was observed in this pressure range.
When the pressure was released to ambient pressure,
new broad features began to emerge, confirming a
dominant amorphous phase. However, very weak
Raman signals of LTO still existed in the spectrum,
indicating the formation of leftover nanopolycrystals
dispersed in the LDA phase, which is also consistent
with the XRD results.

To examine the effects of pressure inhomogene-
ity on the PIA, hydrostatic compression using he-
lium as a PTM and non-hydrostatic compression
without any PTM were used on LTO. As shown in
the XRD patterns in Fig. 2a (using helium as PTM)
and Supplementary Fig. 3, available as Supplemen-
tary Data at NSR online (without any PTM), LTO
underwent the same PIA transition under different
hydrostaticity, confirming that the PIA is a intrin-
sic phenomenon for LTO. Figure 2b and c show the
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Figure 3. The Nyquist plots for various pressure values upon compression (a) and de-
compression (b). (c) The resistance changes with increasing and decreasing pressure;
the inset figures show the corresponding equivalent circuit model and the four micro-
electrode on the diamond culet.

high-resolution transmission electron microscope
(HRTEM) of the starting and recovered samples.
The starting material is highly crystalline. However,
the HRTEM image and its fast Fourier transform of
the recovered sample all indicate a major amorphous
structure. There is very little leftover nanopolycrys-
tal (marked with the circle) dispersed in the major
amorphous phase, in agreement with the XRD data.
This further confirms the occurrence of the PIA in
the sample and excludes the effects of pressure inho-
mogeneity on the observed phenomenon.

High-pressure impedance spectroscopy was per-
formed to investigate the transport properties of
LTO during PIA. The Nyquist plots and fitted re-
sults using an equivalent circuit model are presented
in Fig. 3a and b for the compression and decom-
pression cycles, respectively. The plots show semicir-
cles of different radii in the high-frequency regions.
The equivalent circuit model is depicted in the in-
set of Fig. 3¢, where R, is the electrode contact resis-
tance and CPE denotes the constant phase element
that works as an alterable capacitance. The charge-
transfer resistance R, was determined by the semi-
circle deducted from the Z'-axis intercept, which was
related to the resistance of bulk LTO. As shown in
Fig. 3¢, under compression, the starting resistance
at 0.7 GPa is approximately 4.6 G2, which indi-
cated the insulating nature of LTO. With increas-
ing pressure, the resistance increased to a maximum
of 19.6 G2 at 10.5 GPa and then decreased as the
lattice started to distort above 10 GPa. The resis-
tance exhibited a clear decrease when amorphiza-
tion began at approximately 25 GPa. It finally de-
creased to 1.9 G2 at 41.8 GPa, which was much
lower than the resistance in the initial state. We
inferred that the high-pressure-induced amorphous
LTO phase showed higher conductivity than the
crystalline LTO. Upon decompression, the resis-
tance of LTO at every pressure point maintained
much lower resistance values in the range 0.94-
1.4 GS2, compared to the starting resistance of the
crystalline LTO. Compared to crystalline LTO, we
expect that the amorphous state of LTO with higher
conductivity will perform better as a potential elec-
trode material during the ionic and electron-transfer
processes.

We fitted the pressure-volume relation with
the third-order Birch-Murnaghan equation of state
(EOS), as shown in the data plotted in Supplemen-
tary Fig. S of the Supplementary Material, avail-
able as Supplementary Data at NSR online. This
bulk modulus obtained using the hydrostatic pres-
sure condition is close to other lithium titanium ox-
ides, such as LiTi,O4 and Li,Ti,O4 [25], indicat-
ing that the LT O spinel has similar compressibility.
Yi et al. studied the structural properties of lithium
titanium oxide using a density-functional-theory
(DFT) plane-wave pseudopotential method [25],
and suggested that the strength of Ti-O bonds could
determine the resistance of materials to uniaxial ten-
sions in three directions. Therefore, the investigation
of the bond-length variations between the Tiand O
atoms is also important to understand the LTO bulk
modulus. First-principles calculations based on DFT
within the local-density approximation and the gen-
eralized gradient approximation were then carried
out using the Vienna Ab Initio Simulation Package
(VASP) [26-30]. Detailed calculation methods are
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provided in the Supplementary Material, available
as Supplementary Data at NSR online. To under-
stand the structural evolution and phase-transition
mechanism of LTO under high pressure, we com-
pared the volume changes of the TiOg octahedra
and LiOg octahedra at positions 1 and 2 in the sim-
ulated model (1 x 3 x 1 supercell) presented in
Fig. 4a. The results show that the octahedra volume
changes in the [Li; /3 Tis/3]16aO4 framework display
very different responses to the applied pressure. We
fitted the pressure—volume data by an EOS to de-
rive the corresponding moduli. The modulus of the
LiO¢ octahedra at position 1 is 72.7 GPa, which is
25.0 GPalower than the modulus of LiOg at position
2. Moreover, the calculated modulus of the TiOg4 oc-
tahedron is 433.5 GPa, which is much higher than
LiOg. The large discrepancies in the moduli for the
different octahedra will directly result in different re-
sponses to high pressure, which eventually cause the
structural distortion observed from the calculated
high-pressure structure (Fig. 4b). The distorted

