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With the ever-growing widespread use of lithium-ion batteries in heavy machinery and daily life, the
demand for improved longevity and high-rate performance is escalating. While Li4TisOy, (LTO) batteries
excel in safety and cycling performance, their full potential for long-term, high-rate cycling still yet
remains unrealized. In this paper, we present an analysis of a pouch battery with an LTO anode system
that was cycled for an extended period at high rates. We compared the performance changes and
internal component properties between fresh and cycled batteries. Our results reveal that, after tens of
thousands of high-rate cycles, microcracks emerged on the cathode electrode material (NCM622)
particles of the battery, whereas the LTO remained largely unchanged. Additionally, we observed
significant electrolyte reduction, characterized the separator surface, and measured its properties. Our
findings indicate that the electrolyte reactions are the primary cause of battery failure, leading to capacity
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1 Introduction

The high energy density and rapid (dis)charge capabilities of
lithium-ion batteries (LIBs) have made them widely utilized in
portable electronic devices, electric vehicles (EV) and hybrid
electric ~ vehicles (HEV), demonstrating  promising
development.'® However, as cutting-edge equipment such as
heavy machinery and construction equipment increasingly rely
on battery power, there is a growing demand for enhanced
safety measures, improved cycle performance, and higher rate
capability. In particular, the requirement for long-lasting cycles
at high rates places significant emphasis on battery stability.
While graphite electrodes have been extensively employed as
anodes in commercial LIBs, the huge volume changes gener-
ated during lithiation/delithiation processes lead to irreversible
capacity fading and shortened cycle life in the LIBs with
graphite anode electrodes.* Moreover, the low working potential
(~0.1 V vs. Li/Li") of graphite makes lithium dendrite easy to
form on the surface of the graphite electrodes during cycling,
which can puncture the separator and cause a short circuit with
serious safety risks.>*” In contrast, spinel Li,Ti;O;, (LTO), an
anode material possessing a “zero-strain” structure has
garnered increasing attention because of its relatively high level
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of safety.®' Firstly, the lattice of LTO remains largely
unchanged during the process of lithium ion insertion and
extraction, resulting in significantly enhanced cycling stability
compared to graphite as an anode electrode.'** Secondly, the
discharge potential plateau (~1.55 V vs. Li/Li") exhibited by LTO
is notably high, thereby effectively inhibiting the formation of
lithium dendrites and greatly improving safety measures.""*

Currently, certain novel manufacturing and modification
processes for various metal oxide electrode materials have
demonstrated favorable rate capacity,"**® with many main-
taining 60-70% capacity even after a significant increase in rate.
However, it is worth noting that these studies primarily involve
coin cell experiments and lack testing at high rates. Even when
subjected to not that high rates (e.g., 1-10C), only limited cycles
(less than 1000) have been conducted."**>'” Clearly, these
results deviate considerably from the actual operating condi-
tions of the pouch batteries.

Previous studies have reported that LTO batteries exhibit
excellent rate capability and extended cycle life through
modification.®* However, there is dearth of research investi-
gating the long-term cycling performance of LTO batteries at high
rates, with our understanding of their failure mechanism
primarily relying on their utilization at low rates.?*® Therefore, it
is imperative to comprehend the fading and failure mechanisms
of LTO batteries operating under high-rate current conditions, as
this can address the knowledge gap regarding changes in LTO
battery performance during high-rate usage. Furthermore, such
understanding would greatly aid in enhancing LIB design.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Herein, the LTO-NCM622 commercial pouch batteries
underwent extensive cycling tests at a high rate of 40C, enduring
tens of thousands of cycles. Subsequently, a comparison of the
electrochemical performance was conducted between both
fresh and cycled batteries. Upon dismantling the batteries,
a comprehensive characterization and testing of their internal
components, encompassing electrodes, separator, and electro-
lyte, were conducted to identify any alterations arising from the
cycling process. Finally, by integrating the performance of the
pouch batteries with the properties of their components, an
analysis was performed to determine the failure mechanism
under prolonged exposure to high-rate currents.

2 Experimental section
2.1 Samples

The sample batteries are commercial pouch batteries, in which
cathode material is lithium nickel-cobalt-manganate (LiNij ¢-
C0p.2Mn ,0,, NCM622), while anode material is lithium tita-
nate (Li,TisO1,, LTO). The capability is about 1 Ah, the length,
width and thickness of the battery core are 100 mm, 60 mm and
3.15 mm, respectively.

2.2 Electrochemical measurements

2.2.1 High rate (dis)charging cycling measurement. The
galvanostatic charge/discharge measurements were tested on
Land CT5001A battery testing systems with the voltage window
of 1.5-2.75 V. The specific cycle follows the following protocol:
Firstly, a capacity calibration is performed at 1C. Next, 100 high-
rate cycles are executed, with charging at 10C and discharging at
40C. Each cycle is separated by a 1 minute resting period.
Furthermore, an additional capacity calibration is carried out at
the beginning and end of the cycling process.

