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As the use of lithium-ion batteries (LIBs) is widespread, understanding the degradation factors as well as
life extension of LIBs is of great importance. While the LIBs are often continuously charged (float-
charged) and occasionally discharged, such a mixture of floating and cycling causes severe capacity loss,
which is much worse than the sum of mere floating and mere cycling. In this work, durability tests of
commercially available 18 650 LIB cells were performed for more than 2 years in the floating—cycling
mode, and the effects of charging voltage limitation and depth of discharge restriction on degradation
were evaluated. The aged cells were analyzed using voltage profiles, impedance measurements and oper-
ando neutron diffraction, which showed that the resistance increase in the positive electrode as the main
origin of degradation can be alleviated with the charging voltage limitation rather than the depth of dis-
charge limitation. The post-mortem analysis of an aged positive electrode indicated that the microcracks
caused by cycling were covered with resistive films formed by the floating operation, which was mitigated
by the charging voltage limitation. These results will give insights into the capacity loss in LIBs and con-
tribute to LIB life extension.

A huge number of lithium-ion batteries (LIBs) are produced worldwide for mobile, backup and automobile applications. While LIB-based energy storage
systems can generally contribute to the effective use of energy and reduce CO, emission from our society, the CO, emission associated with LIB production
cannot be disregarded, which includes high-temperature calcination for material synthesis and the use of dry rooms (water-free environment) for cell fabrica-
tion. Therefore, maximizing the utilization period (lifetime) of LIBs is essential to reduce the life-cycle CO, emission of LIBs. This study shows how commer-

cially available LIBs degrade under float-charging with periodic discharging conditions and what operational parameters are essential to alleviate the degra-
dation. The life extension method shown in this study will contribute to reducing the lifetime CO, emissions of LIBs.

1 Introduction

applications.’™ Considering the resources and energy used for
manufacturing these cells, it is essential to understand the

Lithium-ion batteries (LIBs) with layered positive and graphite
negative electrodes have high energy density and long cycle
life, and have been widely applied as power sources for porta-
ble devices, electric vehicles and stationary power storage
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major cell degradation factors and to take measures to prolong
their lifetime, especially for long-term power supply appli-
cations. As detailed in several reviews,” the most commonly
recognized degradation mode of LIBs is loss of lithium inven-
tory (LLI), where the amount of available lithium originally
extracted from the positive electrode is consumed by side reac-
tions at the graphite negative electrode, which shifts the poten-
tial windows of both electrodes.'®"® Charge-discharge cycles
at high temperatures and high voltage cause thick negative
electrode film formation, leading to high cell impedance and
serious degradation.'®'® Fast and low-temperature charging
leads to metallic lithium deposition at the graphite negative
electrode, which also causes LLI and occasionally short
circuits.’®?® The other important degradation mode is the loss
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of active materials (LAM), which is often associated with high
current load and high voltage operation, and is derived from
particle cracking and element dissociation at the positive elec-
trode, which decrease the effective mass of the active
material.'*! Surface rock-salt phase formation is also
reported to be detrimental in nickel-rich positive electrode
materials.***?

In our previous study, we focused on cell degradation under
continuous (float) charging conditions.>* The background is
that the cells in backup applications are connected in parallel
with commercial power sources and load, and are continu-
ously float-charged, whereas such continuous charging can
lead to resistive film formation, LLI, and transition metal dis-
solution.?® The same phenomena can also be applied to many
portable devices, such as cellular phones that are connected to
commercial power sources at home and in the office and con-
tinuously charged. Motivated by this background, we com-
pared the degradation of cells under float charging and those
under continuous charging with occasional (or periodic) dis-
charge processes, which could suppress possible degradation
by the floating and allow the utilization of the accumulated
power for peak-cutting and peak-shifting (using low-demand
and low-price power to high-demand and high-price power).**
In contrast to our expectation, it turned out that the combi-
nation of floating and occasional discharging, called the float-
ing-cycling mode, causes serious capacity loss of more than
20% per year, which is much more than the degradation sum
of mere floating and mere cycling modes. The main origin of
the degradation has been attributed to the resistance increase
in the positive electrode (RIPE), which seems to be caused by
electrode particle cracking due to cycling and film formation
at the cracked electrode surface. While the cells in the previous
study were charged at 4.2 V and discharged to 2.5 V to utilize
the full cell capacity, either restricting the charging voltage or
limiting the depth of discharge could be effective in suppres-
sing the serious RIPE degradation during floating-cycling.

