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With the widespread use of lithium-ion batteries (LIBs) for multiple applications, understanding the
degradation factors of LIBs is essential for their life extension. In this work, durability tests of
commercially available 18650 LIB cells were performed for about 400 days with float charging (floating),
continuous cycling (cycling), and float charging with occasional discharging (floating—cycling) with the
intention to mitigate the film formation during the float charging. The results indicated that severe capa-
city degradation was observed in floating—cycling, which was much worse than the sum of the degrada-
tion by floating and cycling. The dV/dQ curve and impedance analyses suggested that this serious cell
degradation is due to the deterioration of the positive electrodes. Operando neutron diffraction analysis
of the cells degraded by the floating—cycling mode revealed considerable reaction inhomogeneity in the
positive electrode, and the Rietveld refinement of the lattice parameter transitions suggested that the
origin of the reaction inhomogeneity is the internal resistance increase in the positive electrode to limit
the available capacity ranges of the cell. Post-mortem analysis of the positive electrode degraded after
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the floating—cycling test indicated that the cracks caused by repeated charging—discharging cycles were
covered with thick resistive films by the floating operation, leading to the non-uniform increase in
impedance and the reaction inhomogeneity in the positive electrode. The deterioration factors and
mechanisms found in this study will give insights on the capacity loss in the LIBs and promote the
development of the strategy to reduce the LIB degradation.
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There are several degradation factors of LIBs, depending on
their operating conditions.” The most common degradation

1 Introduction

Lithium-ion batteries (LIBs) have high energy density and long
cycle life, and have widely been applied as power sources of por-
table devices. In recent years, their use has expanded to large-
scale portable sources such as electric vehicle and stationary
storage applications."™ For these long-term power supply
applications, it is essential to understand the major factors
that cause cell degradation and to take measures to prevent
possible failure.
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mode is so-called loss of lithium inventory (LLI), where the
amount of available lithium (originally extracted from the
positive electrode) is consumed by side reactions mainly at
the graphite negative electrode, promoting solid electrolyte
interphase (SEI) growth to increase the charge transfer resis-
tance and shift the potential windows of both electrodes.”™°
This is particularly severe for charge-discharge cycles at high
temperatures and/or high charging voltage, occasionally accom-
panied with electrolyte dry-out to cause high cell impedance.'* "
The other important degradation mode associated with the gra-
phite electrode is metallic lithium deposition at low temperatures,
which results in the deformation of the electrode and could cause
short-circuit."*'® Particle cracking and metal dissociation of the
positive electrode materials are also often reported as the origins of
the degradation, which causes loss of ion/electrons conductive
paths and decreases the effective active material mass.>'® This can
be severe when the current load is high and the operating voltage
condition is wide. For conventional nickel-based layered electrode
materials such as Li,Ni,Co,AlO, (NCA) and LiNi,Co,MnAO,
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(NCM), it has been reported that particle cracking leads to the
formation of rock salt type nickel oxide (NiO) layers at the
electrode/electrolyte interface and resistance increase.'”'

The LIB cells are often set under continuous (float) charging
conditions, which maintains the cell always in the fully charged
state compensating the self-discharge, for example, in cellular
phone/computer use at home/office connected to commercial
power sources and also in power backup applications. It is thus
important to understand the phenomena occurring during
float charging and to minimize the cell degradation. Contin-
uous high voltage charging can lead to the resistive SEI for-
mation and loss of Li inventory, in addition to the transition
metal dissolution occurs at the positive electrode.'® In order to
suppress the cell degradation caused by these factors, occa-
sional (or periodic) discharge processes to interrupt continuous
charging are considered to be effective. This is useful also for
peak-cutting and peak-shifting, that is, accumulating power
generated in low-demand and low-price time zones to be
utilized in high-demand and high-price time zones. To our
best knowledge, there has been no reported investigation of
degradation analysis of the cells under operating conditions
including float charging and periodic discharge, which is
worthy to be explored.

For the degradation analysis of LIBs, non-disassembly ana-
lysis techniques have widely been applied. In contrast to the
analysis with cell disassembly, durability (degradation) tests
and the cell analysis can be performed multiple times with
identical cells. Electrochemical impedance spectroscopy is a
common non-disassembly analytical method to understand the
cell status while continuing durability tests.>’ In recent years,
dV/dQ curve analysis using differential plots obtained from low-
rate charge-discharge curves of the cells has been applied
to clarify the factor for cell degradation, such as the loss of Li
inventory and the loss of active material.>** Though these
methods have been intensively applied, the analysis may not be
effective when there are significant material/behavior changes
in the cell, because the degradation information is only relative
to the fresh cell behavior. In addition, the obtained information
is based on the average conditions of the whole cell and can
only indirectly suggest the changes occurred in the active
materials. Accordingly, degradation caused by partial (inhomo-
geneous) deterioration of the material could only be poorly
clarified.

