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Electrochemical oscillation during galvanostatic
charging and discharging of Zr-modified LisTisO1,
in Li-ion batteriesy
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The electrochemical oscillation in Li-ion batteries has been reported for two-phase electrode materials of
Li4TisO1, and LiCrTiO4, which is originated from the group-by-group phase transition in a multi-particle
electrode. For both LisTisO1, and LiCrTiO,4, the electrochemical oscillation exhibits usually during
charging, while rarely for discharging. Herein, a series of Zr-modified LisTisOs, samples are prepared by
using the spray-drying combined with high-temperature sintering method, and the electrochemical
oscillation is observed during not only the charging process, but also the discharging process, which
gradually grows up and then disappears by increasing the Li content. Compared with LisTisO1,, the
specific capacity of Zr-modified LisTisO;, decreases gradually by increasing the Zr/Ti ratio, owing to the
impurity phases. According to the XRD, XPS and STEM results, the Zr element tends to accumulate on
the surface to form ZrO, nanoparticles, rather than dope into the bulk phase of LisTisO;,, which makes

Li4TisO1, particles well dispersive. In contrast to the Li deficiency for only charging, the electrochemical
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Accepted 3rd July 2024 oscillation during both charging and discharging should be attributed to the Li excess, but too much

Li,TiOz phase will suppress the electrochemical oscillation. Therefore, the Li excess can induce the

DOI: 10.1039/d4ra03331k electrochemical oscillation during both charging and discharging of Zr-modified LisTisO1,, which can be
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1. Introduction

Li-ion batteries (LIBs) have been widely used in portable elec-
tronic products, energy storage systems, electric trams and
other fields because of their high operability, high energy
density and wide operating temperature range.'? Several
inspiring articles have already made strides in understanding
the electrochemical phenomena of electrodes, such as memory
effect and electrochemical oscillation. Sasaki et al. first
observed the memory effect of LiFePO, in LIBs, which has
challenged the common knowledge that LIBs have no memory
effect.” Based on the phase-separating model, Li et al. reported
the phenomenon of electrochemical oscillation in surface-
reconstructed Li TisO;, electrodes.® Recently, Que et al. first
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adopted to investigate the electrochemical oscillation of other materials in LIBs.

reported the voltage oscillation in PC/EC-based system at —20 °©
C in Sodium-ion batteries.® Due to the relatively weak electro-
chemical signals and the complexity of phase transition, it is
a challenge to understand the fundamental characteristics of
phase-transition electrodes, which is important to optimize and
improve battery performances.”®

Spinel Li,Ti50;, is a well-known commercial anode material
in LIBs, which takes a two-phase reaction of Li TisO;, <
Li,TisOy, at ca. 1.565 V vs. Li'/Li through electrochemical (de)
lithiation.>*® In its charge and discharge plateaus, there have
observed some interesting electrochemical signals as voltage
steps and oscillations, corresponding to the memory effect'
and the electrochemical oscillation,® respectively. The electro-
chemical oscillation in LIBs typically appears as periodic voltage
fluctuations in the voltage plateau, which is originated from the
group-by-group phase transition in a multi-particle electrode.>*

Surface engineering and element doping are effective strat-
egies for regulating electrochemical oscillation signals. The
electrochemical oscillation was first discovered in the charge
and discharge plateaus of a surface-reconstructed Li,TizO;, in
LIBs.? Chen et al. reported that the charge/discharge oscilla-
tions of Li,TisO,, electrodes were suppressed by doped Al-ZnO
surface coatings decoration, which can reduce barriers to
surface nucleation.” Lim et al. revealed the memory effect as
well as the electrochemical oscillation of Li,Ti;O;, with oxygen
defects on the surface. And we have reported the
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electrochemical oscillation in an Al-doped Li,TisO,, composite,
that has an ultra-high Al content far beyond the saturation
doping concentration to form Al,O; phase.” Despite explora-
tions above, it is still worth seeking new specific methods to
regulate the electrochemical oscillation, especially during dis-
charging, in order to reveal the underlying mechanism.