In this study, we focus on the degradation of cells in float-
ing-cycling under restricted conditions to suppress the degra-
dation by either limiting the charging voltage or the depth of
discharge. The cell conditions were occasionally analyzed by
non-disassembly analytical methods, which can be performed
alternately with the durability tests for multiple times on identi-
cal cells. We employed electrochemical impedance spectroscopy
(EIS)***” and analysis of the dV/dQ curve derived from low-rate
charge-discharge profiles, which have been widely applied to
clarify the cell degradation factors such as LLI and LAM.>**° To
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directly capture the status of the electrode materials in the aged
cells, neutron diffraction was applied, which utilizes highly
penetrating neutrons that can see through commercial LIBs and
detect light atoms like lithium and oxygen.>*** In addition to
in situ measurement that has been used to identify the crystal
structure changes inside the aged cells,*® operando neutron
diffraction measurement was performed, which allows simul-
taneous observation of the positive and negative electrodes and
offers information on the dynamics of electrode materials
during charge-discharge processes, such as reaction
inhomogeneity.>*?” After the cells had experienced significant
loss in capacity, they were disassembled to inspect the electrode
conditions after degradation.

2 Experimental
2.1 Durability test

Commercially  available  18650-type  lithium-ion cells
(NCR18650B, Panasonic) were used in this study. 8 cells from
the same lot were examined to prove their identical charge-dis-
charge behavior as fresh cells, with the initial cell capacity
being the same as the value in the manufacturer’s catalogue
(3.35 Ah). The durability tests were conducted at 25 °C in four
floating-cycling modes shown in Table 1, where each cell was
1C discharged once a day, followed by 0.5C charging and then
float charging at the designated voltage. Detailed operating
conditions are shown in Table S1, which follow the standards
described in the cell catalogue sheet. A battery testing system
TOSCAT-3000 (Toyo System Co) was used for the durability
tests. As shown in Fig. 1(a) and (b), limiting the float charging
voltage to 4.0 V and 3.8 V resulted in cell capacities of 2.7 and
2.0 Ah at 1C discharging, which are ca. 80% and 60% of the
fresh cell capacity (3.35 Ah). Accordingly, the cumulative
capacities of the 4.0 V and 3.8 V float-charged cells can be
compared to those of fully charged cells with 80% and 60%
depth of discharge (DOD). The average discharge voltage
differences were ca. 0.20 V and 0.35 V, respectively, and had an
impact of ca. 5-10% on the total energy, as shown in Table 1.
Two sets of durability experiments were conducted, where
the cells in four operation modes were set vertically and hori-
zontally. As the degradation behavior was nearly identical (see
below), the non-disassembling state-of-health (SOH) analysis,
including neutron diffraction, was employed for the vertically
set cells. The post-mortem analysis was conducted on the
neutron-radiation-free horizontally set cells.

Table 1 Cell capacity, average voltage and energy utilization in each operation mode

Nomenclature Operation mode 1C capacity/Ah Average voltage/V Energy utilization®
4.0 V-100% 4.0V float, 100% DOD 2.7 3.30 0.79
4.2 V-80% 4.2V float, 80% DOD 2.7 3.50 0.84
3.8 V-100% 3.8V float, 100% DOD 2.0 3.25 0.58
4.2 V-60% 4.2 V float, 60% DOD 2.0 3.60 0.64

“Values relative to the fresh cell capacity of 3.35 Ah with the average voltage of 3.35 V.
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Fig. 1 1C discharge profiles of (a) 4.0 V-100% and 4.2 V-80%, and (b) 3.8 V-100% and 4.2 V-60% DOD cells.