Description of cycle rate selection: We evaluated the rate
capability of the sample before the start. Prior to commencing, we
appraised the rate capabilities of the sample. Initially, charging
and discharging were executed at identical rates, resulting in
a capacity of less than 10% at 40C compared to 1C, as illustrated
in Fig. 1. Considering that maintaining a constant charge and
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Fig.1 Comparison of discharge capacity retention (vs. capacity at 1C)
at various rates for the two schemes.
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discharge rate of 40C would keep the battery in a perpetual low-
capacity state of shallow charge and discharge, rendering the
high current rate almost ineffective. By contrast, implementing
a scheme of charging at 10C and discharging at 40C would yield
a capacity of approximately 20% at each cycle at 1C, thus aiding us
in assessing the battery's performance accurately.

2.2.2 Electrochemical impedance spectroscopy test. The
electrochemical impedance spectroscopy (EIS) was conducted
by using the PARSTAT4000 electrochemical workstation. For
fresh battery, cycled battery, and various batteries that have
undergone various cycle schemes, EIS was tested after adjusting
the batteries to the empty state, or 0% SOC, and obtained in the
frequency range of 10°-10"> Hz.

2.3 Characterization and analysis of components
dismantled from battery

The battery was initially discharged at a low rate of 0.2C until it
reached an empty state, after which it was dismantled within an
Ar-filled glove box (O, < 0.1 ppm, H,O < 0.1 ppm). During the
dismantling process, the individual components were treated
separately and stored within the glove box. Subsequently, both
cathode and anode electrodes were immersed in dimethyl
carbonate (DMC) and subjected to vacuum drying in a transi-
tion chamber set at 85 °C. Similarly, the separators were soaked
in DMC and vacuum dried in a transition chamber maintained
at 45 °C.

2.3.1 Electrode. The surface morphology of the samples was
observed using a field emission scanning electron microscope
(FESEM, Thermo Scientific Apreo 2C). The focused ion beam
(FIB, FEI Scios 2 HiVac) was employed to cut the electrode
materials, and the SEM was used to observe the internal
morphology. The phase and crystal structure of the samples were
measured by X-ray Diffraction (XRD, Rigaku Ultima IV) with Cu-
Ka radiation. The electrode materials of fresh batteries and cycled
batteries were compared using the aforementioned methods.

2.3.2 Separator. The surface morphology of the separator
was observed by field emission scanning electron microscope
(FESEM, using Thermo Scientific Apreo 2C), then energy
dispersive spectroscopy (EDS, using OXFORD ULTIM Max65)
was used to measure the composition and distribution of the
elements. X-ray photoelectron spectroscopy (XPS, using Thermo
Scientific K-Alpha) was used to investigate the specific species
and composition on the surface of the sample.

Furthermore, the alterations in the separator's property
during battery failure were assessed by integrating them into
CR2032 coin symmetric cells using the following procedure.
The central area of the separators was punched into circular
sheets and assembled with two lithium metal pieces serving as
both cathode and anode electrodes to form a symmetric cell of
CR2032 within an Ar-filled glove box (O, < 0.1 ppm, H,0 < 0.1
ppm). The electrolyte comprised a 1 M LiPF, in a mixed solvent
composed of diethylene carbonate (DEC), dimethyl carbonate
(DMC) and ethylene carbonate (EC) in a weight ratioof 1:1:1.
Two tests are subsequently performed. Firstly, EIS was executed
on the CHI760E electrochemical workstation immediately
following assembled and left standing. The frequency range was
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set from 10° to 10~ Hz. Secondly, a “cycle” test was conducted
on Land CT3002A battery testing systems: a current of 10 mA
was applied to the cells, and every 20 minutes the current was
reversed, for a total of 10 cycles (that is, 10 “charge” and 10
“discharge” cycles). After that, the EIS was conducted again.
2.3.3 Electrolyte. While dismantling the pouch battery, cut
the Al-plastic film to remove the internal components and take
pictures of the inner surface of the Al-plastic film. Compare the
amount of remaining electrolyte between batteries that have
been cycled for an extended period of time and fresh batteries.

2.4 Representation of different samples in each and
characterization

2.4.1 Cycling measurement of the sample battery. 25 °C/35
°C/45 °C: The sample battery cycled at room temperature/35 °C/
45 °C.

2.4.2 EIS of the sample battery. Fresh: The sample battery
only activated.

25 °C/35 °C/45 °C: The sample battery cycled at room
temperature/35 °C/45 °C.

2.4.3 FESEM, FIB-SEM, XRD of electrode. Fresh: Electrode
dismantled from the battery only activated (cleaned by soaking
in DMC).