The Zr doping has been adopted to improve the electro-
chemical properties of Li,TisO;,, in which the substitution of Zr
for Ti leads to the slight increase of lattice parameters.'*>"
Through atomic layer deposition, the ZrO, ultrathin film has
been directly deposited on Li,TisO;, electrode to improve its
electrochemical performance.”® However, there is no report
about the electrochemical oscillation of LisTisO;, with Zr
doping, ZrO, coating or mixture. In this work, a series of Zr-
modified Li,TisO,, samples are prepared by using the spray-
drying combined with high-temperature sintering method,
and the electrochemical oscillation is achieved during not only
the charging process, but also the discharging process of the Li-
excessive Zr-modified Li,Ti5O;5,.

2. Experimental section
2.1 Materials preparation

Zr-modified Li TisO;, samples are synthesized by using the
spray-drying combined with high-temperature sintering
method, as described in our previous work.*” In the precursor
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solution, the LiOH-H,O (Aladdin 99.99%), Ti(OC4Ho)4
(Aladdin 99.0%), and ZrO(NOs3),-xH,0 (Macklin 99.99%) are
selected as Li, Ti and Zr sources, respectively. Put 10 mL H,O,
(30 wt%) and 8.1 mmol Ti(OC,H,), into 80 mL ultrapure
water successively, put 7.92 mmol of LiOH-H,O into 20 mL
ultrapure water, and put 0.9 mmol of ZrO(NOs),-xH,O into
another 20 mL deionized water, which are magnetically stir-
red for 20 min to obtain three clarified solutions, respectively,
then mix them together and stir for 15 min to obtain the
precursor solution of Liy 4Ti4 521y 504, with an element ratio
of Li:Ti:Zr = 4.4:4.5:0.5. By tailoring the ratio of raw
materials, the precursor solutions of Lis ¢Tis 5Z10.5012, Lis.o-
Tiy 52105012, Lig.¢Tig.52r0 5012, Lis 4Ti5012, Lig.4Tis. 7521025012
and Liy 4Tis 2572107501, can be prepared with an element ratio
of Li:Ti:Zr = 4.0:4.5:0.5, 4.2:4.5:0.5, 4.6:4.5:0.5, 4.4:
5:0, 4.4:4.75:0.25 and 4.4:4.25:0.75. In the process of
getting the Zr-modified Li,TisO,, powder, the precursor
solution is atomized by an ultrasonic atomizer (402AI, Yue-

well Company), and carried into a tube furnace at a temper-
ature of 400 °C by high purity Ar gas with a flow rate of 0.8
L min~*. The dried precursor powder is collected on a SUS
sheet under the impact of high voltage of negative-ion
generator, and then calcined at 800 °C for 8 h under air
atmosphere in a muffle furnace to obtain the Zr-modified
Li TisO4, samples.

Fig. 1

The SEM images of Li4_oTi4_5Zrov5012 (a), Li4_2Ti4_5Zr0v5012 (b), Li4_4Ti4_SZr0_5012 (c) and Li4_6Ti4_5Zr0_5012 (d) with an element ratio of Li: Ti: Zr

=40:45:05,42:45:05,44:45:0.5and 4.6:4.5:0.5 in the raw materials, respectively, which are sintered at 800 °C in air for 8 h.
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2.2 Materials characterization

The crystal structure of as-prepared Li,TisO;, samples is char-
acterized by X-ray diffraction (XRD Bruker D2 PHASER, Ger-
many) with an X-ray of Cu Ka (A = 1.541 A) at an accelerating
voltage of 30 kV. Here, the powder sample with ca. 1 wt%
graphite is evenly ground in a mortar for 15 min, and then
measured by XRD. The Raman spectra are collected by Raman
imaging microscopy (Thermo Scientific DXRxi, USA) with a laser
wavelength of 532 nm, the morphology is characterized by
scanning electron microscopy (SEM, Thermo Scientific Verios
G4 UC, USA), the particle surface was studied by using X-ray
photoelectron spectroscopy (XPS, Axis Supra) with focused
monochromatized Al Ko radiation (1486.6 eV), the microscopic
structure and elementary analysis is conducted by high-angle
annular dark-field (HAADF) scanning transmission electron
microscopy (STEM) with energy dispersive X-ray (EDX) spec-
troscopy (Thermo Talos F200X G2, USA, 200 kV).