It is thus desirable to directly observe the cell component
chemistry and to correlate the behavior of the materials to the
electrochemical behavior. Neutron diffraction is a powerful
non-disassembly technique for LIB analysis owing to the ability
to detect light atoms like lithium and oxygen, and the highly
penetrating nature of neutrons.?>” Even though the access to
neutron diffraction facilities is limited, highly permeable neu-
tron beam is worth using for non-destructive analysis of
commercial LIBs to show the behavior of the electrode materi-
als during operation including reaction inhomogeneity, which
is hardly deduced by electrochemistry. In situ neutron diffrac-
tion measurement has been applied to the analysis of commer-
cial batteries to identify the degradation factors using the
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change in the crystal structure inside the aged cell.”® In addition,
recent development of high-power neutron facilities enables oper-
ando neutron diffraction, which can offer dynamic behavior of the
cell materials during the charge-discharge processes. There are
several reports to demonstrate the successful operation of the
oprando neutron measurement,”*>* but the methods have rarely
been applied to the cell degradation behavior. For example,
Taminato et al. have shown non-equilibrium reaction process
of the graphite electrodes using operando neutron diffraction
measurements of commercial LIBs that the reaction
proceeds.® Shiotani et al. have suggested the loss of positive
electrode material with cell degradation by comparing the
structural change and the cell capacity.®* The application of
operando neutron diffraction is thus expected to be useful for
battery analysis degraded by floating and discharging. Simul-
taneous observation of the positive and negative electrodes by
the neutron diffraction is particularly useful to independently
understand their behavior when analyzing commercial cells
without reference electrodes. In addition, it is expected that
inhomogeneous reaction processes or their relaxation can be
detected by the operando analysis that captures material
changes with time.

In this paper, durability tests of commercial LIB cells are
employed in three different modes, that is, float charging,
continuous charge-discharge cycling and float charging with
periodic discharging. Their statuses are analyzed in non-
disassembly manners using dV/dQ curve measurement, elec-
trochemical impedance spectroscopy and operando neutron
diffraction to clarify the degradation factors of the cells depend-
ing on the operating conditions. The deduced deterioration
factors by these operando methods are later verified by disman-
tling the cells and inspecting the status of the electrodes.

2 Experimental
2.1 Durability test

Commercially available 18650-type Li-ion cells (NCR18650B,
Panasonic) were used in this study. Prior to the durability test,
10 cells of the same lot were first examined to prove their
identical behavior, although the initial cell capacity of 2.84 A h
was smaller than the value in the manufacture’s catalogue
(3.35 A h) probably due to the degradation in the storage
period. We define the term ‘“fresh cell” as the cell purchased
and cycled a few times to confirm its capacity (without any
durability tests). If they have experienced only a few cycles, we
call it fresh cell, regardless of the charging state, meaning that
the fresh cells can be in charged or discharged states. The
durability tests were employed in three modes, that is, contin-
uous charge-discharge cycling (cycling), float-charging (float-
ing), and combining float-charging and periodic discharging
(floating—cycling). A battery testing system TOSCAT-3000 (Toyo
System Co) was used for the durability tests at 25 °C. In cycling,
the cells were charged in constant current (CC) mode to 4.2 V at
0.5C and discharged in CC mode to 2.5 V at 1C, up to 397 cycles.
In floating, the cells were CC-charged to 4.2 V at 0.5C and then
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maintained at 4.2 V for constant voltage (CV) charging (float
charging) up to 397 days. In floating-cycling, the cells were
CC-charged at 0.5C to 4.2 V and kept charging at 4.2 V except
for full discharging at 1C once a day for 397 days. Detailed
conditions are shown in Table S1 (ESIt), which follows the
standards written in the cell specification sheet. Two sets of the
durability experiments were employed where the cells for
cycling were set vertically and horizontally. The degradation
analysis was mainly employed for the vertically-set cells unless
specified, though the degradation behavior was nearly identical
(see below). Most of the results of horizontally-set cells are
shown in ESI.{

2.2 Electrochemical analysis

Charge-discharge curve measurement at low rates and impe-
dance analysis were occasionally performed to estimate the
degree of degradation. Low-rate charge-discharge tests were
conducted using TOSCAT3000 when 160 and 397 days were
passed after the durability tests had started. The cells were first
CC charged at 0.5C at room temperature to 4.2 V cutoff and
then CV charged at 4.2 V to 65 mA cutoff. The impedance
measurement was employed at the fully charged state using a
potentiostat/galvanostat VSP-300 (Bio-Logic) in the frequency
range of 1 MHz to 5 mHz. Then, the cells were CC discharged
at 0.1C to 2.5 V, and the impedance measurement at the fully
discharged state was performed. From the obtained discharge
curve, a differential dv/dQ plot versus capacity was created to
estimate the degradation mode based on the previous
report.>"?*> The cells were charged and discharged once more
for the operando neutron diffraction measurements before they
were returned to the durability test. The impedance spectra and
the dv/dQ plot were also created with the fresh (pristine) cell.