25 °C/35 °C/45 °C: Electrode dismantled from the sample
battery cycled at room temperature/35 °C/45 °C (cleaned by
soaking in DMC).

2.4.4 FESEM, EDS, XPS of separator. Fresh: Separator
dismantled from the battery only activated (not cleaned).

Cycled: Separator dismantled from the battery cycled (not
cleaned).

View Article Online
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2.4.5 EIS, “cycle” of the symmetric cell assembled by
different separators. New separator: Completely new separator.

Fresh: Separator dismantled from the battery only activated
(not cleaned).

Cycled: Separator dismantled from the battery cycled (not
cleaned).

Fresh (cleaned): Separator dismantled from the battery only
activated (cleaned by soaking in DMC).

Cycled (cleaned): Separator dismantled from the battery
cycled (cleaned by soaking in DMC).

2.4.6 Pictures of electrolyte in Al-plastic after dismantled.
Fresh: Inner surface of Al-plastic of the battery only activated.

25 °C/35 °C/45 °C: Inner surface of Al-plastic of the battery
cycled at room temperature/35 °C/45 °C.

3 Result and discussion
3.1 Sample electrochemical performance

3.1.1 Changes in capacity over the long-time cycle. As
shown in Fig. 2, the capacity retention of the samples cycled for
tens of thousands of times at room temperature (25 °C), 35 °C,
45 °C was evaluated. Fig. 2a displays the relationship between
the capacity retention at each 1C calibration (with 100%
capacity at the initial 1C calibration) and the cycle number. It is
evident that as the temperature rises, the batteries' capacity
fading becomes faster. Specifically, at the room temperature
(Fig. 2d), it fades to 80% after more than 20 000 cycles (and it's
completely below 80% more than 40 000 cycles), but it takes just
less than 15000 and 8000 cycles at 35 °C (Fig. 2c¢) and 45 °C
(Fig. 2b), respectively. In addition, the batteries cycled at 35 °C
and 45 °C exhibit two distinct fading processes: a slower initial
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(a) Cycling performance of batteries. Capacity fading curves of batteries cycled at (b) 45 °C (c) 35 °C (d) 25 °C. The sudden change

observed in (c) is attributed to the battery resting after 15 000 cycles before resuming cycling. This rest period allowed for relaxation, resulting in
a subsequent increase in capacity. In (d), the zigzag pattern in the curve is more pronounced due to challenges in maintaining temperature
control. Each cycle generates heat, affecting the temperature, and given the extended duration of the experiment, changes in ambient

temperature also contribute to the observed fluctuations.
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stage followed by a rapid second stage. This accelerated fading fading was observed for the battery cycled at room temperature,
occurs after approximately 16 000 and 6500 cycles, respectively. which may be attributed to the insufficient number of cycles at
However, no significant inflection point indicating accelerated room temperature to reach the threshold for accelerated
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Fig. 3 Nyquist plots and the equivalent circuits of the fresh battery and batteries cycled at 25 °C, 35 °C, 45 °C.
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capacity fading. Conversely, an increase in temperature accel-
erates capacity fading, thus reaching the inflection point
sooner.

3.1.2 Changes in impedance after the long-time cycle.
Nyquist plots and equivalent circuits of the fresh battery and
batteries cycled at three temperatures based on electrochemical
impedance spectroscopy (EIS) measurements are shown in
Fig. 3. Table 1 lists the specific fitting data of Nyquist plots,
where R, R, Ry represent ohmic resistance associated with
electrolyte resistance and connection circuit itself, etc, charge

Table 1 The fitted results from Nyquist plots

Cycled at Cycled at Cycled at
Fresh 25 °C 35°C 45 °C
R, (mQ) 50.24 52.96 52.41 50.54
R (MQ) 8.864 12.22 14.33 19.61
Ry (mQ) 4.849 5.536 5.189 7.052

View Article Online
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transfer resistance, and the resistance of solid electrolyte
interface (SEI) films, respectively. Notably, the R value remains
unchanged basically for all batteries, indicating stability in this
aspect. After cycling, the R value of the batteries exhibits
changes, albeit significantly less than those observed for R..
Only the sample cycled at 45 °C displays nearly 40% higher than
that of the fresh battery. This increase in Ry suggests an
enhanced difficulty for Li* to traverse the SEI film, potentially
representing the thickening of the SEI film. In terms of R
value, the cycled battery is obviously larger than the fresh
battery, reflecting an increase in the resistance to the movement
of Li+ and electrons. Notably, the elevation of R. is more
pronounced at higher cycling temperatures.

3.1.3 Brief summary. According to the results of the
aforementioned tests, it is evident that as the cycle progresses,
the battery's capacity gradually diminishes, accompanied by
a concurrent increase in charge transfer resistance. Besides,
a rise in temperature intensifies the rate of capacity fading and
impedance growth.