2.2 Electrochemical analysis

The cell SOH was evaluated by charge-discharge curve
measurement at a low rate of 0.1C (using TOSCAT-3000, Toyo
system) and impedance analysis (using VSP-300, Bio-Logic).
The fresh and aged cells were first constant-current (CC)
charged at 0.5C at room temperature to a 4.2 V cutoff and then
constant-voltage charged at 4.2 V to a 65 mA cutoff. The impe-
dance measurement was conducted at fully charged states in
the frequency range of 1 MHz to 5 mHz. Then, the cells were
CC discharged at 0.1C to 2.5 V to obtain the discharge profile.
The impedance spectra measured at fully discharged states
were also obtained but were rather featureless, as shown in the
previous study,”* and were not analyzed in this study.
Differential dV/dQ plots versus capacity were obtained using
the discharge profiles to estimate the degradation mode based
on the previous reports.**>’

2.3 Operando neutron diffraction analysis

After the electrochemical analysis mentioned above, operando
neutron diffraction profiles were obtained to analyze the
crystal structure changes of the positive and negative electrode
materials during 0.1C discharging to 2.5 V. The diffraction
measurements were performed at room temperature using a
time-of-flight powder diffractometer at BL-09, called SPICA, at
the Materials and Life Science Experimental Facility of the
Japan Proton Accelerator Research Complex.*® Data with stat-
istically sufficient quality for analysis were obtained in
10 minutes. The profiles during the charge and discharge rest
periods
obtained. The detailed neutron measurement conditions have
been previously described.”® The Rietveld refinement using
the program Z-Rietveld®® was employed, assuming that the

(under the open-circuit conditions) were also

positive and negative electrodes were Li,NiggC0g 154100502
(NCA) and graphite, respectively.”*
2.4 Post-mortem analysis

A fresh cell and three degraded cells (4.2 V-80%, 4.2 V-60%,
3.8 V-100%, horizontally set) after floating—cycling tests were
disassembled in the discharged state under an inert atmo-

© 2025 The Author(s). Published by the Royal Society of Chemistry

sphere. The taken electrodes were washed with dimethyl car-
bonate and dried. Half-cell tests with metallic lithium as the
counter electrode were performed at 1/50C, with the potential
ranges from 3.0 V to 4.3 V and 0.005 V to 1.5 V for the layered
positive and graphite negative electrodes, respectively, using a
charge/discharge device (HJ1001SM8A, Hokuto Denko). The
half-cell impedance was measured using a VSP-300 in the fre-
quency range from 1 MHz to 5 mHz at the end of charge.
Scanning electron microscopy (SEM) images and elemental
mapping of these electrodes by energy-dispersive X-ray spec-
troscopy (EDS) were obtained using a field emission scanning
electron microscope (FE-SEM, Regulus 8230, Hitachi). The
cross-section of the positive electrode was prepared using an
ion milling system (Ion-Milling System IM4000 PLUS, Hitachi).

3. Results and discussion
3.1 Cell degradation in each operating mode

Fig. 2(a) and (b) show the relative capacity of the vertically set
cells at 0.1C versus tested days and total discharge capacity,
respectively. The cells floated at 4.0 V and 3.8 V exhibited good
performance for more than 2 years, with the latter showing
superior stability. On the other hand, both cells floated at 4.2
V maintained their SOH at 90% for up to 1 year, and afterward,
they degraded, showing much lower capacity retention of less
than 60%. The 60% discharged cells lasted longer than the
80% discharged cells, as shown in Fig. 2(a), but the durability
was nearly the same based on the total discharge capacity, as
shown in Fig. 2(b). These results indicate that controlling the
charging voltage is effective in suppressing the degradation,
while the depth of discharge is an insignificant factor under
the tested conditions.