2.3 Battery assembly and test

Electrochemical tests are conducted by using coin-type cells
(CR2032). The working electrode is a composite film (¢4 mm),
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containing 42.5 wt% active material, 42.5 wt% acetylene black
and 15 wt% polytetrafluoroethylene (PTFE), that is firmly
pressed on a carbon paper (¢5 mm). The electrolyte is 1 M
LiTFSI in ethyl carbonate (EC)/diethyl carbonate (DEC) solution
with a volume ratio of 1:1, the separator is a glass fiber filter
(Whatman GF/a, $19 mm), and the counter electrode is lithium
metal. After all components are completely dried, the battery is
assembled in a glove box filled with argon gas. At a constant
operating temperature of 25 °C, the galvanostatic charge/
discharge measurements are carried out by a Hokuto Denko
battery test system, and the electrochemical impedance spec-
troscopy (EIS) tests are conducted by a multi-channel electro-
chemical workstation (Biologic VSP-300, France).

3. Results and discussion

As-prepared Li,TisO;, samples can be classified into one group
as Liy 4Ti5O15, Lis4Tis 7521055012, Lig4Tig 57219501, and Liy -
Tis 25210 7501, by tailoring the Zr/Ti ratio, and another group as
Liy Tiy.5Zr0 5012, LigoTig 52105012, Lis4Tis 5210501, and Liye
Ti, 5219 501, by tailoring the Li content. As shown in Fig. 1 and
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(@) The XRD pattems of Li4_0Ti4_5Zr0v5012 (black), Li4_2Ti4v5Z|’0_5012 (red), Li4_4Ti4_5Zr0_5012 (green) and Li4_6Ti4v5Zro_50]_2 (blue), and the

enlarged XRD peaks for LisTisO1;, (b), ZrO, (c) and Li,TiOs (d) phases. Here, all XRD patterns are calibrated by the (002) peak of graphite.
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S1,7 all Li,TisO;, samples present as aggregations of submicron
particles. The undoped Li, 4TisO;, sample has irregular blocky
structure and smooth surface, while other Zr-modified
Li,TisO,, samples are agglomerated and form spheroidal
structures. In the XRD patterns, all Li;TisO;, samples exhibit
sharp diffraction peaks at 26 = 18.4°, 35.6°, 43.3°, 57.3°, 62.9°
and 66.1°, corresponding to the (111), (311), (400), (333), (440)
and (531) crystal planes of spinel Li,TisO;, phase (JCPDS No. 49-
0207),>> as shown in Fig. 2a and S2a.} Here, all XRD patterns are
calibrated by the (002) peak of graphite. After Zr doping, no
evident shift is observed for the XRD peaks of Li,TisO;, phase,
as shown in Fig. 2b and S2b,t meanwhile there exhibit three
additional peaks at 26 = 30.3°, 28.4° and 31.6°, consistent with
the tetragonal ZrO, phase (JCPDS No. 50-1089) and the mono-
clinic ZrO, phase (JCPDS No. 37-1484),>° which grow up by
increasing the Zr/Ti ratio, as shown in Fig. 2c and S2c.T Thereby,
the Zr element tends to accumulate on the surface to form ZrO,
phases, rather than dope into the bulk phase of Li Ti5O;,.
Besides, there appears a peak at 20 = 43.7° after Zr doping,
which grows up evidently by increasing the Li content, as shown
in Fig. 2d and S2d,} and this peak belongs to Li,TiO; phase
(JCPDS No. 33-0831),>° which is usually generated at a high Li/Ti
ratio.

As shown in Fig. 3 and S3,t as-prepared Li,TisO;, samples
are further characterized by Raman spectra. There observe five
vibration bands at 232, 337, 425, 674 and 760 cm ™', in which the
low-frequency band at 232 cm™" is attributed to the bending

a Li,TiO,

Li, Ti, .Zr,.O

46" 45705712

LiA.ATiA.S

Zr, O

05712

Li, ,Ti, .Zr, .O

42" 457705712

Intensity / a.u.