2.3 Operando neutron diffraction analysis

Operando neutron diffraction measurements were performed to
investigate the crystal structural changes of the positive and
negative electrodes under battery operating conditions. The
diffraction measurements were performed at room temperature
using a time-of-flight (TOF) powder diffractometer (SPICA) at
Materials and Life Science Experimental Facility (MLF) of Japan
Proton Accelerator Research Complex (J-PARC).*’ It is capable
of crystal structure analysis of materials with high resolution
and high intensity, and has a data integration system for time-
resolved measurements, which is necessary for the operando
measurements.

The operando neutron diffraction profiles of the cells were
obtained with the fresh cell and the degraded cells after the
electrochemical analysis shown above was employed. The neu-
tron experiment opportunities of once or twice a year were
sufficient for this study because the commercial cell degrada-
tion slowly proceeded as shown in results. The setup of the
instruments together with the operando cell photo is shown in
Fig. S1 in ESI.{ The detailed facilities of the used beamline are
shown in the literature.>® All experiments were performed at
ambient temperature at around 25 degrees. The signals took in
10 minutes were accumulated to give statistically sufficient data
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quality, which gives 60 diffraction profiles during the 0.1C
operando measurements. The neutron diffraction profiles were
acquired in the 90° banks of 0.4-5.0 A, including the 003
reflection (4.6-4.8 A) of the layered positive electrode. Before
the diffraction measurements, the cells were CC charged at
0.5C at room temperature to 4.2 V cutoff and then CV charged
at 4.2 V to 65 mA cutoff. After setting the cell in the fully
charged state to the beamline, an in situ (no-current flowing)
neutron diffraction measurement was employed under the
open circuit condition. It took about 30 to 60 minutes to start
the in situ measurement after the end of the full-charge, which
was sufficient for the cells to relax their state of charge. In fact,
the in situ neutron diffraction pattern was clearly obtained
without blurring. Then the operando neutron diffraction was
measured during the cell discharging to 2.5 V at 0.1C. The
signals took in 10 minutes were accumulated to give statisti-
cally sufficient data quality, which gives 60 diffraction profiles
during the 0.1C operando measurements.

The diffraction profiles obtained from the operando mea-
surements were analyzed by the Rietveld method using the Z-
Rietveld program®® to refine the crystal structure parameters of
both the electrodes. The following crystalline phases were
assumed for the refinement: Li,NiygC0g 1541050, (NCA) as
the positive electrode, graphite as the negative electrode, alu-
minum and copper for the positive and negative electrode
current collectors, and steel (iron) for the cell case. The graphite
profile was assumed to consist of Stage 1 (LiCg), Stage 2 (LiCy,),
Stage 3 (LiCyg), Stage 4 (LiC,,4), and non-lithiated graphite (Ce).
The refinement was performed over the d-value range of 0.95 A
to 4.0 A, excluding the 003 reflection of the layered positive
electrode material showing significant peak broadening in the
diffraction profile after the degradation. Aluminum and copper
used as the electrode current collectors and steel (iron) as
the cell container were used as the standards in refining the
conversion parameters that determine the d-spacing value of
the diffraction pattern, because the lattice constants of these
metals hardly change. The details of the Rietveld analysis are
shown in the literature.?®

2.4 Disassembly analysis

The 18650-type cell after the floating-cycling test and a fresh
cell of the same lot were disassembled in the discharged states
in an inert atmosphere to remove the positive and negative
electrodes. These samples were handled in a globe box in inert
(moisture/oxygen-free) atmosphere. Each electrode was washed
with dimethyl carbonate (DMC) and dried to fabricate coin cells
with Li foil as the counter electrodes. The positive electrode
half-cell was charged and discharged at 1/50C in the range of
3.0 Vto 4.3 V and the negative electrode half-cell in the range of
0.005 V to 1.5 V using the charge/discharge device HJ1001SM8A
(Hokuto Denko). A dV/dQ curve was created from the discharge
curve, similar to the full cell. The half-cell impedance measure-
ments were performed using VSP-300 in the frequency range of
1 MHz to 5 mHz at the end of charge and discharge.

The scanning electron microgram (SEM) images and ele-
mental mapping of the surfaces of the electrodes removed from
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the disassembled cell were obtained using a field emission
scanning electron microscope (FE-SEM Regulus 8230, Hitachi)
to examine the cracks in the active material particles and
elemental distribution at the electrode surface. The cross-
section of the positive electrode was prepared using an ion
milling system (Ion-Milling System IM4000 PLUS, Hitachi) and
the SEM images and elemental mapping were similarly obtained.
The particle surface of the positive electrode was observed by
scanning transmission electron microscopy (STEM) combined
with electron energy loss spectroscopy (EELS) (ARM 200F, JEOL)
using the same cross-sectioned samples. The TEM images were
obtained at an acceleration voltage of 200 kv.

