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Abstract

Lithium ion batteries (LIB) have become a cornerstone of the shift to electric transportation. In an
attempt to decrease the production load and prolong battery life, understanding different degradation
mechanisms in state-of-the-art LIBs is essential. Here, we analyze how operational temperature and
state-of-charge (SoC) range in cycling influence the ageing of automotive grade 21700 batteries,
extracted from a Tesla 3 Long Range 2018 battery pack with positive electrode containing
LiNixCoyAl,O, (NCA) and negative electrode containing SiOx-C. In the given study we use a
combination of electrochemical and material analysis to understand degradation sources in the cell.
Herein we show that loss of lithium inventory is the main degradation mode in the cells, with loss of
material on the negative electrode as there is a significant contributor when cycled in the low SoC range.
Degradation of NCA dominates at elevated temperatures with combination of cycling to high SoC
(beyond 50%).
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Introduction

The future of passenger road transport is electric. The phase-out of fossil fuel vehicles is now closer
than ever, with targets such as the "Fit for 55" package within the European Green Deal aiming to ban
petrol- and diesel-powered cars and vans from the European Union market by 2035 [1-4]. Lithium-ion
batteries (LIB) are widely considered to be the key technology enabling electrification [5]. Solutions
for prolonging battery life are motivated by reasons of economics and sustainability, particularly
concerning the high energy demand of production and the scarcity of key materials [6-8]. A significant
focus in degradation studies of electric vehicle (EV) grade batteries is placed on cycling conditions.
Finding an optimal combination of cut-off potential together with cycling temperature can significantly
prolong battery life [9].

In this study, we focus on the ageing and degradation of a Tesla 21700 cylindrical cell, which is
composed of a blended graphite-SiOx composite negative electrode and an NCA (LiNixCoyAl,O2)
positive electrode, both currently considered state-of-the-art in EV cells. Among the most widespread
chemistries used for the positive electrode in LIBs (NCA, NMC, LFP, and LMO) NCA shows the higher
gravimetric capacity and specific energy [10]. A number of comprehensive studies are performed on
the NCA and analogous materials as well as on its operation in commercial cells [9, 11-16]. The results
have demonstrated that the state of charge (SoC) range has a significant influence on the ageing of the
cells. The choice of the appropriate SoC range as well as the cycling temperature can significantly
improve the cell battery life. The majority of research on battery systems is, however, conducted on
model systems in the laboratory and typically with a focus on the positive electrode. Nonetheless,
automotive-grade cells are much more optimized which, as well as the larger form factor, can influence
the degradation processes. A forthcoming study done in parallel reveals the SoC dependence of the
ageing processes in these particular cells by cycling in narrow ranges (A10% SoC) [17]. In the current
study, we extend the work to conditions more relevant to long-haul vehicle use, including broader
cycling windows and higher temperature. We thereby focus on the combined effects of temperature and
SoC range through full cell electrochemical evaluation and post mortem analysis of harvested electrodes
from automotive-grade batteries.

Battery ageing studies are complex due to the interrelation of multiscale processes, requiring
multiple techniques for a profound analysis and often interpretations can be often challenging due to
technical limitations [18]. Most of the ageing studies are focused on cell, electrode, or material levels
[19] and the challenge to distinguish individual ageing processes has motivated the classification of
ageing mechanisms into three major ageing modes: loss of lithium inventory (LLI), loss of active
material (LAM), and loss of electric conductivity also known as resistance increase (RI) [20-24]. LLI
refers to processes that result in a loss of lithium ions available to participate in the redox process, such
as the formation of the solid-electrolyte interphase (SEI), while LAM covers processes that involve loss
or changes resulting in the lower electrochemical activity of the host material, including transition metal
dissolution, irreversible phase transition, and particle disconnection as a result of particle cracking. RI
is related to the degradation of current collectors and binder. LLI and LAM modes are shown to be
dominant [24, 25].

The degree of ageing of a cell is often reported as its state of health (SoH), which is calculated as
the ratio of an observed capacity to the initial or nominal capacity of the cell [26]. To understand the
sources of capacity loss and resistance increase, various electrochemical characterization techniques are
used, including incremental capacity analysis (ICA) and differential voltage analysis (DVA) [27]. ICA



and DVA provide information about the close-to-equilibrium state of the cell. Both of the analyses may
be supported with techniques that analyze electrochemical dynamics, e.g. electrochemical impedance
spectroscopy (EIS) and current interruption techniques. Together these give insights into general ageing
trends in the battery as well as possible sources of capacity loss and internal resistance growth. Such
analysis is feasible for commercial cells, yet, the possibility of testing the electrodes in three-electrode
cell setup or half-cells allows the deconvolution of separate resistance contributions [28]. The anode
active material ageing is mainly caused by SEI instability, lithium plating, and the loss of electrical
contact in the active material [29]. For the inactive components, binder decomposition, conductive
additive oxidation, and current collector corrosion are highlighted as ageing causes [30]. The anode
active material ageing is mainly caused by SEI instability, lithium plating, and the loss of active material
electrical contact [31]. As for the positive electrode, generally, micro-cracking of secondary particles,
structural disordering, phase transitions to inactive phases, transition metal dissolution, and reactions
with the electrolyte are listed [32, 33]. However, the extent of each mechanism is specific to the choice
of active materials. Especially, for Ni-rich materials these are shown to be dependent on the Ni content
and type of doping [32, 34, 35]. The extent to which different degradation mechanisms contribute to
the overall ageing depends on the cycling conditions. For example, particle cracking of Ni-rich active
material is prevalent at a high state of charge (SoC) [36], and degradation sensitivity towards
temperatures has been previously shown [11, 37]. Other detrimental processes can be accelerated with
elevated temperatures, such as SEI thickening and dissolution [38].

The development of LIBs has been the subject of extensive research in both academic and
industrial settings. However, there is still a gap between the results obtained from model systems and
the actual batteries in use [39]. In order to address this issue, this study uses a combination of
electrochemical and material studies to investigate ageing in state-of-the-art batteries and address the
relevance of current ageing theories. The study aims to leverage access and skill in a large network to
do an in-depth study of ageing processes in a commercially relevant cell. Specifically, the cells were
subjected to ageing tests at three different state-of-charge (SoC) ranges (0-50% SoC, 50-100% SoC,
and full SoC) and two cycling temperatures (22°C and 45°C) to identify the dominant agents of ageing.

Experimental

Materials

Laminated aluminum pouch material (Skultuna Flexible), 1 mol L lithium hexafluorophosphate
dissolved in 1:1 v/v ethylene carbonate:diethyl carbonate (LP40, 1 M LiPF6 in 1:1 EC:DEC, Solvionic),
lithium metal chips (Li, MTI Corporation, thickness 450 um, @ 1.55 cm, 90 mAh cm?), quartz
capillaries (@ 5 mm, wall thickness 0.01 mm, Hilgenberg), and glass fiber separators (Whatman®
GF/A) were used as received. Trilayer Microporous Membrane (PP/PE/PP) separators (Celgard 2325,
25um) were cleaned with ethanol and deionized water and dried under vacuum at 60°C for 12 hours in
the glovebox).