Li,Ti, Zr, O

4" 457705712

Li,Ti.O

475712

Li,Tio,

1 " 1 L 1 L 1

50 200 400 600

Raman shift / cm™

800 1000

Fig.3 The Raman spectra of Lig gTisg5Z2r0 5015 (black), Lig 2Tig5Z2r0 5012
(red), Lig4TissZr05012 (green) and LisgTissZro 5012 (blue), as well as
and the Raman spectra of LisTisO4, (dark yellow) and Li,TiOz (navy)
phases for comparison.
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vibration of O-Ti-O (F,, mode), the middle frequency bands of
300-500 cm ™' are assigned to the stretching of Li-O in LiOg and
LiO, polyhedra (F,; and E, modes), and the high-frequency
bands at 674 and 760 cm ' are originated from Ti-O stretch-
ing in the TiOs octahedron structure (A;, mode), consistent with
the Raman spectrum of standard spinel Li,Ti5sO;, structure.””*®
Besides, there emerge two shoulder peaks at 404 and 657 cm™*
that belong to Li,TiO3,* which become evident by increasing
the Zr/Ti ratio or the Li content, while no evident Raman signal
is observed for the tetragonal and monocline ZrO, phases.*®
Thus, the Li,TisO;, and Li,TiO; phases are confirmed by the
Raman spectra in as-prepared Li TisO;, samples.

The XPS analysis is utilized to study the elemental compo-
sition and valence state of as-prepared Li TisO;, samples. All
samples were stored for ca. 3 weeks before XPS tests. The
characteristic peaks of O 1s, Ti 2p, C 1s, Zr 3d and Li 1s are
detected in the survey spectra, as shown in Fig. 4a and S4a.t
Here, the signals around 169 eV and 230 eV may be caused by
impurities introduced during the XPS measurement, as shown
in Fig. S4a.7 All XPS spectra are calibrated by the main peak of C
1s at 284.8 eV, as shown in Fig. 4b and S4b.7 The Li 1s peak is
situated 54.9 eV for Li, 4Ti;O;, and ca. 54.4 eV for Zr-modified
LisTisOq,, as shown in Fig. 4c and S4c.t Through fitting by
the Voigt function, there are two O 1s peaks at ca. 529.7 eV and
ca. 531.4 eV, corresponding to oxygen ions in titanates
(Li4TisO4, and Li,TiO3) and ZrO,, and the functional group of
CO,%~ % respectively, and the latter decreases evidently by
increasing the Zr/Ti ratio, as shown in Fig. 4d and S4d.f Two
characteristic peaks at ca. 458.3 eV and ca. 464.0 eV are assigned
to Ti 2pa/, and 2py,, of Ti*" in titanates (LisTisO;, and Li, TiO;),*
as shown in Fig. 4e and S4e.} As shown in Fig. 4f and S4f,T the
Zr 3d peaks at ca. 182.0 eV and ca. 184.3 eV grow up evidently by
increasing the Zr/Ti ratio. Thereby, the XPS spectra verify the
elemental composition and valence state in as-prepared
Li TisO4, samples, and the carbonate on the surface is
evidently reduced by increasing the Zr/Ti ratio.