3 Results and discussion
3.1 Electrochemical evaluation of cell degradation

The capacity of the vertically-set cells at 0.1C rate before and
after durability tests are summarized in Fig. 1 (with numerical
data in Table S2, ESIt), showing the capacity decreases by
floating—cycling (22% after 397 days) is significantly larger than
the decrease sum of floating (3% after 397 days) and cycling
(4% after 397 cycles). The cycling cell was stored in a fully
discharged state for 60 days after 160 cycles until the floating-
cycling cell reached 160 cycles, leading to the capacity recovery
appeared in Fig. 1.
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Fig. 1 (a) Trends of 1C discharge capacity of vertically-set cells as func-
tion of tested days (floating and floating—cycling) and cycle number
(cycling) (b) The corresponding capacity retention at 0.1C after 160 and
397 days or cycles. The state of health check was employed after 160
cycles as shown below, which caused some capacity recovery in cycling.
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The durability test process of floating-cycling is essentially
the sum of those of floating and cycling (the floating period
being actually shorter), indicating the negative synergic effects
of the floating—cycling processes. The floating-cycling cell with
everyday 0.3C discharging behaved nearly the same as the cell
with everyday 1.0C discharging, indicating that the discharge
rate (and the resultant differences in the fully charged duration
of ca. 10%) has little effect on the degradation behavior under
the tested conditions. Nearly the same tendency was observed
for the horizontally-set cells (Fig. S2, ESIt) with somewhat
larger degree of degradation for the vertically-set cells, possibly
due to uneven distribution of the electrolyte caused by gravity.
The vertically-set cell can be suffered from electrolyte depletion
as the electrolyte decomposition proceeds, and the limited
electrode area immersed in the electrolyte can lead to the more
significantly increased cell resistance than that of the
horizontally-set cell. We hereafter focus on the origin of the
serious degradation of the floating-cycling cell with everyday
1.0C discharging (floating-cycling).

The degradation status was analyzed by the derivative dv/dQ
plots. Fig. 2 shows the 0.1C discharge and the corresponding
dV/dQ curves of the cells before and after 160 cycles (cycling) or
160 days (floating and floating-cycling). The curves are nearly
identical for cycling and floating whereas a clear voltage decay

(a) 42 -700 x10°
4.0 -600 N2
38 -500
> 36 P1 N1
é, 34 % -400H
S35 3 -300 2
(<}
> | — Freshcell
3.0 — Cycling (160 cycles) -2001
2.8fF — Fresh cell
-100} — Cycling (160 cycles)
2.6F &
0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0
Discharge capacity / Ah Discharge capacity / Ah
(b) 42 700 x10°
4.0r -600 -
3.8 e00 “
3.6F P1
e sa g -400(]
o 3.4 N P2
Faol 3 -so0}f
= 3.
> — Fresh cell
30r  _ Floating (160 days) -200f — Ereshicell
2.8r -100} — Floating (160 days)
28¢ : : 0 s s
0.0 1.0 2.0 3.0 0.0 1.0 20 3.0
Discharge capacity / Ah Discharge capacity / Ah
() 42 -700 x10°®
4.0 -600
N2
3.8 500 L, N1
=58 o -400
3 34 g 55
£32 S -300f
g — Fresh cell
3.0 — Fioating-cyciing -200r- — Fresh cell
2.8} (160 days) -100k — Floating-cycling
L (160 days)
28 L s 0 L L
0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0
Discharge capacity / Ah Discharge capacity / Ah

Fig. 2 Discharge curves and dV/dQ curves after 160 cycles: (a) cycling,
(b) floating, (c) floating—cycling.
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and the associated capacity decrease are seen for the floating—
cycling. Here we assumed that the positive and negative elec-
trode materials are NCA-like material and graphite, which is
later proved by neutron diffraction experiments, and the dV/dQ
profiles were analyzed based on the previous study.”"***” The
three distinct peaks in the profiles (Fig. 2) are indeed very close
to the reported ones.*® From the beginning (left-hand side in
Fig. 2) to the end (right-hand side) of discharge, there were a
positive-derived P1 peak, a superposition of a negative-derived
N1 peak and a positive-derived P2 peak, and a negative-derived
N2 peak. The P1 and P2 peaks are assigned to be essentially the
same as the phase transitions of NCA-like material and the N1
and N2 peaks correspond to the disappearance of graphite
stage 1 and 3, respectively.*® The derivatives dV/dQ before and
after the tests were essentially identical for cycling and floating
except for the unclear N2 peaks, which is due to partially
incomplete lithium extraction from the graphite after degrada-
tion. In contrast, significant changes were observed in the
dv/dQ plot for floating-cycling. In addition to the peak height
decrease of the P1 peak and the absence of the N2 peak, there
was a small peak-to-peak distance decrease (ca. 4.3 mAh) in
N1 and P1, which can be ascribed to loss of lithium inventory
(see below).