Fig. 4 FESEM images of NCM electrodes in (a)-(c) fresh batteries and (d)—(f) batteries cycled at 45 °C. Internal SEM images obtained through FIB
cutting reveal the structure of NCM electrodes in (g)—(i) fresh batteries and (j)—() batteries cycled at 45 °C. Notably, the numerous small particles
observed on the surface in 4b-1 are carbon black, a conductive agent added to the electrode, while the larger bulk in 4b-2 represents graphite,

another conductive agent.

13596 | RSC Adv, 2024, 14, 13592-13604
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3.2 Components dismantled from sample

3.2.1 Electrode. The morphology and microstructure of the
electrode samples were observed by electron microscope. The
field emission scanning electron microscope (FESEM) images of
electrodes of cathode and anode of fresh and 45 °C cycled
batteries are shown in Fig. 4 and S1,} respectively. (Electron
microscope images of batteries cycled at 25 °C and 35 °C are
shown in Fig. S27).

The microstructure of the NCM in the fresh battery are
microspheres ranging from 1 to 10 pm in diameter (Fig. 4a).
These microspheres are further composed of nanoscale parti-
cles ranging from 100 to 300 nm in diameter (Fig. 4c). Upon
comparing the morphologies in Fig. 4a—f, it can be faintly seen
that numerous NCM microspheres in the cycled battery (Fig. 4e
and f) electrodes exhibit signs of cracking, in contrast compared
to the intact microspheres observed in the fresh battery (Fig. 4b
and c). Approximated 30% of the microspheres within the field
of view in Fig. 4d display cracking (highlighted by the dotted
line). In Fig. 4f, the morphology of the microspheres has been
completely unidentifiable, in that the whole microsphere has
completely cracked. For a more intuitive observation, focused
ion beam scanning electron microscopy (FIB-SEM) was used to
slice the agglomerated NCM microspheres. This allowed us to
capture images of the interior structure using SEM, as illus-
trated in Fig. 4g-1. From the cross-section after cutting, no
matter the fresh batteries (Fig. 4h) or the cycled batteries
(Fig. 4l), there are holes in the center of many NCM micro-
spheres. However, a significant difference is observed in the
shell of the NCM microspheres: there are obviously much more
cracks (Fig. 4k) in the cycled batteries compared to the fresh
batteries, with the cracks being larger and more widespread.

Using in situ XRD, Hoon-Hee Ryu®” discovered that the H,-
H; phase transition kinetics in single-crystal NCM proceeds
slowly. This sluggish kinetics results in a tendency for the
lithium concentrations to be spatially inhomogeneous during
cycling. Consequently, the x value in the Li; ,TMO, (TM =
transition metal) tends to vary spatially inhomogeneous,
leading to nonuniform spatial stress. This internal inhomoge-
neity generates structural defects during electrochemical reac-
tions and limits the diffusion kinetics of Li* ion. The rapid

View Article Online
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capacity fading in polycrystalline NCM cathodes is mainly
attributed to the abrupt anisotropic contraction and expansion
of lattice structures triggered by H,-H; phase transition. The
structural stress release along grain boundaries brings about
the formation of microcracks. Zhongmin Ren?® believed that as
Li" ions reciprocating, particle strains induce the generation
and accumulation of the dislocations and defects. Over time,
the crystal's fracture-strength gradually fatigues during cycling
until the particle eventually cracks due to the inability sustain
internal stress. Whether it is due to the accumulation of dislo-
cations and defects, stress caused by phase transitions, or
inhomogeneity concentrations of lithium ions, the final result
is the formation of microcracks within the NCM particles.>*
Moreover, the spatially inhomogeneous tendency of lithium
concentrations can be exacerbated by C rates.” Given that the
experiment involved a 40C high rate, this effect is likely to be
amplified, which potentially lead to the situation that even the
nonuniform spatial stress due to the spatially inhomogeneous
concentration of lithium ions in single-crystal NCM may occur
in the polycrystalline NCM, resulting in structural defects and
further exacerbating the severity of microcracks.

The formation of microcracks within the particles effectively
blocks certain electron transfer channels, bringing about
increased resistance. This accounts for the significantly higher
R, value observed in the cycled battery compared to the fresh
one, as mentioned in Section 3.1.2 above. In addition, these
microcracks permit infiltration of electrolyte into the interior of
the secondary particle, exposing the newly emerged surface to
attack by the electrolyte.””

The SEM images of the LTO electrodes of anode (Fig. S17) did
not reveal any significant changes, even upon examining the
cross-sectional view obtained through focused ion beam cutting
(Fig. S1g-jT). Besides, similar NCM fragmentation patterns were
observed in batteries cycled at 25 °C and 35 °C (Fig. S27).