The galvanostatic charge-discharge measurements are con-
ducted with a voltage range of 1.2-2.0 V vs. Li'/Li and a current
rate of 0.1C for two groups of as-prepared Li,TisO,, samples.
The charge and discharge curves become stable after initial 8
cycles, which are collected for analysis in this work. For
Liy 4TisO4,, there observes a strong electrochemical oscillation
during charging only, consistent with the previous work," as
shown in Fig. S5a.t After Zr-doping, the electrochemical oscil-
lation disappears during charging while emerges during dis-
charging in Li, 4Ti4 75721025012, becomes strong during both
charging and discharging in Li, 4Tis 5Zr, 5045, but disappears in
Lig 4Tig 521075012, as shown in Fig. S5b-d.f Notably, relative to
the Ti content, the Li content is also heightened by increasing
the Zr/Ti ratio in these four samples. By increasing the Li
content, the electrochemical oscillation emerges during only
discharging in Li Ti, 5Zr( 5015, appears and becomes strong for
both charging and discharging in Li, ,Tis 5Zr9 501, and Lij 4-
Tis 571y 5012, respectively, but disappears in Liy ¢Ti4 52105012, as
shown in Fig. 5a-d. Thereby, the electrochemical oscillation
gradually grows up during both charging and discharging, and
then disappears by increasing the Li content (relative to the Ti

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The measured and fitted XPS spectra of LigTis5ZrosO12 (black), LigoTissZrgsO12 (red), Lig4TigsZrosO12 (green) and LiggTig5Zrg 5012

(blue): (a) survey, (b) C 1s, (c) Li 1s, (d) O 1s, (e) Ti 2p and (f) Zr 3d.

content). In our previous work,'? the Li deficiency in Li;Ti5O;,
leads to the electrochemical oscillation during only charging, in
contrast, the Li excess gives rise to the electrochemical oscilla-
tion during both charging and discharging here.

In order to reveal the underlying mechanism, STEM images
and EDX maps are collected to analyze the microstructure of
Liy 4Tig 5Zry 501,. As shown in Fig. 6a and b, the Li, 4Tis sZr¢ 5
O,, sample consists of submicron particles attached by many
nanoparticles. The EDX maps disclose the uniform spatial

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

distribution of O and Ti species, as shown in Fig. 6¢c and d, while
the Zr element is gathered in the nanoparticles, as shown in
Fig. 6e and f. As shown in Fig. S6,T the EDX map is remeasured
to disclose the element distribution and the atomic fraction,
especially for carbon, resultingly a little carbon of only 2.57% is
uniformly distributed in the Li, 4Tis sZr, 504, particle, possibly
owing to ambient carbon contamination, as well as lithium
carbonate produced by reaction of lithium titanate with air.
Here, the extra carbon at the bottom of the image is due to the

RSC Adv, 2024, 14, 21799-21807 | 21803
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Fig. 5 The discharge and charge curves of Lis gTis5Z2r0.5012 (@), Lis2TiasZrg 5015 (0), LisaTissZro 5015 (€) and LisgTiasZro 501, (d) with a voltage

range of 1.2-2.0 V vs. Li*/Li and a current rate of 0.1C, and the middle and right insets show the corresponding enlarged views in the end of
charge and discharge plateaus, respectively.

Fig.6 (a) The STEMimage of Lig 4Ti4 5Zr0 5012, the enlarged HAADF-STEM image (b) and the corresponding EDX maps of O (c), Ti (d), Zr (e) and Zr
overlaping the HAADF-STEM image (f).
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carbon support film, as shown in Fig. Sé6c.i In the high-
resolution STEM images, the submicron particles are made of
Li,TisO,, phase with an interplanar distance of di;; =
0.480 nm,* and the nanoparticles consist of ZrO, phases with
an interplanar distance of di;; = 0.312 nm,*** as shown in
Fig. S7.7 Besides, there observes an amorphous film of several
nanometers thick on the surface of both Li,Ti;O;, and ZrO,
particles. As a result, the Li,TisO;, submicron particles are well
dispersed by the ZrO, nanoparticles formed on the surface.
XPS depth-profiling measurements are applied to study the
chemical composition of Li, 4Ti, 5Zr504, at different depths
from the surface to the bulk. The full survey scan appears
similar after etching for 0 s, 15 s and 90 s, as shown in Fig. 7a.
All the XPS spectra for C 1s, Li 1s, O 1s, Ti 2p and Zr 3d are fitted
with the Voigt function, as shown in Fig. 7b-f. Here, all XPS
spectra are calibrated by the main peak of C 1s at 284.8 eV.
Through etching, the C 1s peak at 284.8 eV decreases, the Li 1s
peak shifts to the high binding energy and becomes sharp, the
O 1s peak at ca. 532 eV increases evidently, corresponding to the
functional group of CO;>~, additional two Ti 2p peaks appear at
ca. 456.4 eV and 461.5 eV, due to the Ti*' ions formed after

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

etching,*® and the Zr 3d peaks is heightened evidently. After
etching for 90 s, the atomic percentage of Li element decreases
significantly, while the Ti and Zr elements increase evidently, as
shown in Fig. 7g. Therefore, the Li, 4Tis sZry50:, sample has
a Li-excessive surface, possibly corresponding to the amorphous
film observed in STEM images.