The test results after 397 cycles or 397 days are similarly
shown in Fig. 3. Again, the discharge profiles were almost
unchanged for cycling and floating, while there are a significant
voltage decay implying the increase of the cell resistance and
the associated capacity loss for floating-cycling. The degrada-
tion appears more clearly in the derivative dV/dQ plots as
shown in Fig. 3(a) and (b). The N1 and P2 peaks are indis-
tinguishable in the fresh cell, while they are separated after 397
days (floating) or 397 cycles (cycling) as N1 shifted to the left-
hand side. This N1 peak shift against the P2 peak is typical to
the potential window shift arisen from the loss of lithium
inventory.”’ On the other hand, the behavior of the cell after
floating—cycling of 397 days was entirely different from that of
the fresh cell as shown in Fig. 3(c), indicating that the degrada-
tion mode is not just the typical loss of lithium inventory and
the origin of the degradation can hardly be clarified only with
the dV/dQ profile.

To search for the origin of the degradation, the impedance
analysis was employed for these cells. Fig. 4 shows the Nyquist
plots of the cells (in the charged states) before and after three
durability tests of 397 cycles per days. According to the
previously reported profile assignment,®*™*' the semicircles
in the frequency regions of 100 Hz and 0.1 Hz that can
respectively be ascribed to the charge-transfer processes of
the negative (graphite) and positive (lithiated layered oxide)
electrodes. The semicircles at around 100 Hz increased by the
three durability tests, in nearly the same manner, suggesting
that the negative electrodes are degraded by a common mode,
presumably the SEI formation onto the graphite.”’™* On the
other hand, a particularly large increase the semicircles at
around 0.1 Hz was observed for the cell with floating-cycling.
This suggests that the main origin of the serious degradation
in floating-cycling is in the positive electrode. Because it is
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Fig. 3 Discharge curves and dV/dQ curves after 397 cycles: (a) cycling,
(b) floating, (c) floating—cycling.
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Fig. 4 Nyquist plots of fully charged before and after durability test.

hard for this simple impedance spectrum assignment to
clearly indicate the origin of the degradation, neutron diffrac-
tion experiments, which can separately evaluate the behavior
of the positive and negative electrodes, were employed and
analyzed.
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3.2 Operando neutron diffraction analysis

The operando neutron diffraction measurements of the fresh
and aged cells were employed to clarify the origins of the
degradation. The diffraction profile in the fully discharged
state suggests that the positive and negative electrode materials
are virtually the NCA-like layered material and graphite, respec-
tively. Fig. S3 (ESIt) shows the evolution of the diffraction
profile of the fresh cell during 0.1C discharging. The 003
reflection of the positive electrode material and 00/ reflections
of graphite are respectively observed at 4.6 to 4.8 A and around
3.5t0 3.7 A, in addition to the reflections of aluminum (positive
electrode current collector), copper (negative electrode current
collector), and iron (cell container), which will be later clarified
with the Rietveld refinement. The lattice constant evolution of
the fresh cell also confirms that the positive electrode material
is NCA-like,** as shown in Fig. S4 (ESIY).

Fig. 5 shows the 003 reflection of the positive electrode
material and 00/ reflections of graphite as the representatives
of the structural evolution of the electrode materials, before
and after 160 and 397 days of floating. The profile was nearly
unchanged after floating, but it should be noted that the 003
reflection of the positive electrode material in the beginning
of the discharge process was d = 4.63 A for the fresh cell while
d = 4.60 A after 397 days of floating. Considering the lattice
constant evolution of NCA,** this shrunk d-spacing of the 003
reflection indicates overcharged (over-delithiated) states of the
NCA-like positive electrode material. The weak stage-1 in the
beginning of discharging and early appearance of the stage-2 of
graphite suggests incomplete charging after 397 days of float-
ing. These are consistent with the loss of lithium inventory by
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parasitic reaction at the negative electrode, causing the
potential window shift of both of the electrodes.