Nearly the same trends were obtained for the horizontally
set cells, as shown in Fig. S1. No significant difference was
found between the behavior of the vertically set and horizon-
tally set cells, and the effect of controlling charging voltage is
obvious in both cases.
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Fig. 2 Relative capacity of the vertically set cells at 0.1C discharge after the durability test versus (a) tested days and (b) total discharge capacity (run at 1C).

3.2 Voltage profile analysis

The discharge profiles of the aged cells were analyzed based
on the dV/dQ analysis.”®*° Fig. 3 and 4 show the behavior of
the cells that experienced ca. 800 Ah of total discharge capacity
at 80% and 60% utilization rates, respectively, exhibiting the

differences caused by each operation mode.
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Fig. 3 shows the comparison of the data of the 4.0 V-100%
cell after 354 days and the 4.2 V-80% cell after 323 days, both
of which initially showed nearly the same capacity of 3.35 Ah
at 0.1C and 2.7 Ah at the 1C rate (see Fig. 1). The 4.0 V-100%
cell retained a capacity of 3.0 Ah at the 0.1C rate after 1.3 years
of durability testing, and the corresponding dV/dQ profile was
nearly maintained. There are characteristic peaks associated
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Fig. 3 0.1C discharge profiles and the corresponding dV/dQ profiles of (a and b) 4.0 V-100% (after 354 days) and (c and d) 4.2 V-80% cells (after
323 days). (a) and (c) show the discharge curves, while (b) and (d) show their derivative dV/dQ profiles in comparison with the data of the fresh cell.
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Fig. 4 0.1C discharge profiles and the corresponding dV/dQ profiles of (a and b) 3.8 V-100% (after 476 days) and (c and d) 4.2 V-60% cells (after
428 days). (a) and (c) show discharge curves, while (b) and (d) show their derivative dV/dQ profiles in comparison with the data of the fresh cell.

with the behavior of the positive electrode (P1 and P2) and
negative electrode (N1 and N2)***° (see also post-mortem ana-
lysis results). Peaks N1 and P2 overlapped in the fresh cells,
whereas they became broad and showed the features of N1 and
P2 in the aged cell,”®***° indicative of LLI caused by the side
reaction at the negative electrode.*’ On the other hand, the 4.2
V-80% cell seriously degraded, showing a capacity of 2.0 Ah at
0.1C. There was a significant voltage drop in the voltage profile
as shown in Fig. 3(c), which corresponds to the negatively
increased dVv/dQ in Fig. 3(d).

Fig. 4 shows the data of the 3.8 V-100% cell after 476 days
and the 4.2 V-60% cell after 428 days, which had an initial
capacity of 3.35 Ah at 0.1C and 2.0 Ah at the 1C rate (see
Fig. 1). The 3.8 V-100% cell exhibited a capacity of 3.1 Ah at
0.1C, with the corresponding dV/dQ profile showing more pro-
nounced peaks than that of the fresh cell, which can be
ascribed to the more homogeneous phase transition behavior
in the whole electrode caused by the improved electrode wett-
ability during cycling. The 4.2 V-60% cell showed a capacity of
only 1.8 Ah at 0.1C, with the dV/dQ profile nearly identical to
that of the 4.2 V-80% cell (Fig. 3(d)), again suggesting a minor
contribution of the depth of discharge to the cell degradation
behavior. The charging voltage limitation was effective in sup-
pressing the significant discharge voltage drop even after 2
years of operation, as shown in Fig. S2.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.3 Impedance analysis