Commercial cells cycling ageing

The 21700 cells were extracted from a battery pack of a relatively new Tesla 3 Long Range from
the year 2018. The cells were cycled within 0-50%, 50-100% and 0-100% SoC ranges at constant
temperatures: at 22°C and 45°C correspondingly using a NEWARE BTS-4000 battery tester within a
constant temperature test chamber. Duplicate cells were cycled under each condition. The SoC levels
during cycling were defined via voltage limits (Table 1), in order to avoid drift in SoC with coulomb
counting. In order to account for polarization during cycling the voltage limit corresponding to 50%



SoC is different depending on whether it is a charge or discharge to 50% SoC. The cycling test matrix
and naming of the cells are based on cycling conditions and are listed in Table 1 (for more details see
Supporting Information (SI) Table S 1) where R denotes room temperature (22 °C), H denotes high
temperature (45 °C) and numbers following the letter indicate cycling intervals during ageing in terms
of % SoC. C/3 and 1C current rates were used as charging and discharging current respectively. After
each 50 Full Cycle Equivalents (FCE) a reference performance test (RPT) was conducted. During each
RPT, one cycle at C/3 charge and discharge rate was performed to initialize cells for RPT and ensure
uniform test conditions throughout the RPT. Then two cycles with a CC-CV charge with C/20 cut-off
at maximum voltage and C/3 discharge to minimum voltage was performed to measure capacity. An
average of the two discharge capacity measurements is used as a capacity value for that RPT.
Furthermore, a C/20 full cycle is performed for incremental capacity analysis purposes, which is
followed by discharge and charge pulses at the cycler maximum current of 1.3C (6 A) at 30%, 50% and
70% SOC levels to track impedance. A visual clarification of the RPT is included in SI Figure S 1. The
cells were stopped when reaching ~75 %SoH, unless they had to be stopped earlier due to the time
limitations of the project (an example of such is a cell cycled between 50-100% SoC at 22°C).

Table 1 — Sample matrix.

Sample name SoC range Upper Voltage Lower Voltage Temperature
R0O-50 0-50 %SoC 3.78V 2.55V 22 °C
R50-100 50-100% SoC 4.18V 3.53Vv 22 °C
R0O-100 0-100% SoC 4.18V 2.55V 22 °C
HO0-50 0-50 %SoC 3.78V 2.55V 45 °C
H50-100 50-100% SoC 4.18V 3.53Vv 45 °C
HO0-100 0-100% SoC 4.18V 2.55V 45 °C

State of Health (SoH) is defined as a capacity retention as measured during a C/3 discharge related
to the initial capacity and expressed in percentage of initial capacity. State of Charge was set by fixed
voltage levels to avoid drifting in SoC window during cycling. The voltage limits were set based on
reference tests with relevant C rate (i.e., 1C for voltage during discharge and C/3 for charge procedure,
for the partial SOC window tests). For R0-100 and H0-100 cycling was performed between maximum
and minimum voltage of the cell.

Cell tear down

All cells were discharged to 0% SoC (~2.55 V) before disassembly and opened in a dry, Ar-filled
glovebox. For each cell, electrodes were carefully unrolled and cut in segments of equal size, respecting
the orientation of the electrodes to one another as well as to the cell terminals. Segments were numbered
Region 1 to 6 where 1 is the closest to the cell casing and 6 is the closest to the core. Region 4 was
located ~400 mm from the beginning of the positive electrode and 480 from the beginning of the
negative electrode and considered central. Additionally, Region 4, was split into three equal parts within
the height called U, C, and D, where U is the closest to the negative terminal, C is in the center and D
is close to the positive terminal. The heterogeneity of ageing within the cell was evaluated by selecting
samples at three different positions in the height direction from the center of Region 4. The electrodes
collected within the height of the cell U, C, and D were taken from ~15, 32, and 47 mm from the top of
the cell (the scheme of the electrode regions is shown in “Degradation inhomogeneity” section).
Afterwards, the segments were stored in individual pre-dried plastic bags and sealed in pouch bags.



Electrodes were harvested at BoL from an unaged cell and at end of life (EoL) from cycled cells from
each of the six test groups.

Electrochemical measurements of extracted electrodes

A Biologic MPG2 was used for post-disassembly electrochemical testing. One side of the active
material coating on the extracted electrodes was removed using a scalpel. Positive electrodes were
punched @10 mm and the negative electrode using an @ 11 mm puncher. The pouch cells were
assembled with electrolyte LP40, Celgard 2325 separator in a half-cell configuration. A part of the cells
from Region 4 was tested using a gold micro-reference electrode as a reference electrode to measure
lithium diffusion resistance coefficient without the contribution of the counter electrode (Li) [40]. The
cells were cycled at room temperature between 2.55 and 4.2 V for the positive and between 1.5 V and
0.05 V for the negative electrode with a constant current of C/10 (275 pA) after a 4 h rest. A combination
of constant current cycling and I1CI was performed to evaluate the electrode performance. ICI was
carried out by introducing a 5-second rest every 5 minutes [41]. The ICI data were treated using the
script developed by Lacey et al. [42]. To compare cells cycled at different conditions, the lithium
diffusion coefficient k was averaged for the plateau region between 2 to 3 mAh g.

Additional two-electrode, vacuum-sealed pouch cells were built and tested in the interests of
evaluating lab-to-lab reproducibility (Uppsala University and KTH Royal Institute of Technology) and
generating robust metrics of electrode capacity. These cells contained NCA or Gr-SiOy electrodes
harvested from the cylindrical cells, lithium foil (Sigma-Aldrich) as a counter/reference electrode,
Whatman® GF/A separator, and the same electrolyte. At KTH, cycling was done at an estimated 0.1C
rate (NCA: 0.40 mA cm?, Gr-SiOx: 0.45 mA cm) on an in-house, high-precision battery cycler using
Keithley 220 programmable power sources. Cycling of the NCA cells was occasionally conducted with
higher cutoff voltages of up to 4.35 V vs. Li/Li". In the cases with higher cutoff voltages, the discharge
and differential voltage profiles are translated to match the initial discharge voltage of the corresponding
three-electrode cell. The discharge curves are shown in Sl Figures S 2 and S 3 (positive and negative
electrodes correspondingly).

Test cell data already processed for ICI did not require additional smoothing for DVA. The other
test cell data were smoothed using the strategy first suggested by Li et al. [43] and applied in our earlier
work [44], with an initial moving average smoothing step over a 0.55% SoC span and a Gaussian filter
over a 3.0% SoC span. The differential voltage parameter was obtained by numerical differentiation of
the discharge curves (corresponding to the second complete discharge of each half-cell) and
normalization by the discharge capacity (DV = Q4 - dV/dQ). Peaks were identified manually using
ipf.m, Interactive Peak Fitter [45]. All smoothing, peak identification, and differential voltage analyses
were performed in MATLAB®.

Scanning electron microscopy and Energy-dispersive X-ray spectroscopy studies

A Zeiss LEO 1530 with an Oxford AZtec EDS system was used to perform scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). SEM with InLens detector was
performed using an acceleration voltage of 5 kV and a working distance of 6.5 mm for cross-section
images and 5.0 mm for top-view images. Elemental distribution within the positive and negative
electrodes was also measured with EDS using acceleration voltage 20 kV and distance 8.5 mm. Cross
section sample preparation of electrodes were done using ion polishing. The methodology is further
described in our previous study [46].



Inductively coupled plasma - optical emission spectrometry

An Avio 500 Scott/Cross-Flow Configuration was used for elementary composition identification
using inductively coupled plasma - optical emission spectrometry (ICP-OES). Disks of positive and
negative electrodes were punched from each cell: room and 45°C ageing within 0-50%, 50-100%, and
0-100% SoC. Region 4 from positive and negative electrodes of each sample was used for comparison.
One disk @ 10 mm for positive electrode and two disks @ 20 mm for negative electrode were used per
sample. The followed detailed methodology for further sample preparation can be accessed in our
previous study [46].

X-ray diffraction

The extracted powder from the electrode in Region 4 in each cell was ground by hand in a mortar
and pestle and sealed in quartz capillary in a dry, Ar filled glovebox using an epoxy glue. For the x-ray
diffraction (XRD) data collection a STOE Stadi P diffractometer with Ge source and a Dectris Mythen
3K detector was used. The data was collected utilizing Cu Ko radiation (A = 1.5406 A) in Debye-
Scherrer mode and fitted using commercially available software TOPAS V6 [47].

Transmission Electron Microscopy

TEM lamellae of BoL and EoL samples were prepared using a Focused lon Beam (FIB) on model
Crossheam 550 (Zeiss). The surface of the sample was masked with a carbon and a Pt layer. A 2 kV ion
accelerating voltage was used for sample polishing. The lamellae were studied with scanning
transmission electron microscopy (STEM) using a double aberration-corrected Themis Z (Thermo
Fisher). The microscope was operated at 300 kV and equipped with a Super-X EDS detector. The
aberrations in the condenser lens system were corrected up to 5" order. The collection angle for
HAADF- and BF-STEM imaging were 63-200 mrad and below 35 mrad, respectively. Imaging and
EDS acquisition and analyses were performed using Thermo Fisher Velox.