Fig. 6 shows the results before and after 160 and 397 days of
floating—cycling. What is pronounced is the broadening of the
positive electrode material reflections after 160 days especially
in the beginning of discharge. Such line broadening was not
remarkable in the negative electrode behavior. This line broad-
ening of the positive electrode material can be expressed by
setting the d-space evolution during the discharge (yellow curve
in Fig. 7(a)) overlapped with that shifted along the horizontal
(depth-of-discharge) direction (Fig. 7(b)). This shifted setting
can explain significant broadening in the beginning of dis-
charge while little difference in the latter part, owing to the
small d-space change in the latter part of discharge. Conse-
quently, this line broadening (also shown in Fig. S5, ESI{) can
be ascribed to the reaction inhomogeneity in the positive
electrode where the discharge process started non-uniformly
depending on the part of the electrode, which is presumably
derived from partially formed resistive films in the electrode
material particles as shown in the latter part of the manuscript.
By using Gaussian distribution fitting, the width at half max-
imum (FWHM) of the 003 peak was obtained (shown in Fig. S6
and S7, ESIt), showing low crystallinity of the positive electrode
material after 397 days of floating-cycling. The increase in the
FWHM has been attributed to the increase in microcracks in
the positive electrode material,® which will be later clarified in
the post-mortem analysis. In the negative electrode side after
160 days of floating-cycling, the appearance of the graphite at
the end of discharge was nearly lost. After 397 days, the broad-
ening behavior of the positive electrode material is again
apparent but the initial part is lost due to seriously incomplete
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(b) floating after 160 days, (c) floating after 397 days.
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charging. The initial d-spacing value of d = 4.79 A of the
floating—cycling cell is obviously larger than that of the fresh
cell (d = 4.63 A), suggesting the incomplete charging based
on the significant increase of d-spacing in the beginning of
discharging process (see also Fig. S5, ESIT). Furthermore, the d-
spacing value d = 4.76 A of the floating-cycling cell is larger that
of the fresh cell (d = 4.76 A), implying that the discharging was
also incomplete. In the negative electrode side after 397 days,
the weaker stage-1 and stronger stage-2 in the beginning
of discharge corresponds to incomplete charging while the
shorter stage-4 and the absence of graphite at the end of
discharge explains incomplete discharging. Such incomplete
charging and discharging can be correlated to the increase of
cell resistance, presumably caused by the positive electrode as
suggested by the impedance increase. The degree of incomple-
teness was more significant during charging than during
discharging. This is because the voltage drop at the end
discharging is large even for the fresh cell and the internal
resistance increase has little effect on the state of charge (SOC)
at the end of discharging, whereas the voltage change at the
end of charging is small, causing significant SOC change with
the same internal resistance increase.

3.3 Quantitative analysis of degradation based on lattice
constant evolution

To analyze the degradation in more quantitative manners, the
lattice constant evolution during discharging were evaluated by
the Rietveld refinement of the operando neutron diffraction
profiles. The accumulated profiles in 10 minutes were mainly
analyzed, meaning that the profile was measured within the
SOC change of 2%. As shown in Fig. S8-510 and Table S3 (ESIf),
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the refinement of the Rietveld analysis resulted in sufficiently
low residual factors when taking these operando profiles into
account. The background of diffraction patterns is somewhat
large, due to the presence of hydrogen atoms in the electrolyte
and separator, but it is monotonous and not too significant
to interfere the Rietveld analysis as shown in the figure.
The degree of degradation was analyzed based on the lattice
constant evolution of the positive electrode material because
the parameters a and ¢ can directly be correlated to the SOC of
the positive electrode. As the monotonous evolution of a seem
to be convenient for fitting (see Fig. S11, ESIt), we attempted
the least-square fitting of the evolution of a by adjusting the
SOC shift in the beginning (mA h) and expansion rate of
the evolution profile before and after degradation by using
two parameters; one is the SOC shift in the beginning of
discharging caused by insufficient charging (due to resistance
increase) and the other is the expansion rate for the whole
lattice constant evolution corresponding to surviving active
material mass.

The open circles in Fig. 8 and 9 show the evolution of the
lattice constants a and ¢ of the fresh cell during discharging.
They were mostly obtained by using the automatic continuous
multipoint analysis program installed in ZRietveld,*® with some
intermittent manual analyses. The selected lattice constant
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Fig. 8 Least squares fitting results of the lattice constants (a) a and (b) ¢
for the cell after 397 days of floating.
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Fig. 9 Least squares fitting results of the lattice constants (a) a and (b) ¢
for the cell after 397 days of floating—cycling.

evolution from the cells degraded by floating and floating—
cycling (both after 397 days) are respectively shown in Fig. 8
and 9 as pink and violet filled circles. It is clear that those from
the floating test are close to the fresh cell data whereas those
from the floating-cycling test are significantly different. The
larger a and c values of the floating-cycling aged cell than the
fresh cell data suggest the low SOC in the beginning of char-
ging, as previously described. The a-axis evolution during
discharging is monotonous and the trend can be roughly
shown as a slanted line. If the essential phase evolution
behavior is kept intact and the amount of the material available
for discharging decreases, the lattice constant evolution can be
more slanted. In other words, a more slanted evolution of
a implies the loss of material utilization caused by the
degradation.’> We attempted the least-square fitting of the
evolution of a by adjusting the SOC shift in the beginning
(mA h) and expansion rate of the evolution profile, because the
monotonous evolution of a seem to be convenient for fitting.
Then the resultant SOC shift and the expansion rate were
applied to the evolution of ¢. As shown in Fig. 9, the fitted data
fairly matched with the fresh cell data with some inconsistency
seen in the transition of ¢, presumably due to the considerable
d-spacing changes in the beginning of discharging. The same
procedure was employed for the cells degraded by floating and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table1 Actual capacity decrease, capacity shift and expansion rate of the
cell degraded for 397 days. The capacity shift and expansion rate are
obtained by least squares fitting of the lattice constant evolution