lattice can cause the splitting and broadening of the
diffraction peaks, as observed in the in situ XRD pat-
terns. The distorted LTO was a metastable phase and
could be fully restored when the pressure was re-
leased, while, at pressures above 30.0 GPa, the large
distortion of the lattice might induce the collapse of
the [Lij/3Tis/3 16404 framework and lead to the fi-
nal amorphization process.

The ionic transport properties of crystalline
and amorphous LTO were investigated by first-
principles molecular dynamics (FPMD) simulations
to understand the significant enhancement of con-
ductivity in the amorphous phase. The method is
described in detail in the Supplementary Material,
available as Supplementary Data at NSR online. As
shown in Fig. Sa and b, the displacements of Li* in
LTO spinel are almost zero and show no increase
with time, indicating no Li* diffusion occurs in crys-
talline LTO at 300 and 750 K. On the other hand,
the diffusion of Lit in amorphous LTO is obvi-
ous, as shown by their trajectories (Fig. Sc). This
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(small pink bullets) in LTO spinel and LTO-amorphous at 300 and 750 K.

simulation result is consistent with our impedance
measurements, and this kind of increasing ionic con-
ductivity by amorphization has also been reported in
other amorphous materials used to fabricate batter-
ies [31-33]. The amorphous phase induced by high
pressure can promote Li" diffusion and increase
its ionic conductivity by providing defects for ion
migration.

CONCLUSIONS

In conclusion, a two-step structural evolution pro-
cess of LTO upon compression was observed by
in situ synchrotron XRD and in situ Raman spec-
troscopy. At high pressures of about 26.9 GPa, the

inconsistent volume contractions of the LiOg and
TiOg octahedra in the [Li; 3 Tis/3]164O4 framework
led to the structural distortion of the LTO spinel.
The distortion was unstable and could be fully trans-
formed back to the LTO-spinel structure when the
pressure was released to ambient. When the pres-
sure was further increased to 30.0 GPa, the distor-
tion of the lattice caused the structural collapse of
the [Lij/3Tis/3]16404 framework, resulting in the
initial phase transforming completely to an amor-
phous state. These results indicate that the differ-
ent occupations of Li and Ti at the 16d sites in the
LTO structure were responsible for the structural in-
stability under high pressure. Simultaneously, amor-
phous LTO displayed better conductivity than
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crystalline LTO. These findings may offer a new idea
for improving the conductivity of a LTO anode in
LIBs using a high-pressure technique. Theoretical
calculations revealed that the amorphous phase in-
duced by high pressure can promote Li* diffusion
and increase its ionic conductivity by providing de-
tects for ion migration. All of these findings increase
the understanding of the structural and conducting
properties of LT O and offer a new amorphous LTO
phase that has the potential to become a novel anode
material for LIBs.

METHODS

LTO powder (99.9%, Alfa Aesar, USA), with parti-
cle sizes between 0.5 and 1 pum, was set in a Mao—
Bell-type diamond anvil cell (DAC) with silicone
oil as a PTM. In situ high-pressure XRD experi-
ments using silicone oil and helium as a PTM were
performed at beamline 15U1 of the Shanghai Syn-
chrotron Radiation Facility (SSRF). The XRD mea-
surements without PTM were carried out at beam-
line 10XU of SPring-8. The incident wavelengths of
the beams at the two synchrotron X-ray sources were
0.6199 and 0.4136 A, respectively. The microstruc-
tures of the recovered samples were investigated
using a HRTEM, JEOL 2100F at the Center for
Nanoscale Materials, Argonne National Laboratory.
Pressure-dependent Raman spectra were detected
using a Raman spectrometer (Renishaw inVia™,
Renishaw plc, UK) with an excitation wavelength
of 532 nm. Four-probe ac impedance spectroscopy
measurements were performed by arranging four Pt
electrodes on the diamond culet in the DAC loaded
with the LT O sample. Micron-sized ruby chips were
used as pressure markers (with an R; fluorescence
peak shift) throughout the experiments.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.
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