The impedance analysis was employed to deduce which com-
ponent had notably changed during the durability test. Our
previous study>* has shown that the high-frequency (at ca. 100
Hz) and low-frequency (at ca. 0.1 Hz) components correspond
to the behavior of the graphite negative and layered positive
electrodes, respectively, in accordance with the literature.”***
Fig. 5 and 6 show the behavior of the four cells after experiencing
ca. 800 Ah of total discharge capacity. The semicircles in the 100
Hz region, corresponding to the positive layered electrode,
increased with the durability test. The semicircles of the aged
cells in Fig. 5 were larger than those in Fig. 6, indicating that
high utilization causes impedance growth at the positive elec-
trode. As shown in each figure, limiting the charging voltage is
obviously more effective than restricting the depth of discharge.
The difference between 4.0 V charging and 3.8 charging is also
significant (Fig. S3), showing the importance of limiting charging
voltage. It is noted that the intercept corresponding to the ohmic
loss decreased in the cells with charging voltage limitation,
although its effect on the voltage loss (ca. 7 mV at 0.1C) was negli-
gible in the discharge profile. There was little change in the semi-
circles in the 0.1 Hz region, corresponding to the negative graph-
ite electrode, suggesting that the degradation is mainly caused by
the positive electrode.

EES Batteries, 2025,1,1323-1337 | 1327
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3.4 Neutron diffraction

The neutron diffraction measurements were performed to
clarify the status of the electrode materials in the aged cells
after experiencing ca. 800 Ah of total discharge capacity. First,
in situ (no current flow) diffraction profiles were analyzed to
know the status before and after discharging.

Fig. S4 shows the profiles of (a) the fresh cell, (b and c) the
80% utilization cells, and (d and e) the 60% utilization cells at
the end of charging. With 4.0 V-100% aging, the positive 003
reflection shifted from the pristine 4.716 A to 4.711 A,*® indica-
tive of overcharging, while the enlarged stage 2 peak of graph-
ite suggests that the lithiation level was insufficient, both of
which are typical behaviors of LLI. On the other hand, the 4.2
V-80% aged cell had a positive 003 reflection peak shift from
the pristine 4.716 A to 4.720 A and a very large stage 2 peak of
graphite, suggesting insufficient charge in both electrodes.
Fig. S5 shows the in situ diffraction profiles of these cells at the
end of discharging. For the 4.0 V-100% aged cell, although

1328 | EES Batteries, 2025, 1,1323-1337

little change was observed on the positive side, the remaining
stage 3 and stage 4 peaks indicate captured lithium in the
negative electrode. The 4.2 V-80% aged cell showed an
increased d value on the positive side. On the negative side, a
strong stage 2 peak and even a stage 1 peak of graphite were
observed. This suggests that lithium insertion into the positive
electrode during discharging was seriously interfered, owing to
the RIPE degradation. The same trends were observed in the
60% utilization cells, although the degree of degradation was
less significant. The 3.8 V-100% aged cell showed nearly iden-
tical profiles to the fresh cell, showing minimum degradation,
thanks to the limited charging voltage. The overcharged status
of the positive 003 reflection suggests that the main degra-
dation mode is LLI. The 4.2 V-60% aged cell showed a strong
stage 2 peak of graphite (without a stage 1 peak) at the end of
discharging, implying that the lithium insertion into the posi-
tive electrode was impeded during discharging.

Fig. 7 represents the operando neutron diffraction profiles
of the 80% utilization cells during discharging at 0.1C. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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during discharging at 0.1C. The layered positive 003 and negative graphite 00! reflections are shown on the upper and lower sides, respectively.

occasional loss of diffraction signals was caused by the inci-
dent neutron beam interruption. When compared to the fresh
cell behavior, the aged cells, in particular the 4.2 V-80% cell,
showed broadened profiles on the positive side. This implies a
reaction distribution caused by a spatially inhomogeneous re-
sistance increase in the electrode.*® Tt is also noted that the
state of charge (SOC) of the negative graphite electrode is
severely limited in the 4.2 V-80% cell, while the SOC shift of
the positive electrode is not so significant. This can be

(@)s.0
49
48
47
46

d/A
A | @bejjon
d/A

4.5

4.4
0.0 1.0 20 3.0

Discharge capacity / Ah

1.0

+ Stage 1

d/A
d/IA

Stage 3 =
Stage 4 —
Graphite —

A | @6e)jjon

1.0 2.0 3.0
Discharge capacity / Ah

1.0
Discharge capacity / Ah

Discharge capacity / Ah

ascribed to a relative shift in their potential windows, which is
typically seen in LLI-aged cells.”® As shown in Fig. 8, the cells
with 60% utilization showed the same trends as the 80% utiliz-
ation cells, although the degree of profile broadening and
capacity loss was somewhat mitigated.