Results

Cell composition

In the opened 21700 cylindrical cells the positive electrode was measured to be 920x64 mm (both
sides); the negative electrode was measured to be 65 mm height, with a coating length of 855 mm on
the convex side of the coating and 920 mm on the concave side. The negative current collector measured
940 mm and had a clean copper part facing the cell casing. The separator oversized by 1 mm at the top
and bottom of the negative electrode. The 21700 cells in the Tesla 3 Long Range 2018 battery pack had
similar chemistries of the positive and negative electrodes reported for Tesla Model S 18650 cells [37]
and Panasonic cells [10, 13, 48]. SEM/EDS analysis revealed that the positive electrode was composed
of NCA, carbon conductive additive, and a polymer binder. The active material consisted of secondary
particles of LixNio.s0C00.05Al0.0s02 doped with ~1% W (confirmed with ICP and EDS Sl Figure S 5) and
primary particles in a range of ~100 nm. W doping of NCA is known to increase electronic and ionic
conductivity, decrease cation mixing, and mitigate particle cracking [49]. The negative electrode
consisted of graphite with SiOy particles, which had a coating or interphase layer with a thickness up to
100 nm. The use of SiOy chemistry in the negative electrode has been found to improve its specific
capacity and lower degradation compared to pure Si [50].

SEM images of cross-sections of the electrodes showed that the positive electrode was double-
coated with an Al foil with a thickness of 15 pm and a coating thickness of ~65 pum (Figure 1- a). The



active material loading was measured at ~22.9 mg/cm?. The negative electrode consisted of a copper
foil with a thickness of 8 pm with a double-sided coating of ~85 pum and a loading of ~11.7 mg/cm?
(Figure 1 — b). The separator extracted from the cell had a morphological similarity to polypropylene
(PP)/polyethylene (PE) separators (S| Figure S4) and a coating on the side towards the positive electrode
that was based on Al,Os; or Al(OH); (probed with EDS), which are often used to improve thermal
properties, puncture strength, and limit cross-talk between the cathode and anode [51-53].

Full cell degradation analysis

The present study investigates the long-term cycling performance of cells under different
operational conditions, as shown in Table 1. Capacity loss was evaluated in the change in SoH with
increasing number of FCE (Figure 2 — a). The observations of the capacity loss trends enable a
comparative evaluation of cell performance under varied conditions. In the studied case, the capacity
loss curve indicates a sublinear ageing trajectory, as the cells did not reach the knee point where
degradation is expected to accelerate [54]. The last point of each dataset corresponds to the last
measurement of remaining practical capacity before the cell was disconnected. The difference in end-
of-life (EoL) capacity between cells will be taken into consideration for every trend analysis.

The capacity retention above 95% is similar for all ageing conditions, except for the cells cycled
at 50-100% SoC at 22°C (R50-100), which exhibit better capacity retention. Even so, the cells in this
work all degrade faster (in terms of FCE) than their counterparts cycled in narrow windows
(A10% SoC) in our parallel, forthcoming study. This may be attributable to the development of larger
stresses and heterogeneity in cells cycled over a broader SoC range. Cells cycled between 0-50% and
0-100% SoC (R0-50, HO-50, R0-100, and H0-100) at both temperatures show a similar trend of capacity
fading down to 85% SoC, as depicted in Figure 2 — b. The cells cycled at 50-100% SoC at both 22°C
and 45°C exhibit a slower decay and longer lifetime compared to the other cells in this work. Among
these, the cells cycled at 22°C demonstrate superior performance compared to those cycled at 45°C.
Furthermore, the cells cycled between 0-100% SoC at 22°C (R0-100) degrade quicker than the others.

In order to compare the rates of cell ageing, the number of FCE required for each cell to reach
~80% SoH are determined. For most conditions, the cycle life is around 600-700 FCE. However, the
cells aged within the 50-100% state of charge (SoC) range have a significantly higher number of FCE
compared to the rest of the cells. The H50-100 cell has undergone approximately twice as many cycles
(~1200), while the R0-100 cell has undergone more than three times as many cycles (~2400). This



suggests that cells cycled at high SoC (50-100%) at both room (22°C) and high (45°C) temperatures
outperformed the other cells by a factor of 2 and 4 respectively.
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Figure 2 — Percentage of capacity retention of 21700 Li-ion cells at different cycling conditions: all
cells (a), zoomed view to show the similarity among cells cycled between 0-50 and 0-100% SoC at
22°C and 45°C are shown separately from high SoC cells for better resolution (b).

The electrochemical behavior of cells was visualized using incremental capacity analysis (ICA).
ICA profiles at BoL, an intermediate cycle number (MoL, 300 FCE), and EoL (~75% capacity
retention) are depicted in Figure 3, illustrating the evolution of electrochemical behavior. The peaks
identified in the fresh cell are attributed to regions of reaction stability in both electrodes and are labeled
accordingly (Figure 3 — a). During charging, NCA undergoes multiple phase transitions, including the
transitions from hexagonal H1 to monoclinic M (reaction ®), intermediate monoclinic behavior
(reaction ®), monoclinic M to hexagonal H2 (reaction @), and hexagonal H2 to hexagonal H3 (reaction
@) [55, 56]. Lumped silicon oxide behavior is represented by reaction @. Graphite (de)lithiation occurs
through several well-ordered stages, with several lumped dilute stages exchanging until stage I11 (LiC>,
reaction @), stage 111 exchanging with stage Il (LiC12, reaction @), and stage 1l exchanging with stage
I (LiCs, reaction @)[50, 57, 58]. The peak ®x@® is used to track the changes in the silicon oxide fraction
of the blended negative electrode. All other ICA features arise due to convolutions of NCA and graphite
(de)lithiation reactions. The evolution of these features supports qualitative discussion of the observed
ageing behavior.

In general, it is noted that as the cells age, the peaks become wider and less distinct. This can
indicate the effects of lithiation heterogeneity within the electrodes. This uneven distribution of lithium
can arise due to slowed reaction or diffusion kinetics and other localized ageing processes [20, 59, 60].
Heterogeneity causes peaks to blend into one another, since it causes local differences in capacity within
the cell and thus shifts the local electrode potentials. The reactions then occur, still sequentially in each
particle, but over a distribution of times during charge/discharge and at different points of overall cell
voltage. Heterogeneous ageing is also confirmed by local capacity measurements during post mortem
analysis, see section “Degradation inhomogeneity”. This trend is consistent across all cycling conditions
and shows no clear dependence on temperature nor SoC window, with all EoL ICA profiles showing
fewer distinct peaks. In particular, peaks @ x @ and ® x@®, which are inherently less pronounced already



at BoL, cannot be resolved visually in ICA after extended cycling. This likely represents increases in
both resistance and heterogeneity in all cells.

For the R50-100 and H50-100 cases, shown in Figure 3 — d and e respectively, a shift of all peaks
towards higher full cell voltage is visible. This is attributed to loss of lithium inventory (LLI) [50], by
which electrode slippage shifts the operating windows of the electrodes to higher potentials.

In the cases where the cells were fully discharged during cycling, Figure 3—b, c, f, and g, all show
that peak @ x@ is lost, or greatly diminished, already after 300 FCE compared to H50-100 and R50-
100 cells which clearly show the @ x@ peak. As the graphite peak are still clearly visible, this indicates
uneven ageing in the blended electrode with a rapid loss of active silicon oxide when discharging to
(and charging from) 0% SOC. Our parallel work suggests that the upper limit of this damaging effect
is around 25% SoC [17]. For H50-100, this characteristic peak (®x@) is preserved, albeit shifted,
during cycling, indicating retained activity of the silicon oxide fraction of the electrode. It is noted that
the loss of this peak ®x @ in the R50-100 case, shown in Figure 3 — d, shows that active silicon may
also be lost during cycling in a higher SOC window. However, higher resistance and local heterogeneity
might also to some extent contribute to apparent losses of this weakly-prominent peak.