Actual Capacity shift Expansion rate

capacity obtained by obtained by

decrease diffraction diffraction
Mode [mA h] analysis [mA h] analysis
Floating 103 —56 + 28 1.04
Floating-cycling 626 563 + 6 1.06

the obtained capacity shifts and expansion rates are summar-
ized in Table 1, together with the mean absolute errors. The
capacity shift for floating contained some errors, but it was
small with —2 £ 1% of the initial cell capacity. On the other
hand, the capacity shift for floating-cycling was significant with
20 £ 1% of the initial cell capacity.

The negative capacity shift for the floating cell can be
ascribed to the loss of lithium inventory. On the other hand,
the capacity shift for the floating—cycling cell was approximately
close to the actual capacity loss (ca. 20% of the initial capacity).
The expansion rate of 1.06 indicates that 6% of the initial
material was lost during the durability test, which is much
smaller than the actual capacity loss. Accordingly, it is con-
cluded that the main origin of the capacity degradation of the
floating-cycling cell is attributed to the internal resistance
increase in the positive electrode that limits the available
capacity of the cell.

3.4 Post mortem analysis

A fresh cell and the cell after the floating—cycling test were
disassembled to explore the condition changes of the positive
and negative electrodes caused by the durability test. The
horizontally-set cells were used for the post mortem analysis
because the vertically-set cells after neutron radiation are
unsuitable for disassembling. Fig. 10 shows the discharge
behavior and the corresponding dV/dQ profiles of the positive
and negative electrodes in the half-cell tests, showing typical
behavior of the NCA-like material and graphite electrodes
under the fresh conditions. The capacity loss and change in
the dV/dQ profiles of the positive electrode were remarkable
while those of the negative electrode was negligible. The dv/dQ
profiles changes of the positive electrode are close to those
obtained in the full cell (Fig. 3). The profile of the degraded
positive electrode matches that of the fresh cell with some
initial offset as shown in Fig. 10(c), suggesting that the material
itself was nearly unchanged and cell charging was considerably
limited. The impedance analysis of the disassembled electrodes
(Fig. 11) indicates significant impedance growth in the positive
electrode. In addition, the discharging experiments as well as
the impedance measurements were employed after full cycling
of the fabricated cell. As shown in Fig. S12 and S13 (ESIY), the
resultant behavior was reproducible, indicating that the
degraded behavior is intrinsic to the electrode and not caused
by the different SOC of the disassembled electrode. The cell
disassembling could cause some changes in the components,
even if we sufficiently pay attention to the disassembling

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

processes. In the present study, the charge-discharge curves,
dV/dQ curves, and Nyquist plots of the impedance measure-
ments all show that the behavior of the positive and negative
electrodes from the disassembled cells can reproduce that of
the full cell before disassembling. Therefore, we are sure that
these half-cell test results appropriately represent the status of
the full cells.

The SEM and EDX images of the fresh cell and the cell after
the floating-cycling test are shown in Fig. S14-S17 (ESIt). The
positive electrode particles are in 1 to 2 micron sizes, and there
formed some cracks after degradation. The negative electrode
particles consist of flakes of 5 to 10 microns, and additional
small grains were found after degradation. These small grains
were metallic nickel as deduced by the EDX analysis, which is
the reduced species of Ni** in the electrolyte as a consequence
of nickel dissolution in the positive electrode side. This agrees
with the reported results that float charging causes transition
metal dissolution in the positive electrode and dissolved metal
electrodeposition in the negative electrode.'® The increase of
fluorine signal was observed in the negative electrode, which
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can be attributed to the formation of SEI derived from the
electrolyte components. Interestingly, the negative electrode
was electrochemically active, despite of the depositions of
nickel and fluorine compounds.

To investigate the details of the degradation, the cross
section of the positive electrode was exposed by the ion-
milling method and observed by SEM and EDX. As shown in
Fig. S18 (ESIT) a considerable amount of crack formation was
found in the positive electrode all through the positive elec-
trode after degradation. There were fluorine and carbon signals
in the cracks (Fig. 12), suggesting the existence of the electrolyte
decomposition product in the cracks, which is presumably the
origin of the impedance increase in the positive electrode.
We deduce that such inhomogeneous film formation leads to
the reaction inhomogeneity in the positive electrode found in
the operand neutron diffraction measurements. It is known
that inert rock-salt phase formation at the nickel-based elec-
trode surface is detrimental to the electrode performance.*’
On this basis, the local structures of the positive electrode
surface were analyzed by TEM as shown in Fig. S19 and S20
(ESIT). The fresh cell electrode surface has some disorder but
no rock-salt phase, while the rock-salt phase formation with the
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Fig. 12 EDX results of positive electrode cross section (electrolyte side):
(a) fresh cell and (b) floating—cycling.