Fig. S6 and S7 present the results of the Rietveld refinement
(lattice constants a, ¢, c/a and cell volume) for the 4.0 V-100%
and 3.8 V-100% aged cells, respectively. Although the lattice
constant ¢ of the fresh cell was inadequately evaluated (too
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Fig. 8 Operando neutron diffraction profiles of (a) the fresh cell and (b) 3.8 V-100% (after 476 days) and (c) 4.2 V-60% (after 428 days) aged cells
during discharging at 0.1C. The layered positive 003 and negative graphite 00! reflections are shown on the upper and lower sides, respectively.
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long) due to the unreliable background data in neutron diffrac-
tion measurements, it turns out from the changes of the
reliable lattice constant a that there was some loss of active
materials (profile shrinkage along the horizontal axis) in the
4.0 V-100% aged cells, while nearly no degradation occurs in
the 3.8 V-100% aged cells. The main difference of the two is
that the 4.0 V-100% aged cell undergoes interlayer distance
(c/3) shrinkage at the end of charging, while the 3.8 V-100%
aged cell experiences nearly no interlayer distance shrinkage.
It is deduced that the repeated lattice expansion and shrinkage
in the 4.0 V-100% aged cell leads to the formation of micro-
cracks (see below), causing the loss of active materials. The
refinement of the 4.2 V-80% and 4.2 V-60% aged cells did not
converge because of the significantly broadened diffraction
profiles caused by reaction inhomogeneity.

As the positive 003 profile broadening differs from sample
to sample, as shown in Fig. S8, the profiles were quantitatively
analyzed using Gaussian fitting to obtain the full width at half
maximum (FWHM) values, as shown in Fig. 9. Good fits were
generally obtained, although the values at the beginning of
discharging were scattered due to large d value changes. The
FWHM values for the 4.0 V-100% and 3.8 V-100% cells were
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nearly the same as that for the fresh cell, showing the positive
effect of charging voltage limitation. On the other hand, those
for the 4.2 V-80% and 4.2 V-60% cells were comparatively
high, showing the loss of crystallinity or microcrack evolution
in the layered positive electrode material.>®> The FWHM value
change in the course of discharging suggests that the reaction
distribution caused by the inhomogeneous resistance increase
also affected the behavior. Because such reaction inhomogen-
eity is generally lost during cell relaxation, these results show
the advantages of the operando analysis.>**®”

3.5 Post-mortem analysis

Post-mortem analysis was employed to directly inspect the
status of aged electrodes. Since the neutron-irradiated LIB
cells are not applicable for disassembly, we used other cells
that had been similarly tested (horizontally set). Although the
final cell conditions shown in Table 2 were different from
those described above, the nearly identical degradation behav-
ior shown in Fig. 2 and S1 suggests that the analysis results
shown below are well applicable to the cells described above.
The 3.8 V-100% cell was disassembled after experiencing a
total capacity that is 1.5-1.8 times greater than that of the
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Fig. 9 Full width at half maximum of layered positive 003 reflection obtained during operando neutron diffraction at 0.1C. (a and b) 4.0 V-100%
after 476 days and 4.2 V-80% after 323 days; (c and d) 3.8 V-100% after 476 days and 4.2 V-60% after 428 days. (b) and (d) show the enlarged view

of (a) and (c), respectively.
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Table 2 Tested days, total discharge capacity and discharge capacity at 0.1C of LIBs before cell disassembly, and discharge capacity of the dis-