Fig. 5 presents the XRD patterns of the anode and cathode
electrodes materials of the battery, comparing states before and
after cycling, while Table 2 provides the lattice constants. As
depicted in Fig. 5, the phase and structure of the materials at
both the anode and cathode electrodes remained unaltered
despite prolonged cycling. The crystalline phases of LiTMO,

(a) (b)
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Fig. 5 XRD patterns of (a) cathode NCM and (b) anode LTO electrodes of different batteries.
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Table 2 Lattice constants of cathode NCM and anode LTO
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Fresh Cycled at 25 °C Cycled at 35 °C Cycled at 45 °C
NCM a (A] 2.86768 2.86705 2.86432 2.84976
¢ (A) 14.25855 14.27094 14.27926 14.36076
cla 4.97216 4.97757 4.98522 5.03929
Too3yTaoa) 1.559 2.015 1.931 2.386
LTO a (10-\) 8.35856 8.36206 8.35903 8.35964

and Li,TisO,, were consistently maintained, without any
detection of heterophase even after 10 000 cycles, indicating
that no phase transitions occurred in the materials at both
electrodes during cycling. Furthermore, as shown in Table 2,
a comparison between the fresh and cycled batteries exhibits an
increase in lattice constant ¢ value of NCM, while the a value
decreased. Consequently, there was an overall increase in the ¢/
a ratio in the cycled batteries. This trend indicates a decrease in
the Li/TM ratio in LiTMO,, suggesting a reduction in the
amount of active lithium ions after cycling.** The integrated
intensity ratios, I(oo3)/I(104), Of all samples exceeded 1.5, indi-
cating low cation mixing after cycling.***” On the other hand,
for LTO, the lattice constant a changed by less than 0.04% (in
comparison to the changes of 0.625%, 0.717%, and 1.35% in a,
¢, and c/a in NCM), coupled with the SEM results, it means that
LTO remains unchanged, suggesting that LTO exhibits greater
stability than NCM, so the primary influence on the electrode
can be attributed to NCM.

3.2.2 Separator. After dismantling the battery to obtain the
separator, it was firstly soaked in DMC for thorough cleaning.
Subsequently, its morphology and microstructure were
observed by electron microscope. The field emission scanning
electron microscopy (FESEM) images of the separators from
both fresh and cycled batteries are shown in Fig. S3.1 Prominent
differences are evident in the morphology of the separator's two
sides. It is straightforward to discern that the skeleton in
Fig. S3a-ff is the polypropylene (PP) surface of the separator,
while the other side (Fig. S3g-1t) corresponds to the alumina
(Al,03) surface. Obviously, both the fibrous PP and the Al,Os3,
composed of alumina crystal particles, possess the capability to
adsorb substances. Remarkably, in Fig. S3a-f,7 not only the
pores on the surface of the cycled samples' PP side become
narrower, but many fibers also became thicker, all of which
indicated that there was residue deposition and caused the
original pores to become smaller or potentially even fully
obstructed. On the Al,O; side (Fig. S3g-11), while the reduction
in pores is not as pronounced as on the PP side within the direct
observation field, a closer inspection reveals a marked increase
in surface roughness on the cycled sample Al,O; crystal parti-
cles (Fig. S3k and 1t). This indicates the deposition of granular
material, akin to the residue observed on the PP side. The
distribution of the 4 main elements (C, O, F, Al) on the sepa-
rators of both fresh and cycled batteries, obtained through
energy dispersive spectroscopy (EDS), is shown in Fig. S4.1 In
Table 3, a comprehensive overview of the elemental ratios on
both sides of different sample separators measured by energy
dispersive spectroscopy (EDS) is visible. It can be seen that
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following extended cycling, the ratio of F and O on the PP
surface discernibly increases (Table 3, Fig. S4c, d and h—jt). This
result is probably related to the formation of electrolyte reaction
products such as LiF, Li,PF,0, and Li,COj;. In addition, the ratio
of C decreased from 95.14% to 81.28%. Since polypropylene
comprises solely C and H, this marked decline in the ratio of C
suggests the emergence of species containing other elements.
The presence of these additional species not only reduces the
ratio of C itself, but, if they cover the surface of PP, they may also
render some positions of C skeleton to be undetectable, thereby
further decreasing the ratio of C considerably. On the Al,0O;
side, the ratio of F also increased (Table 3, Fig. S4n and sf¥),
potentially linked to the presence of LiF residue; and the ratio of
Al and O reduced, obviously similar to PP for that aluminum
oxide only has Al and O, its ratio will be reduced when there are
species with other elements, and more obvious if covered.

In order to identify the species of potential residues, X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed. The spectra of C 1s, F 1s, O 1s, Al 2p and Li 1s, etc. were
recorded for all samples. The ratios of each element are shown
in Table S1, while spectra displaying obvious changes are
plotted in Fig. 6. It is clear from the Table S1} that XPS and EDS
yield comparable results in terms of element ratios: both sides
of the separators exhibit residual products containing C and F,
what EDS could not tell is that the ratio of Li increased on both
sides. The specific species can be accurately determined
through the analysis of the elemental spectra in Fig. 6.