The shift in the trough between peaks @x@ and @x® to higher voltages is an indicator for LLI
[44]. However, this might only be possible to capture by tracking intermediate stages (see MoL profiles
in Figure 3) and the observation that the trough deepens between NCA reactions @ and @. That becomes
coincident with the trough between graphite reactions @ and @ (Figure 3 —€). In cases of increasing
heterogeneity, the distinction between @ x@ and @x® may simply smear out to form one broad peak
representing both concurrent equilibria. The gradual loss of peak height in ©® x @ seen in all ageing cases
is a better indicator of LLI for cells containing NCA and graphite. For this to be true, the ©x@ peak
must remain prominent and separated from the other smeared peaks (so that the decrease is not due
solely to lithiation heterogeneity). In such cases, less of the fully-lithiated LiCs phase can be formed on
charge once lithium is consumed at the negative electrode. Although selective LAM presents in some
ageing cases and increasing heterogeneity is observed throughout, the changes in peak ®x@ for all
samples indicate that LLI always occurs to a significant extent.
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Post mortem analysis

Degradation inhomogeneity

The ICA of the full cell cycling data has indicated ageing heterogeneity within the cell. To address
spatial heterogeneity, corresponding positive and negative electrodes from the cell roll were tested. The
evaluation of heterogeneity was done to anticipate its effect for the following ex situ tests. Local half-
cell capacity was addressed for the positive and negative electrodes respectively in several different
regions, where Region 1 corresponds to the cell casing and Region 6 is the cell core (Figure 4, electrodes
are shown not to scale). HO-100 cell was used for the evaluation as it experienced the most severe
positive electrode degradation. For the positive electrodes the HO-100 aged cell showed the most severe
degradation in the central region. The least aged region (highest capacity retention) is the Region 6,
located in in the core of the cell, while the Region 1, which is closest to the cell casing, showed
comparable degradation with the central region. The highest capacity loss of the negative electrode in
the middle height of the cell was found in Region 1 (closer to the cell casing). The heterogeneity in
ageing within the electrode roll was also done at various heights for the central Region 4 of the cell. For
consistent comparison among cells the electrodes were cut at the same distance from the top of the cell.
The most severe ageing for the positive electrode was detected for the middle height of the cell. This is
consistent with previous studies that evaluate the capacity loss distribution within cylindrical cells [37,
61]. The negative electrode shows the opposite trend and the lowest capacity was found towards the
bottom of the cell. For further consistent comparison in post mortem studies among cells, the centre of
Region 4 was chosen and the electrodes were cut at the same distance from the top of the cell.
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Figure 4 — Capacity loss distribution in the positive and negative electrodes of an HO-100 cell.

Electrochemical analysis of capacity loss in the positive and negative electrodes

Upon reaching end-of-life (EoL), the cells were disassembled and the positive and negative
electrodes from the center (Region 4) were evaluated in a half-cell configuration. Figure 5 presents the
capacity loss of the positive and negative electrodes from aged cell expressed as a percentage of the cell
capacity at BoL. The capacity loss depicted in Figure 5 reveals that for the cells cycled at both
temperatures between 0-50% State of Charge (SoC), the negative electrode exhibits higher capacity
loss. Also, all cells cycled at 22°C demonstrated a dominant capacity loss in the negative electrode. On



the contrary, the cells cycled at 45°C 50-100 and 0-100 % SoC exhibited a relatively greater capacity
loss of the positive electrode, compared to their 22°C counterpart. The positive electrode operating
between 0-50% SoC at 22 °C (R0-50) demonstrated the lowest capacity loss. These observed trends are
consistent with what is commonly observed for nickel-rich electrodes, as the majority of the degradation
processes are linked to material delithiation beyond 75% of lithium content in the cathode material [22].
The results demonstrate that cycling at elevated temperature accelerates the degradation of the NCA-
electrode, whereas the low SoC window (0-50%) is more detrimental for the Si-Gr electrode.
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Figure 5 — Capacity loss evaluation of positive and negative electrodes harvested from the center of
the jellyroll (Region 4) of aged cells as a percentage of BoL capacity.

The difference in used cyclable capacity window (Qwindow) and LLI reflected in mAh cm2 in a full
cell configuration is presented in Figure 6. A decrease in the Quindow iS generally coming from capacity
loss and a change in positive vs negative electrodes capacity balancing [62]. The detailed analysis
methodology for used capacity is presented by Birkl et al. [21]. In this study, the loss of cyclable
capacity window is found to be similar for cells cycled at 22°C (all SoC window) and cell cycled 50-
100% SoC at 45°C. Additionally, the LLI was analyzed for all aged cells and showed that LLI is
responsible for most of the capacity loss in the studied cells. Interestingly, LLI values are very close for
all condition with a slight deviation for the cell cycled at 45°C between 0-100% SoC. LLI is often
suggested as one of the main degradation mechanisms in LIB [25]. The observed LLI and its extend
supports the trends observed with ICA presented in Figure 3.
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Figure 6 — Comparison of a cyclable capacity window and LLI for the studied cells.

Intermittent current interruption (ICI) cycling protocols and analysis reveal solid state Li* diffusion
resistance coefficients, k [63, 64]. Changes of k can be due to an alteration of the effective diffusion
length (for example, particle cracking or increased tortuosity), the formation of surface layers such as
rocksalt, which introduce lattice mismatch along the diffusion path of Li*, or other structural changes
in the active material [65, 66]. Figure 7 shows a comparison of the Li* diffusion resistance coefficients
of the extracted aged electrodes. For the aged positive electrodes, k increased most significantly for the
H0-100 cell (~6 times). For other conditions such as R50-100, R0-100, and HO-50, the increase in k is
approximately 2 times compared to the BoL. As for the negative electrode, room temperature ageing
did not increase k, but rather imposed a slight decrease. The high-temperature cycling led to a decrease
for the H50-100 and HO-100 aged cells, and a ~1.5 times increase in k for the H0-50 aged cell. The
decrease of k on the negative electrodes might be influenced by an increase of graphite interlattice
spacing during ageing [67].
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Figure 7 — Comparison of Li diffusion resistance coefficient of cells aged within 0-50%, 50-100%,
and 0-100% SoC at 22°C and 45°C for positive and negative electrodes.

Detailed analysis of the degradation of the NCA positive electrode

In order to evaluate loss of active material on the positive electrode (LAMeg), a differential voltage
analysis (DVA) was conducted and the results are presented in Figure 8. Three peaks were identified
for all samples; where for the BoL sample peak P1 had a maximum at 0.85 mAh cm?, peak P2 at



1.9 mAh cm?, and peak P3 at 2.9-3.7 mAh cm2. The final peak is inconsistent among the test cells and
not used for further fitting. The corresponding reference peak capacities in mAh cm2 (denoted Qp,
and Qp,) are used to calculate characteristic peak spacings. Together with half-cell capacity (Q,), they
are marked in Figure 8 — a, b. The changes in key peak spacings and capacity for electrodes harvested
from the cells cycled at various conditions are shown in Figure 8 — b, ¢ in both mAh cm and % of BoL
values. Degradation of NCA results in changes of both the position of the peaks Qp,, (where n is
number of the peak) as well as its relative quantity. Such quantities have previously been defined and
tracked over ageing for similar cells [12, 44].