assembled positive and negative electrodes tested in half cells at 0.02C

Tested Tested Total discharge Discharge capacity of LIBs Disassembled positive Disassembled negative
mode days capacity/Ah before cell disassembly/Ah electrode capacity/mAh electrode capacity/mAh
Fresh cell — — 3.35 5.43 8.13
4.2 V-80% 334 764 1.20 (—64.2%) 3.87 (—28.7%) 7.76 (—4.6%)
4.2 V-60% 334 661 2.59 (—22.7%) 4.65 (—14.4%)
3.8 V-100% 636 1178 3.13 (—6.6%) 4.73 (—12.9%) 6.69 (—17.7%)
b) 030
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Fig. 10 Discharge profiles of positive electrodes in half cells at 0.02C derived from (a and b) 4.2 V-80%, (c and d) 4.2 V-60%, (e and f) 3.8 V-100%
cells. (a), (c) and (e) show the discharge curves, while (b), (d) and (f) show their derivative dV/dQ profiles in comparison with the data of the fresh
cell. Peaks P1 and P2 show the same transitions as those shown in Fig. 3 and 4.
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other two cells in order to clarify how the degradation pro-
ceeded under the most moderate condition.

Fig. 10 presents the behavior of the positive electrodes
taken out from the aged cells. The 4.2 V-80% electrode shows
a large voltage loss, which is similar to that in the full cell
shown in Fig. 3(c). In contrast, the 4.2 V-60% and 3.8 V-100%
electrodes showed limited degradation. Fig. 11 shows the data
of the negative electrodes taken out from the aged cells. The
data for the 4.2 V-60% cell were not available due to the fragile
nature of the electrode film. It is noteworthy that the graphite
electrode taken from the most degraded 4.2 V-80% LIB was
hardly degraded, as shown in Fig. 11(a) and (b). This clearly
indicates that the positive electrode degradation mainly led to
full cell deterioration. Note that the original LIB capacity loss
was much greater than that of the electrode degradation
shown in Fig. 10(a) (see also Table 2). Other factors such as
electrolyte depletion could cause serious capacity loss in LIBs.

From the EIS results shown in Fig. 12, an increase in the
positive electrode impedance is clearly seen in the 4.2 V
charged cells, while some increase in the negative electrode
impedance is observed in the 3.8 V charged cell. Considering
that the 3.8 V charged cell had delivered much higher capacity
than the two 4.2 V charged cells, it is suggested that the RIPE
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degradation proceeds faster than the LLI degradation, leading
to apparently insignificant LLI degradation in the 4.2 V
charged cells. Actually, some RIPE degradation seems to
proceed also in the 3.8 V charged cell in the long run, as
shown in Fig. 6 and 10(e), although the charging voltage
restriction is indeed effective for RIPE suppression.

Fig. 13 shows the SEM and EDS (fluorine) analysis results
of the positive electrode derived from LIB full cells. When com-
pared to the fresh state, the aged electrodes suffered from
cracking with fluorine signals, as observed in the previous
study,>* which seems to be responsible for the increased impe-
dance and the voltage loss. Fig. S9 shows the SEM-only, EDS-
only and the overlapped images of the particles derived from
4.2 V-60% and 3.8 V-100% aged cells, taken in addition to
those in Fig. 13. These images clarified that the fluorine
signals were observed everywhere in the particles taken from
the 4.2 V-60% aged cell, while the signals were mainly located
in between the secondary particles taken from the 3.8 V-100%
aged cell, suggesting the significant formation of microcracks
(even if invisible in the SEM images) in the former.