For the PP side, comparing with the fresh battery, a weak
peak appears at 286.2 eV in the C 1s spectra of the cycled
battery, which corresponds to the C-O chemical bond of
carbonate. Combined with the peak related to Li,CO; at about
55-56 €V*® in the Li 1s spectra (although not entirely prom-
inent), it can be judged the presence of Li,COs, albeit in small
quantities. In the F 1s spectra, it can be seen that after cycling,
the peak intensity related to Li,PF,0,/Li,PF, at around 687.5
eV** appreciably increased, and a less pronounced peak at
685.5 €V is related to LiF.* In the spectra of O 1s, there is

Table 3 Ratios of elements (from EDS) on PP and AlLOs surfaces of
different sample separators

Elements C (6] F Al

PP (at%) Fresh 95.14 3.34 1.49 0.03
Cycled 81.28 13.29 5.43 0

Al,O4 (at%) Fresh 10.14 58.66 0.35 30.84
Cycled 11.71 54.03 5.20 29.06

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XPS profiles (aand e) C 1s, (b and f) F 1s, (c and g) Li 1s, (d and h) O 1s of the separators, in terms of (a)—(d) PP side and (e)-(h) ALLOs side.

basically a single peak of about 532 eV related to C-O chemical
bonds associated with carbonates or organics. The intensity
raised sharply after cycling, confirming the existence of the
Li,CO; in our system.

For the Al,O; side, the intensity of the weak peak at 286.2 eV
in the C 1s spectra slightly raised after cycling, while a great
increase in intensity of the peak at 55-56 eV in the Li 1s spectra
related to Li,CO; occurred after cycling. Combined with the
above two points, it can be known that major Li,CO; appears
after cycling. The intensity of the peak associated with LiF
(~685 eV) in the spectra of F 1s visibly increased after cycling,
while the peak intensity related to LiF at 55-56 eV*° in the Li 1s
spectra increased, which confirmed the existence of LiF, and
indicated a higher amount compared to the PP side. In the
spectra of O1ls, the primary peak is centered around 532 eV,
which corresponds to the C-O chemical bonds of carbonates
or organics. However, in the fresh battery separator, there is
vaguely another peak at 531 eV, originating from the alumina
itself (Al,03;, 531 eV).*" Initially, when fewer products are
formed during the initial contact between the separator and
the electrolyte, the superposition of the electrolyte and
alumina peaks leads to a higher peak intensity than that in the
cycled battery. Nevertheless, extensive adsorption after cycling
complicates the identification of the alumina peak, further

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

corroborating the adsorption of reaction products following
extended cycling.

Based on the comprehensive analysis of EDS and XPS tests
conducted on the separator surfaces above, it is evident that
electrolyte reaction products such as Li,COj3, LiF and Li,PF,0,/
Li,PF, are formed and deposited on the separator surface in
cycled batteries, and the amount of some species is high. On the
PP side, Li,PF,0,/Li,PF, and Li,CO; are the primary species
observed, whereas on the Al,O; side, LiF and Li,CO; are the
dominant ones. The variance is likely attributed to the distinct
adsorption and fixation capabilities exhibited by each side of
the separator towards these reaction products.

In order to gain insights into the property changes of the
separators after cycling, the symmetric cell's EIS, which was
typically employed to assess the ionic conductivity of solid
electrolytes,**** was employed as a reference. Each separator
sample was integrated into a CR2032 coin symmetric cell,
complete with lithium metal pieces and electrolyte. EIS
measurements were conducted both immediately after
assembly and following the “cycle” process. In contrast to the
traditional lithium-ion batteries, solid-state lithium batteries
rely on the solid electrolyte to serve both as separator and
electrolyte. When testing solid electrolytes, there are various
contributors to contact resistance, including grain phase, grain

RSC Adv, 2024, 14, 13592-13604 | 13599
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boundary, and electrode blocking, etc. However, for lithium-ion
batteries, the components, apart from the separator and elec-
trolyte, remain the same. Therefore, as long as the electrolyte
remains consistent, we can compare the properties of separator
samples by performance of their symmetric cells.