In modelling of cell balancing and post mortem analysis, LAM is typically represented as a uniform
scaling of the electrode potential profile [20, 21] (and, proportionally, the differential voltage profile)
with fewer redox centers, less charge compensation and, therefore, decreased capacity. This uniform
view of LAMpe presents a proportional decrease in all positive electrode peak spacings in DVA and in
the observed discharge capacity. However, in this study, the first peak spacing, Qp; — 0 for the aged
samples (Figure 8 —b), is far out of proportion when compared to Q. Electrodes from the cells cycled
at 45°C have particularly low values. The dramatic decrease in Qp, — 0 represents that a very little
capacity is available from the first reduction reaction during the lithiation of the aged NCA (®). On the
other hand, the quantities Qp, — Qp; and Q4 — Qp, (Figure 8 — c), representing subsequent sections
of the discharge curve, are much more consistent and in proportion with one another. Observing
proportionality among the remainder of the DV profile, we suggest the spacing Qp, — Qp; as a better
candidate for accurately estimating the thermodynamic LAMee. That represents the expected loss of
capacity in the absence of rate limitation. This quantity removes artifacts arising from the switch
between charge and discharge and is presented also in SI Table S 5. The quantity Q; — Qp, may also
be suitable, though it should include kinetic limitations at the end of discharge that may be coupled with
limitations of the lithium foil counter electrode.
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compared to BoL (c).

Figure 9 depicts cross-sectional SEM images of the positive electrode from fresh (Figure 9 — a)
and 0-100% SoC aged at 45°C (Figure 9 —b) cells. Examination of the secondary particle microstructure
reveals no significant particle cracking at 0% SoC, even under the most severe ageing conditions.
However, in the aged cell voids within larger particles are visible, and in more detail a few particles
exhibit cracking in their centers (SEM images for each cell are shown in SI Table S 2). A slightly larger
intergranular spacing is observed in aged electrodes. The evaluation of cathode thickness shows an
average increase of 13%, with a higher increase of 17% for electrodes cycled between 50-100% SoC
(SI Table S 4). These results agree with previous studies that has shown partially reversible cracking in
NCA [68], including also the BoL material harvested from the cells presented here [46]. Furthermore,
a surface layer (sometimes called the cathode-electrolyte interphase or CEI) and decomposition
products is visible on all samples except for BoL and EoL aged at 22°C 50-100% SoC and 45°C 0-50%
SoC (BoL and HO0-100 cases are presented in Sl Figure S5). The CEI thickness (around 200 nm
corresponding to only to 0.3% of the BoL active material thickness) cannot, however, account for the
increase in the electrode volume. Therefore, the increase of the electrode thickness might be attributed
to the particle voids seem to form inside the NCA particles, and those may be a part of the irreversible
material expansion.
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Figure 9 — Cross-section SEM images of positive electrode: a — fresh cell; b — aged within 0-100%
SoC at 45°C cell.

The formation of a rocksalt surface layer on the active material particles has been associated with
an increase in resistance in lithium-ion batteries [65]. To investigate whether this phenomenon is
relevant in the studied case, scanning transmission electron microscopy (STEM) was used to evaluate
the formation of surface layers on fresh and aged electrodes. Figure 10 displays STEM images of the
surface of NCA particles from both the BoL and the most severely aged EoL (H0-100) samples.
Surprisingly, no rocksalt layer was detected on the surface of NCA particles in any of the samples (a
and b correspondingly). To further investigate possible NCA surface inhomogeneity, the distribution of
Ni was evaluated by EDS over the TEM samples of EoL samples, as shown in (Figure 10 — ¢ and d).
No gradient of Ni concentration was observed, indicating that no deviating surface layers were observed
on the particles and hence this phenomenon cannot be responsible for any significant increase in
resistance in these samples. Additionally, the nanoporosity is clearly present in EoL (H0-100) electrodes
and visible in Figure 10 — d, which we address in a future study.

Figure 10 — TEM images of the electrodes extracted from fresh (a) and aged within 0-100% SoC at
45°C (b) cells together with EDS mapping of Ni done for BoL and EoL HO-100 electrodes (c) and (d)
correspondingly.

To better understand the structural changes in the bulk of the positive electrodes of lithium-ion
batteries upon ageing, an XRD study was performed on powders extracted from the electrodes of both
BoL and EoL cells. Rietveld refinement of this XRD data is presented in Table 2. Changes in the lattice
parameters a and ¢, and the ratio between them generally indicate structural changes in the electrode
material. Additionally, the loos/l104 ratio can be used to detect Ni/Li cation mixing [69-71], which occur



when the material deviates from hexagonal symmetry towards cubic symmetry, and a threshold value
of 1.2 is often used to indicate this phenomenon [69, 72, 73].

The results of the XRD analysis indicate that there is a minor shift in the c lattice parameter in the
studied samples, with an EoL maximum deviation of 0.2% from the BoL sample. This deviation is
significant, considering that the c lattice parameter usually deviates by approximately 1% during a
delithiation within the stability region (up to 4.18 V full cell potential) [46]. Notably, all cells cycled to
high state of charge (R50-100, R0-100, H50-100, H0-100) have the same lattice parameter deviation at
the same temperatures. As for the HO-50, it is the highest difference to BoL cell. Moreover, the c/a ratio
remains close to the BoL values in all studied cases, showing that the structure preserved the same
stability. The loos/l104 ratios of the aged electrode are also relatively close to the BoL values, except for
the samples cycled between 50-100% SoC at 22°C and 45°C, which show lower values, close to 1.2.
This indicate that the active material may experience a higher cation mixing in the upper SoC region.
Overall, the XRD results suggest that the material is not reaching complete relithiation in cells cycled
beyond 50% SoC at both temperatures (and H0-50) and suggested greater cation mixing for the samples
cycled higher than 50% SoC.

Table 2 — X-Ray diffraction results conducted over the powders extracted from positive electrodes at
0% SoC.

Sample a, A c, A Ac, % cla loos/ 1104
BoL 2.86160(3) 14.2464(3) - 4.9785 (1) 1.316
RO-50  2.84837(6) 14.2410(6)  0.04  4.9997 (2) 1.382
R50-100  2.85500(4) 14.2771(5) 022  5.0007 (2) 1.186
RO-100  2.85416(5) 14.2781(5)  0.22  5.0026 (2) 1.292
HO-50  2.85216(4) 14.2900(4) 031  5.0102(2) 1.389
H50-100  2.85618(4) 14.2731(4)  0.19  4.9989 (2) 1.269
HO-100  2.85623(3) 14.2732(3)  0.19  4.9972 (1) 1.378

The dissolution of transition metals is another common phenomenon observed in Ni-rich layered
cathode materials [74, 75]. Here, an elemental analysis evaluation of the positive electrode was
performed using ICP-OES to investigate the dissolution of transition metals. However, direct
comparison of transition metal ratios may be misleading as it may neglect a correlated, net change in
all of the transition metals. To avoid this, the negative electrodes from the corresponding part of the
positive electrode were analyzed since the dissolved transition metals are expected to be reduced on the
negative electrode [76]. The amount of Ni detected in the negative electrode coating of BoL and EoL
cells are presented in Figure 11. A comparison of BoL and EoL cells showed that, although there was
a relatively large variation between samples, a greater Ni content was observed in the negative
electrodes of cells cycled between 50-100% SoC. Furthermore, ageing at 45°C resulted in higher Ni
dissolution and deposition on the negative electrodes compared to ageing at 22°C. The ICP-OES of the
positive electrode was rather similar, and no further conclusions drawn from the data, see SI Figures S
8and S 9.
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Figure 11 — Ni detected in negative electrodes of BoL and EoL cells aged 0-50, 50-100 and 0-100%
SoC and two temperatures: 22 °C (R0-50, R50-100, R0-100) and 45 °C (H0-50, H50-100, H0-100).

Detailed analysis of the degradation of the negative electrode

For the negative electrode, DVA was also performed to determine the extent of its loss of active
material on the negative electrode (LAMne) and to decouple the contributions from graphite and silicon
oxide. The capacity of the graphite part of the active material was partitioned into three segments based
on the sharp differential voltage peaks N1 and N3, illustrated in Figure 12 —a. If kinetic limitations can
be reasonably neglected (i.e., if cycling sufficiently slowly), the resulting segments a (Qy, — 0), b
(Qn3 — Qn1), and ¢ (Q4 — Quq) contain 50, 38, and 12 % of the graphite capacity, respectively [58, 77,
78]. The observed capacities in each region, as well as the total electrode delithiation capacity, Qg, is
presented for each cycling condition in Figure 12 and Table S 6 (shown in Sl) as the averages from
multiple harvested electrodes from various regions within each test cell. Even in the blended electrode,
region b, quantified as Qy3 — Qu1, purely represents graphite activity with no contribution from the
silicon fraction nor Kinetic limitations. From the Qy3; — Qu1 Quantity, we can therefore estimate the
total capacity of the graphite in the blended electrode, Qg., wWhere 6 is the fraction of the
thermodynamic graphite capacity in the respective region.