Fig. 14 shows the SEM and EDS results of the negative elec-
trode. The fluorine content in the 3.8 V-100% electrode was
nearly the same as the fresh electrode, while much thicker
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g
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Fig. 11 Discharge profiles of negative electrodes in half cells at 0.02C derived from (a and b) 4.2 V-80% and (c and d) 3.8 V-100% cells. (a) and (c)
show the discharge curves, while (b) and (d) show their derivative dV/dQ profiles in comparison with the data of the fresh cell. Peaks N1 and N2

show the same transitions as those shown in Fig. 3 and 4.
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Fig. 12 Nyquist plots of the (a) positive and (b) negative electrodes derived from aged LIBs tested in lithium half cells in fully charged states.
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Fig. 13 Fluorine mapping in the cross-section of the positive electrodes derived from the (a) fresh cell and (b) 4.2 V-100%, (c) 4.2 V-60% and (d)

3.8 V-100% aged cells.

fluorine-containing films were formed in the 4.2 V-80% and
4.2 V-60% electrodes. On the other hand, the graphite elec-
trode derived from the 4.2 V-80% (after 334 days) cell was in a
high SOH, as shown in Fig. 11 and 12. This suggests that the
film formation was insignificantly detrimental to the negative
electrode behavior under the tested conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.6 Effect of voltage limitation

Here, we discuss how the voltage limitation affects the status
of the materials and leads to the suppression of the degra-
dation. While the detailed high-resolution ex situ analysis of
the resistive film should be effective, the significant degra-
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Fig. 14 Fluorine mapping at the surface of the negative electrodes derived from the (a) fresh cell and (b) 4.2 V-80%, (c) 4.2 V-60% and (d) 3.8 V-

100% aged cells.

dation inhomogeneity occurring in 20 grams of positive elec-
trode materials (3.4 Ah divided by 170 mAh g™') seems to be
incompatible with high-space resolution analysis. Therefore,
we here discuss the possible effect of voltage limitation using
rather macroscopic data of neutron diffraction. As shown in
Fig. 7, the limitation of the upper voltage (4.0 and 3.8 V
instead of 4.2 V) was effective in suppressing the diffraction
profile broadening of the positive electrode. This broadening
is caused by the reaction inhomogeneity and such reaction
inhomogeneity should be derived from the formation of
spatially inhomogeneous resistive films on the positive elec-
trode particles.>® The oxidative resistive film (so-called
cathode-electrolyte interphase CEI) formation on the positive
electrode is usually insignificant in the voltage region of below
4.2 V,*>" while the formation of graphite stage 1, causing the
reductive resistive film (so-called solid-electrolyte interphase
SEI),*® is suppressed by lowering the voltage limit. In addition,
the results of the Rietveld refinement shown in Fig. S6 and 7
indicate that the limitation of the upper voltage is effective in
avoiding the shrinkage of the interlayer (lattice constant ¢) and
hence the formation of microcracks in the positive electrode
particles at the end of charging, as suggested from Fig. S9. By
considering the cross-talk effect indicating the effect of the
negative electrode film on the positive electrode

1334 | EES Batteries, 2025, 1,1323-1337

degradation,**™ we deduce that the voltage limitation is

effective in suppressing both SEI formation and microcrack
formation at the positive electrode, resulting in the restriction
of RIPE. Further studies are needed to clarify which is mainly
responsible to the RIPE degradation, the positive electrode par-
ticle cracking by the significant volume change in the high
SOC region or the formation of the resistive film associated
with high voltage charging, which would be attained by experi-
ments using other electrode materials.

4. Conclusions

This paper reveals that the serious capacity fade occurring in
the floating—cycling mode can be mitigated by restricting the
charging voltage. The operando neutron diffraction, voltage
curve and impedance analyses, as well as post-mortem ana-
lysis, indicate that the RIPE degradation as the main origin of
degradation is alleviated with the charging voltage limitation
rather than the depth of discharge limitation. Such a resis-
tance increase affects the dynamics of the reaction inhom-
ogeneity of the electrode, as represented by broadening diffrac-
tion lines in neutron analysis. The film formation on the
microcracks in the positive electrode leads to the resistance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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increase in the floating-cycling mode, and charging voltage
limitation is effective in mitigating both of the degradation
origins. The results found in this study will give insights into
the capacity loss in the LIBs and contribute to the LIB life
extension. Further studies to clarify the film formation mecha-
nism are expected to extend the cell life in the floating-cycling
mode, which in turn can enhance the facility utilization of the
backup batteries.
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