In the test of solid electrolyte, when the ionic resistance Ry,
(that is, the diameter of the semicircle in the Nyquist plots) is
obtained, the total ionic conductivity of the symmetric cell can
be calculated by the formula:

o= LI(R, x S)

where L is the thickness of the solid electrolyte, and S is the
effective area of the electrode. Since the separator is the sole
variable in our samples, with all other components remaining
the same, so L and S remain constant, enabling us to directly
compare the separator properties by evaluating the value of Ry,.
Obviously, a higher R}, indicates poorer lithium-ion transfer

1500

View Article Online
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capabilities in the separator. Nyquist plots of the symmetric
cells based on electrochemical impedance spectroscopy (EIS)
measurements are shown in Fig. 7, while the approximate ionic
resistance values are given in Table 4. Regardless of whether the
symmetric cells have been “cycled” (Fig. 7b) or not (Fig. 7a), the
ionic resistance of the cycled battery's separator is significantly
higher than that of the fresh battery's separator, which implies
a decrease in the property of the separator to transfer lithium
ions after cycling. As detailed in Fig. 7, the ionic resistance of
the symmetric cell of the cleaned separator is drastically
reduced, with the values of both the cycled and fresh battery
separators approaching those of a new separator after cleaning.
This underscores the effectiveness of cleaning in removing
some residues and restoring certain property of the separator.
Taken together, these findings confirm that residual products
accumulated during prolonged cycling reduce the property of
the separators to transfer lithium ions, resulting in an increase

(a)

—=— New Separator
—— Fresh
—— Cycled
Fresh(Cleaned)
—+— Cycled(Cleaned)

400 /

0 1 T T T T
0 600 1200 1800 2400 3000
Z.(Q)
35 48
(b)
—=— New separator 84
304 —e—Fresh
—— Cycled 6
25 4 Fresh (Cleaned)

—— Cycled (Cleaned)

z
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Fig. 7 Nyquist plots of the symmetric cells assembled with separators of different samples (a) before and (b) after the “cycle”.
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Table 4 Approximate ionic resistance of symmetric cells of different samples

New separator Fresh Cycled Fresh (cleaned) Cycled (cleaned)
Before “cycle” (Q) ~180 ~1200 ~2500 ~240 ~300
After “cycle” (Q) ~4.5 ~9 ~33 ~5.5 ~6.5

in the charge transfer resistance in the pouch battery, which
aligns with the result shown in Table 1.

The symmetric cells were “cycled” using the established
method of testing micro-short circuits in solid electrolytes*>** to
further verify the alterations that occurred within the separator.
Since the Li-SE-Li symmetric cell (SE refers to the solid elec-
trolyte in solid-state lithium batteries or separator + electrolyte
in lithium-ion batteries) inherently does not have a voltage (or
the voltage is near 0 V), the measured voltage E is actually
provided by the external current / and the internal impedance R.
Consequently, by maintaining a consistent external current, the
measured voltage E can serve as an indicator of the internal
impedance R to a significant degree. In our separator + elec-
trolyte symmetric cell system, the internal impedance R mainly
comprises electrolyte resistance, electrolyte-lithium interface
contact resistance, and electrochemical transfer resistance. In
the case of ensuring that components except the separator
remain identical, the former two resistance components can be
considered constant. Therefore, variations in electrochemical
transfer resistance primarily attributed to differences in sepa-
rator properties, and primarily determine the overall internal
impedance R.

The specific results can be found in Fig. 8, and as detailed in
Table 5, the initial and stable voltages of symmetric cells from
different samples when the external current is applied. Since the
external current remains constant, we can directly compare the
voltage to assess the impedance. In addition, the initial voltage
of all samples exceeded the stable voltage, reflecting a significant
reduction in ionic resistance following the “cycling” process in
the EIS measurement. We attribute this decrease in ionic resis-
tance to a process of cell activation. It is well-established that
a few initial cycles at a low rate are necessary before conducting
an EIS measurement, especially when the assembly is freshly
completed. Furthermore, both the initial and stable voltages of
the symmetric cell using the separator from a cycled battery were
higher than those from a fresh battery. This suggests an increase
in internal impedance after cycling, primarily due to an elevation
in the electrochemical transfer resistance affected by separator.
Interestingly, the voltages of the cleaned samples exhibited
a decrease somewhat, echoing the findings from the EIS
measurement, which indicates that the cleaning process could
remove certain residues, thereby recovering the separator's
properties, and proves that it is these residues that affected the
separator's property.

Based on the comprehensive characterization and property
tests conducted on the separators, it was observed that there
was a significant decline in the separator's property to transfer
lithium ions. This decline was attributed to the presence of
numerous residues attached to the separator. The specific tests

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

revealed that these residues primarily consisted of electrolyte
reaction products such as Li,COj, LiF and Li,PF,O,/Li PF,. It is
the attachment of the residues that leads to the degradation of
separator's property, and in the pouch batteries as a whole, this
is one of the reasons for the rise of charge transfer resistance.

3.2.3 Electrolyte. Displayed in Fig. 9, the conditions of the
remaining electrolyte on the inner surface of the Al-plastic film
after removing the components inside when dismantling the
pouch batteries are visible. A comparison between the fresh and
cycled battery shows a striking difference. There is still much
electrolyte attached to the Al-plastic film of the fresh battery,
observable directly. But for the cycled battery, regardless of the
cycling temperature within the experimental range of 25-45 °C,
electrolyte can be barely observed inside. The existence of
a small amount of electrolyte can only be inferred based on the
adhesion between the separator and the electrode.