0 = ngb Ont

Qcr Vvalues are calculated at BOL and EOL for each ageing case and presented in Figure 12. Qg
serves as a quantitative metric of close-to-thermodynamic LAMeg,. Knowing the effective graphite
capacity, it is possible to deconvolute the activity of silicon from that of the dilute graphite stages at
low extents of lithiation. This is achieved by subtracting the expected graphite contribution (6. - Qg)
from the remaining capacity in region c.

Qsi = Qa — Qnz — 6¢ - Qar

The necessary assumption in this estimation is that both the silicon and graphite are fully delithiated
following the 0.1C step to 1.5 V. Effectively, this resolves the silicon amount that is kinetically
available, which may be somewhat less than the total silicon content determined by other techniques.
In spirit, this method of separating the silicon contribution is the same as can be done with fitting the
open circuit potential for blended electrodes [79]. However, this manual algebraic calculation provides
simplified, quick quantification in concert with the analysis of the differential voltage profiles. The high
SoC kinetic limitations can also be evaluated. In the early stage of delithiation, the underutilization of



the graphite is represented by Q,,;. Similarto Qp; — 0 for the positive electrodes, this underlithiation
can be due to kinetic limitations on the previous charge step, or isolated regions that have poor
conductive connection.
Qui =05 - Qgr — On1

The key to these measurements is that they, like in our case, must be slow enough so that the electrode
approaches pseudo-OCP and peaks N1 and N3 are sharp and can be confidently fitted. Increasing
heterogeneity within the electrodes can smear out these peaks, making such measurements particularly
challenging at full-cell level, as remarked in our parallel cycling study on narrow SoC windows [17].

The evaluation of BoL electrodes reveals that silicon initially contributes 17% (0.72 mAh cm?) of
the achievable capacity of 4.3 mAh cm2 Ultimately, in the various ageing cases, 45-72% of this silicon
capacity is lost, compared to a maximum of a few percent capacity loss of the graphite. In some cases,
the graphite capacity even increases by EoL, though this is within the standard deviation among cells.
This can be attributed to kinetic improvements with mild exfoliation and increases in the interlayer
spacing of graphite [67]. Overall, the stability of Q¢ suggests that graphite has had minimal impact on
capacity fade in these cells. For each SoC range, the cells cycled at 22°C retained 5-10 % more silicon
capacity than their counterparts cycled at higher temperature. However, the 22°C cells attained greater
values of Q,;, indicating greater kinetic limitations or more trapped lithium, though this value has
greater variation among the test cells. Regardless, we suggest that the difference of the graphite behavior
at various temperatures is tied to greater utilization of the graphite in the 45°C-cycled electrodes (having
less active silicon). Even though the silicon degradation was severe in all cases, it was the least so for
those cells cycled 50-100% SoC (R50-100 and H50-100), indicating that time spent in lower cell voltage
region was more detrimental for the silicon. It is noted that the cells cycled at high SoC still over the
cell lifetime had several full cell cycles (from 0 to 100% SoC) during 30+ RPTSs, and that this may have
contributed, to some degree, to the observed losses of SiOy capacity.



(a)

5 l l l l
S = 1 I I I 1
g5 | | | |
g [ | | |
“_(—U > r 1 1
I 1 1 I
I O ‘I 1 1 1
1 1 ! I
. ! ! "'Q "l
) 3+ 1 ! d 1
g > | Q, g Qus : |
= I 1 I
S ‘_0 2+ ! ! \ I
T T 1 1 ! NS |
-.E > 1 1 | [
o ©_ 11 Graphite | N2 N3N !
N4
© N1 ~
£ 9 | peaks . '
a o Si peaks |
1 L 1 1 1 1
0 1 2 3 4
Q, mAh cm™
(b) N Bol
| [ R0-50
] Q I R50-100
~ 4 I RO-100
f= [N Ho-50
o I H50-100
g0 I H0-100
£
D _
Q
(c) Q N1 Qs Qg Q,

% vs. BoL

Q Q

QSi QuI

d Gr

Figure 12 — DVA of the negative electrodes extracted from Regions 4 and 5: representative BoL half-
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for each case.

A comparison of the negative electrode cross-section SEM images from samples harvested at BoL
and EoL are shown in Figure 13. EDS mapping was done to differentiate surfaces of SiOx and graphite
(SI Figure S 7). The SEM images revealed an 11.6% increase in the electrode coating thickness in aged
cells within the 0-50% and 0-100% SoC ranges. This finding can be attributed to the expansion of the
electrode during cycling. In addition to the thickness change, the morphology of the silicon (Si) particles
in the electrodes also exhibited distinct differences between BoL and EoL cells, as evidenced by the
SEM images shown in Figure 13. The morphology of Si-containing particles was found to differ with
respect to the temperature range of the cycled electrodes (Sl Table S 3). Specifically, an extensive



development of a loose morphology around the particles upon ageing (Figure 13). Changes in
morphology in the coating layer were also observed (Figure 13 — c, d). At higher magnification, the
SEM images of the EoL sample also showed that the entire SiOy particle was porous, with pore sizes in
the range of tens of nanometers (Figure 13 — e). Furthermore, the growth of SEI around SiOy particle
was dendritic and displayed a compositional gradient, as evidenced by the image contrast (Figure 13 —

e).

’.

Figure 13 — SEM images of SiOx particles in fresh and aged electrodes: a — top view of BoL negative
electrode; b — top view of H0-100 negative electrode; ¢ — cross section view of BoL negative
electrode; d — cross section view of HO-100 negative electrode; e — higher magnification of cross
section view of SiOy particle.

Discussion

The starting point for the study is an analysis of the ICA of the fresh and aged cylindrical cells during
their ageing process in order to identify ageing modes (Figure 3). Regardless of cycling conditions,
some of the peaks associated with both positive and negative electrodes disappear (Figure 3), which is
attributed both to LAM and LLI. These results also show that SiOy electrochemical activity is decreased
for the cells that are cycled down to 0% SoC such as R0-50, H0-50, R0-100, and HO-100 (Figure 3 — b,
¢, f, g). This trend is expected as SiOy is known to degrade at cell potentials below 50% SoC [79]. On
the contrary, the positive electrode degradation is anticipated at potentials corresponding to >50% SoC



due to lower stability of the positive electrode upon delithiation [80]. The electrochemical activity of
NCA was seen to decrease significantly for the cells cycled at 45°C and up to 100% SoC (Figure 3 —e,
9).

The ICA results indicated heterogeneous degradation. This was later confirmed with post mortem
analysis (Figure 4). Spatially inhomogeneous degradation is a known phenomenon and depends on
distributions of temperature, pressure, and electrolyte in the battery cells [37, 61, 81]. It is worth
mentioning that in the studied cases this heterogeneity is present but yet not severe enough to lead to
the “knee point” which is typical for cells exhibiting a higher degree of ageing heterogeneity [54]. The
general trend across all ageing conditions shows a sublinear dependence of capacity loss versus the
number of FCE (Figure 2). It is generally proposed that such dependence is typical for the cells where
degradation is mostly due to the side reactions [54]. The side reactions that occur usually take place
consuming Li* ions resulting in LLI. Li* ions are typically lost in SEI formation, electrolyte
decomposition and other side reactions which coincide with general ageing trends observed in cycling
of the studied full cells. Most of the capacity fade attributable to LLI is a consequence of electrode
slippage, i.e., a gradually increasing mismatch in electrode-level SoC that results in underutilization of
the electrodes. Consideration of LLI in the electrolyte is also important, however, as Li* is present in
excess in the electrolyte, the effect has a lesser extent. In the current study, LLI was quantified post
mortem and was found to be similar in all conditions and was confirmed as the main cause for the loss
of capacity, on the order of ~1 mAh cm™.