thickness of ca. 5 nm is observed in the degraded electrode at
the natively exposed surface of the particles (Fig. S20(d), ESIT)
and also in the crack part (Fig. S20(e), ESIT). The rock-salt
region is relatively thin when compared to the typically reported
thickness of 20-30 nm for degraded cells with the capacity
decrease of more than 20%."7*® These results suggest that the
main cause of the floating—cycling cell is the resistive surface
film formation rather than the rock-salt film formation. Further
study is needed to clarify the effect of these factors and the
correlation between them.

Summarizing the results shown above, it is proposed that
the origin of the cell degraded by floating-cycling is derived
from the negatively synergetic effect of the crack formation in
the positive electrode by repeated cycling associated with the
crystalline lattice expansion/contraction and the resistive film
formation at the formed surface in the cracks caused by the
floating process, as illustrated in Fig. 13. It is suggested that the
reaction inhomogeneity observed in the operando neutron
analysis is caused by non-uniform formation of the resistive
films to lead to uneven overpotential distribution in the parti-
cles. It is noted that the cell tested under the cycling condition,
degraded by the loss of lithium inventory, showed somewhat
faster degradation rate than the floating cell. While the time
kept at high voltages was short for the cycling cell, contributing
to the suppression of the resistive film growth in the positive
electrode, the cycling procedure to break the surface film
presumably leads to the regeneration of the surface film and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Schematic illustration of degradation mechanisms for floating, cycling and floating—cycling.

thus the severe loss of lithium inventory. In addition, the
fluorine-containing film at the positive electrode surface found
in this study seems to be much thicker than the generally
reported cathode-electrolyte interphase that does not usually
degrade the electrode performance too much, suggesting that
the resistive film could be derived from the negative electrode as
the consequence of the cross-talk.*”~** The film formation should
be accelerated during the floating process also on the negative
electrode side and the reductive decomposition detached by
cycling could be transferred to through the electrolyte and would
form resistive films by oxidation at the positive electrode. Further
study is again needed to clarify the detail of the surface film
formation mechanism and the cell management as well as new
strategies®>”! to suppress these serious degradation modes. It is
also important to elucidate how the fast degradation seen in
floating—cycling can be suppressed. It is proposed that limiting
the degree of SOC during continuous charging can suppress the
fast degradation, which is currently under investigation and will be
reported elsewhere. In addition, though the detailed analysis of the
resistive film formed on the positive electrode surface and of the
remaining electrolyte solutions is beyond the scope of the current
study, it is definitely a future task to clarify the nature of them and
the resultant reaction mechanism.

4. Conclusions

This work focused on understanding the major degradation
factors of lithium-ion batteries operated in three typical modes.

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

The cell deterioration by floating or continuous charging is
caused by loss of lithium inventory, which is commonly recog-
nized as the origin of the deterioration during continuous
cycling, whereas float charging with periodic discharging (float-
ing-cycling) results in serious capacity degradation, showing
the negative synergic effects of the floating and cycling pro-
cesses. The fact that floating-cycling leads to faster degradation
than cycling suggests that the simple constant current charging
is better for long cell lifetime rather than the constant voltage
charging recommended by cell manufacturers, at the sacrifice
of small additional capacity. The dV/dQ curves analysis and
impedance spectroscopy indicates that this serious degradation
of floating-cycling is originated from the increase of positive
electrode resistance. The operando neutron diffraction analysis
demonstrates, for the first time, that the increased resistance
causes reaction inhomogeneity in the positive electrode and
leads to the incomplete charging and discharging processes of
the floating—cycling cell. The lattice constant evolution during
discharging, analyzed by the successive Rietveld analysis,
indicates that the positive electrode material loss is insignif-
icant and the raised internal resistance to limit the available
capacity range is the main origin of capacity decrease. The
ex situ SEM/EDX analysis of the aged electrode particles shows
that the serious deterioration is due to the non-uniform resis-
tive film formation during the floating operation accelerated by
the crack formation during the cycling operation.

The positive electrode film, so far recognized as cathode-
electrolyte interphase, is usually thin and generally contributes
little to the cell degradation. Accordingly, it is suggested that
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the resistive film found in this study can be originated from the
negative electrode; the reductive film formed on the negative
electrode during the floating operation can be peeled off from
the surface during the cycling operation, and the dissolved
species of the film can reach the positive electrode to be
oxidized and form a highly resistive film. Further research on
this cross-talk of the decomposition product can clarify the
detailed mechanism of the cell impedance growth and cell
management to extend the life of lithium-ion batteries.
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