As to additional electrochemical data, the galvanostatic
charge and discharge curves of Li, 4Ti, 521050, at 1C, 0.5C,
0.2C, 0.1C and 0.05C are shown in Fig. S8.7 The amplitude and
range of charge and discharge oscillations decrease by
increasing the rate. The discharge oscillation disappeared at the
rate of 0.2C, and the charge oscillation disappear at the rate of
0.5C. With the increase of rate, the polarization increases
significantly, and the specific capacity reduces evidently. As
shown in Fig. S9,7 the cycling performances were measured
with a voltage range of 1.2-2.0 V vs. Li'/Li and a current rate of
0.1C to study the stability of Li,,Ti,s5Zry 50,5, as well as
Liy 4TisO4, for comparison. The capacity retention is approxi-
mately 98% within 25 cycles, and the coulombic efficiency is
almost constant at approximately 100%. And Fig. S101 shows
the Nyquist plots of EIS spectra for Li,,TisO;, and
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Liy 4Tiy 571y 501, from 100 kHz to 0.1 Hz. The semicircle in the
high frequency region represents the resistance of solid-elec-
trolyte interphase (SEI) and the charge transfer resistance,
which exhibit no significant difference between Li, 4TisO,, and
Lig 4Tis 5219 5015.

Accordingly, we propose a possible mechanism for the
electrochemical oscillation during both charging and dis-
charging. In the Zr-modified Li,TisO;,, the Zr element tends to
accumulate on the surface to form ZrO, nanoparticles, rather
than dope into the bulk phase of Li,TisO;,, which make
Li,TisO,, particles well dispersive. And an amorphous film of
several nanometers thick is produced on the surface of both
Li,TisO4, and ZrO, particles, which might be Li-excessive. In
LIBs, the electrochemical oscillation is observed during both
charging and discharging, possibly owing to the Li excess, in
contrast to the Li deficiency for only charging as reported in our
previous work."> However, too much Li,TiO; phase might
suppress the electrochemical oscillation by further increasing
the Li content (relative to the Ti content). Thus, the Li, 4Tis 5
Zr,50;, sample exhibits the strongest electrochemical oscilla-
tion during both charging and discharging, compared with
other Zr-modified Li,Ti;O,, samples.

4. Conclusion

In this work, a series of Zr-modified Li,TisO;, samples are
prepared by using the spray-drying combined with high-
temperature sintering method, which can be classified into
one group as Liy 4TisO1p, Lis4Tis 7521025012, Lis4Tis 5250501,
and Liy 4Tiy 557107501, by tailoring the Zr/Ti ratio, and another
group as Liy ¢Tiy 52105012, Lis2Tia 52005012, LisaTis 52105012
and Liy ¢Tis 5210501, by tailoring the Li content. In LIBs, the
electrochemical oscillation gradually grows up during both
charging and discharging, and then disappears by increasing
the Li content (relative to the Ti content). According to the XRD,
XPS and STEM results, the Zr element tends to accumulate on
the surface to form ZrO, nanoparticles, rather than dope into
the bulk phase of Li,TisO1,, which make Li,Ti5O;, particles well
dispersive. Thereby, the Li excess can induce the electro-
chemical oscillation during both charging and discharging of
Zr-modified Li TisOq,, in contrast to that the Li deficiency in
LiyTisO1, leads to the electrochemical oscillation during only
charging in our previous work. This finding might be extended
to investigate the electrochemical oscillation of other materials
in LIBs.
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