Together with LLI, LAM is known to be a significant source of the cell degradation [24, 25]. LAM
evaluation was conducted for both positive and negative electrodes. The positive electrode has shown
15% of LAMpe on average and similar for most cases within statistical error (Table S 5 in SI). However,
when the kinetic limitations are isolated and removed in half-cell DVA, the average figure for
thermodynamic LAM decreases to 7.2%. Thermodynamic LAMpee is higher for ageing in full SoC range
(RO-100 and H0-100). Understanding the LAMee extent was done using post mortem electrochemical
characterization of the electrodes in a half-cell configuration. The ex situ capacity evaluation of the
electrode contribution indicated prevalent ageing of the negative electrode under most conditions and
the positive electrode at 45°C cycled between 50-100 and 0-100% SoC. The Li-ion diffusion resistance
coefficient k can indicate whether there are kinetic limitations within the active material. In our study,
k increases from the narrow range (cells cycling within 50% Depth of Discharge) to the full range (cell
cycling within full SoC) and higher k at higher temperature for most conditions (Figure 7).

Further, we address various mechanisms of LAMpe. LAMpe unites processes such as particle
cracking resulting in inactivation of particles, transition metal dissolution, and phase transitions to less
electrochemically-active phases together with oxygen release [30]. From ex situ studies, it is seen that
high-temperature cycling affects the loss of active material more significantly [11]. The study of oxygen
evolution on materials extracted from the same BoL cell has been conducted previously by our group,
showing CO- evolution as a result of reactions involving lattice oxygen and electrolyte [46]. The cells
cycled between 50-100% SoC and 0-100% SoC have shown the presence of voids in larger particles
(Figure 9 and Sl Table S 2). Particle cracking was evaluated for EoL samples and found present to a
lesser extent than is generally discussed in the literature [68, 82]. It might be related to presence of W,
grain boundary engineering and the development of nanopores inside the primary particles, which act
to decrease the strain within the secondary particles. Instead, voids were found in the center of larger



particles. Similar features have been previously reported for NMC and NCA [68, 83]. However, the
cross-section study does not provide sufficient statistics on whether it is present for the entire sample
due to the technique limitation. Our previous study conducted on BoL samples has also showed visible
upon material delithiation yet reversible upon relithiation cracking [46].

A loss of active material into inactive phases was not observed by means of XRD nor TEM. The
BoL and EoL samples have similar lattice parameters (Table 2). The rock salt phase, to which the
capacity loss and Li diffusion resistance increase is often attributed, was not observed neither for BoL
nor for EoL samples (Figure 7). TEM EDX also confirmed the Ni distribution to be homogeneous
(Figure 7), and no inhomogeneous structure within primary particles was found, consistent with
previously reported results [84]. However, the Rietveld refinement disclosed a difference in lattice
parameters as well as indicated cationic mixing which can influence Li diffusion resistance [85-87].
Additionally, the thickness of the CEIl and decomposition products visible with electron microscopy
does not correlate with higher values of k.

LAMEee as a result of transition metal dissolution was identified through increased Ni concentration
in negative electrodes samples upon ageing. It is possible that HF etching may induce Ni dissolution
and migration from the positive electrode [75]. The Ni dissolution is significant in cells cycled within
50-100% SoC in both temperatures and increased at 45°C, which may be attributed to the higher number
of cycles with these cells. The high-temperature cell (H0-100) and room-temperature cell (R0-100)
completed 1950 and 2570 FCE respectively compared to ~800-1000 FCE performed by the rest of the
cells. These results agree with previously observed trends for Ni-rich layered oxide cathodes (NMC811)
[74]. This indicates that the level of Ni dissolution might be correlated to the time the active materials
operated within high SoC.

Similarly to the LAMge study, LAMne was analyzed. The average thermodynamic LAMye of the
aged, blended electrodes overall is 9.7%. Here, in the blended electrode, the graphite loss was found to
be insignificant. XRD of the negative electrode supports this conclusion (SI Figure S 10). At the same
time, the loss of active SiOx is shown to be around 60% on average. However, comparing the LAMne
of cells aged in different conditions is challenging because the difference between ageing conditions of
the most values are within the statistical error which can be attributed to heterogeneity within the cell.
It indicates an importance of accounting for statistics in this kind of analysis.

SEM study of the negative electrode has shown development of pores within the SiOy particles as
well as a significant change in the particle surface which may result in Li trapping and electrical
isolation [88]. Si particles are well-known for their surface reactivity [89]. A change in the morphology
of the SiOx particle surface was observed at 45 °C for cells reaching 0% SoC while cycling and it might
be one of the sources causing a significant change of k for high-temperature aged negative electrodes.
Lithium diffusion resistance trends indeed show a slight increase of k for negative electrodes aged at
22°C (Figure 7) and a significant increase when aged at 45°C between 0-50% SoC.

Additionally, the separator was investigated for pore reduction (Supporting information Figure S
11) and we have shown a significant change in the EoL sample which can cause a higher cell resistance
by reducing ion conductivity [30].

The study conducted on post mortem samples was analyzed for contributions introduced from cell
disassembly. The SEM images showed no delamination of the active material from the current collector
after taking the electrodes apart and mechanically removing one side. However, the comparison of ICI
measured on the full cell (SI, Figure S 12) and half cells from extracted electrodes (Figure 7) has shown



that the values of the lithium diffusion coefficient have increased almost threefold (~3.4 Q s%° cm?
measured in full cell compared to ~10.1 Q s*° cm? calculated as the sum of the k measured in half
cells). Here, the influence of the double contribution of the separator as well as less optimized cell
geometry in addition to a much lower current used in the case of the full cell plays a substantial role.
Yet, an evaluation of the contributions of each step to achieve an understanding regarding the artefacts
it may contribute is essential for these types of studies.

Cell geometry-dependent ageing has been also studied as it plays a significant role in cell
degradation [90]. Interestingly, the positive electrode material experiences higher capacity loss in
regions of higher temperature [91]. The ageing within the cell roll complies with trends reported earlier
with higher degradation towards the outer part of the cell [37]. Based on the degradation trends observed
in the positive and negative electrodes, it can be seen that when one electrode exhibits higher levels of
degradation, the opposite electrode tends to experience a comparatively lower degree of aging.

Although the present study extensively explores the degradation mechanisms, it is essential to
acknowledge its limitations. The study primarily concentrates on the degradation mechanisms of LAM
and examines the processes occurring within the bulk of the material. As a result, the study only
provides limited coverage of SEl-related processes and the degradation of inactive cell components.
The latter will be a key focus of future work.

Conclusions

In summary, a comprehensive investigation of ageing in EV cells was carried out. By subjecting
the cells to two different temperatures and three different SoC ranges, a thorough analysis of their long-
term cycling performance was performed. The results revealed that LLI is a major factor in capacity
loss and can be associated with degradation products deposited at both the positive and negative
electrodes as well as extensive development of a dendritic SEI on the SiOy particles. The latter played
a crucial role in the capacity loss observed on the negative electrode in the studied cells. The LAMepe
was found to be particularly prominent at higher operating cell potentials. Void formation within the
secondary particles was observed as well as indications of cation mixing. The positive electrode ageing
mechanisms were found to be enhanced at elevated temperatures. The analysis also identified other
factors contributing to resistance increase, such as separator ageing. The study was done by a holistic
approach creating an extensive understanding of the degradation mechanisms in the relevant
commercial EV cells. A wide range of methods was used to support the study: electrochemical
(galvanostatic cycling of full and half-cells, ICI), structural (XRD), microscopy (SEM, TEM), and
compositional (ICP, EDS) analyses. Additionally, the in-depth analysis such as DVA was used to
understand the individual contribution of blended electrode compounds to the ageing (i.g., loss of SiOx
over graphite). These findings have both academic and industrial relevance.