From the above comparison, it suggests that the electrolyte
in the pouch battery has been consumed in large quantities
after the long-time cycle, and the consumption of the electrolyte
contributes to the reduction of the amount of active lithium
ions in the battery, which is a primary reason for the capacity
fading. Moreover, excessive electrolyte consumption can
increase resistance to the movement of lithium ions within the
battery, causing an increase in impedance. In the case of a fresh
battery, the initial electrolyte consumption is relatively small
and has minimal impact, as the electrolyte is sufficient to
support the movement of lithium ions. However, as electrolyte
consumption increases, the latter effect becomes more
apparent, accelerating battery failure and capacity changes
observed in the 3.1.1. Furthermore, higher temperatures
intensify the reaction of electrolyte, therefore, the battery cycles
at higher temperatures will experience earlier and more
significant effects of electrolyte consumption. This is also the
reason why the higher the temperature at, the faster the capacity
fading during the (dis)charging cycles (as shown in Fig. 2b-d)
and the higher the charge transfer resistance rises in the EIS
tests (as indicated in Table 1).

3.3 Discussion

In combination with the aforementioned measurements of the
pouch battery's performance, as well as the characterization
and analysis of each component after dismantling, we have
arrived at an understanding of the failure mechanism. Firstly,
from SEM images of the electrodes, we can identify that the
long-time cycling at high rate results in the formation of
microcracks within the NCM particles. These microcracks allow
the electrolyte to infiltrate into the interior of the NCM
secondary particles, triggering further reactions between the
emerging exposed internal surface and the electrolyte, causing

RSC Adv, 2024, 14, 13592-13604 | 13601
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Fig. 8 Voltage and current profiles over time for the Li/separator/Li symmetric cells of different samples in the “cycling”. (a) New separator (b)
fresh battery (c) cycled battery (d) fresh battery (cleaned) (e) cycled battery (cleaned).

Table 5 Initial voltage and stable voltage of symmetric cells of different samples in "cycling”

New separator Fresh Cycled Fresh (cleaned) Cycled (cleaned)
Initial voltage (V) ~0.61 ~1.83 ~1.81 ~0.58 ~0.77
Stable voltage (V) ~0.12 ~0.3 ~0.4~0.5 ~0.15 ~0.2

the continuous consumption of electrolyte (Fig. 9). Secondly,
the microcracks eventually yields capacity fading (Fig. 2) related
to a reduction in the active lithium ions. Meanwhile, micro-
cracks disrupt some electron transfer channels, and the exces-
sive consumption of electrolyte increases the resistance for the
movement of lithium ions, ultimately resulting in an increase in
the impedance of the pouch battery (Table 1). Thirdly, the

13602 | RSC Adv, 2024, 14, 13592-13604

byproducts of the electrolyte reaction, such as LiF, Li,COs3, Li,-
PF,0;, etc., accumulate on the electrodes or separators. The
residues on the separators cause significantly deterioration of
the separator's property to transfer lithium ions, further
aggravating the increased battery impedance.

In addition, due to the initial excess of electrolyte, the
consumption of electrolyte caused by the initial capacity decline

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 The inner surface of the Al-plastic film of batteries when they have just been dismantled. (a) Fresh and cycled at (b) 25 °C, (c) 35 °C, (d) 45°

C.

is not obvious, mainly due to the reduction of active lithium
ions. However, as the electrolyte continues to be consumed, the
impact of movement of lithium ions gradually becomes more
evident, leading to a rapid capacity decline and ultimate battery
failure (Fig. 2).

Besides, a comparison of the battery's failure process across
three different temperatures reveals that as the temperature rises
(from 25 °C to 45 °C), the battery experiences a more rapid decay
(Fig. 2b-d and Table 1). The increase in temperature triggers an
intensification of the electrolyte reaction, leading to faster
consumption. This hastens battery failure through the afore-
mentioned three mechanisms related to the electrolyte. There-
fore, the higher the temperature, the faster the battery failure.

4 Conclusion

In summary, we conducted the high-rate cycling experiments on
LTO-NCM622 pouch batteries across various temperatures. By
thoroughly analyzing the battery's electrochemical performance
and the components' properties, we have identified the failure

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

mechanism. The root cause of the battery failure is determined
to be the microcracks within the NCM particles. These micro-
cracks facilitate the reaction with electrolyte, leading to its
consumption, which is the direct cause. The electrolyte
consumption, in turn, leads to battery failure through three
mechanisms. Furthermore, an increase in temperature inten-
sifies the electrolyte reaction, accelerating its consumption and
further hastening the battery failure process, whether it mani-
fests as capacity fading or impedance rise.
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