Acknowledgments

The authors acknowledge Bertrand Philippe for providing the cells for the current study and Olivier
Donzel-Gargand for FIB preparation of the samples. We acknowledge Myfab Uppsala for providing
facilities and experimental support. Myfab is funded by the Swedish Research Council (2019-00207)
as a national research infrastructure. We also acknowledge the financial support from the Swedish
Energy Agency to the project “Ageing of Lithium-ion Batteries with Nickel-Rich Cathodes for
Electromobility” (project number: 45538-1) as well as StandUP for Energy consortium, Sweden. This



work was performed, in part, at the Electron Microscopy Centre, supported by the Department of
Materials and Environmental Chemistry and Faculty of Science at Stockholm University, Sweden.

References
1. (2022) Why the Automotive Future Is Electric. McKinsey &amp; Company

2. IEA (2021) World Energy Model. IEA, Paris
3. Fetting C (2020) The European Green Deal. ESDN Office, Vienna

4.  Store, Johanna (2022) Fit for 55 package: Council reaches general approaches relating
to emissions reductions and their social impacts

5.  Stampatori D, Raimondi PP, Noussan M (2020) Li-lon Batteries: A Review of a Key
Technology for Transport Decarbonization. Energies 13:2638.
https://doi.org/10.3390/en13102638

6. Weil M, Ziemann S, Peters J (2018) The Issue of Metal Resources in Li-lon Batteries
for Electric Vehicles. In: Pistoia G, Liaw B (eds) Behaviour of Lithium-lon Batteries in
Electric Vehicles: Battery Health, Performance, Safety, and Cost. Springer International
Publishing, Cham, pp 59-74

7.  XuC, Dai Q, Gaines L, Hu M, Tukker A, Steubing B (2020) Future material demand
for automotive lithium-based batteries. Commun Mater 2020 11 1:1-10.
https://doi.org/10.1038/s43246-020-00095-x

8. Lai X, ChenQ, Tang X, Zhou Y, Gao F, Guo Y, Bhagat R, Zheng Y (2022) Critical
review of life cycle assessment of lithium-ion batteries for electric vehicles: A lifespan
perspective. eTransportation 12:100169. https://doi.org/10.1016/j.etran.2022.100169

9.  Wang H, Frisco S, Gottlieb E, Yuan R, Whitacre JF (2019) Capacity degradation in
commercial Li-ion cells: The effects of charge protocol and temperature. J Power
Sources 426:67—-73. https://doi.org/10.1016/j.jpowsour.2019.04.034

10. Tran M-K, DaCosta A, Mevawalla A, Panchal S, Fowler M (2021) Comparative Study
of Equivalent Circuit Models Performance in Four Common Lithium-lon Batteries:
LFP, NMC, LMO, NCA. Batteries 7:51. https://doi.org/10.3390/batteries7030051

11. Preger Y, Barkholtz HM, Fresquez A, Campbell DL, Juba BW, Roman-Kustas J,
Ferreira SR, Chalamala B (2020) Degradation of Commercial Lithium-lon Cells as a
Function of Chemistry and Cycling Conditions. J Electrochem Soc 167:120532.
https://doi.org/10.1149/1945-7111/abae37

12. Keil P, Jossen A (2017) Calendar Aging of NCA Lithium-lon Batteries Investigated by
Differential VVoltage Analysis and Coulomb Tracking. J Electrochem Soc 164:A6066—
A6074. https://doi.org/10.1149/2.0091701jes



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Kemeny M, Ondrejka P, Mikolasek M (2023) Comprehensive Degradation Analysis of
NCA Li-lon Batteries via Methods of Electrochemical Characterisation for Various
Stress-Inducing Scenarios. Batteries 9:33. https://doi.org/10.3390/batteries9010033

Wikner E, Bjorklund E, Fridner J, Brandell D, Thiringer T (2021) How the utilised SOC
window in commercial Li-ion pouch cells influence battery ageing. J Power Sources
Adv 8:. https://doi.org/10.1016/j.powera.2021.100054

Schindler M, Sturm J, Ludwig S, Durdel A, Jossen A (2021) Comprehensive Analysis
of the Aging Behavior of Nickel-Rich, Silicon-Graphite Lithium-lon Cells Subject to
Varying Temperature and Charging Profiles. J Electrochem Soc 168:060522.
https://doi.org/10.1149/1945-7111/ac03f6

Benavente-Araoz F, Varini M, Lundblad A, Cabrera S, Lindbergh G (2020) Effect of
Partial Cycling of NCA/Graphite Cylindrical Cells in Different SOC Intervals. J
Electrochem Soc 167:040529. https://doi.org/10.1149/1945-7111/ab78fd

Roy Choudri, Niladri, et al. The state of charge dependence for degradation of lithium-
ion cells from a Tesla Model 3. Manuscr

Liu X, Zhang L, Yu H, Wang J, Li J, Yang K, Zhao Y, Wang H, Wu B, Brandon NP,
Yang S (2022) Bridging Multiscale Characterization Technologies and Digital
Modeling to Evaluate Lithium Battery Full Lifecycle. Adv Energy Mater 12:2200889.
https://doi.org/10.1002/aenm.202200889

Jafari M, Khan K, Gauchia L (2018) Deterministic models of Li-ion battery aging: It is
a matter of scale. J Energy Storage 20:67—77. https://doi.org/10.1016/j.est.2018.09.002

Dubarry M, Truchot C, Liaw BY (2012) Synthesize battery degradation modes via a
diagnostic and prognostic model. J Power Sources 219:204-216.
https://doi.org/10.1016/j.jpowsour.2012.07.016

Birkl CR, Roberts MR, McTurk E, Bruce PG, Howey DA (2017) Degradation
diagnostics for lithium ion cells. J Power Sources 341:373-386.
https://doi.org/10.1016/j.jpowsour.2016.12.011

Barré A, Deguilhnem B, Grolleau S, Gérard M, Suard F, Riu D (2013) A review on
lithium-ion battery ageing mechanisms and estimations for automotive applications. J
Power Sources 241:680-689. https://doi.org/10.1016/j.jpowsour.2013.05.040

Sarkar S, Halim SZ, ElI-Halwagi MM, Khan FI (2022) Electrochemical models: methods
and applications for safer lithium-ion battery operation. J Electrochem Soc 169:100501.
https://doi.org/10.1149/1945-7111/ac8ee2

Sun H, Jiang B, You H, Yang B, Wang X, Wei X, Dai H (2021) Quantitative Analysis
of Degradation Modes of Lithium-lon Battery under Different Operating Conditions.
Energies 14:350. https://doi.org/10.3390/en14020350



25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Sarasketa-Zabala E, Aguesse F, Villarreal 1, Rodriguez-Martinez LM, Lopez CM,
Kubiak P (2015) Understanding Lithium Inventory Loss and Sudden Performance Fade
in Cylindrical Cells during Cycling with Deep-Discharge Steps. J Phys Chem C
119:896-906. https://doi.org/10.1021/jp510071d

Kong X, Bonakdarpour A, Wetton BT, Wilkinson DP, Gopaluni B (2018) State of
Health Estimation for Lithium-lon Batteries. IFAC-Pap 51:667-671.
https://doi.org/10.1016/j.ifacol.2018.09.347

Seo G, Ha J, Kim M, Park J, Lee J, Park E, Bong S, Lee K, Kwon SJ, Moon S, Choi J,
Lee J (2022) Rapid determination of lithium-ion battery degradation: High C-rate LAM
and calculated limiting LLI. J Energy Chem 67:663-671.
https://doi.org/10.1016/j.jechem.2021.11.009

Rowden B, Garcia-Araez N (2021) Estimating lithium-ion battery behavior from half-
cell data. Energy Rep 7:97-103. https://doi.org/10.1016/j.egyr.2021.02.048

Armand M, Axmann P, Bresser D, Copley M, Edstrom K, Ekberg C, Guyomard D,
Lestriez B, Novak P, Petranikova M, Porcher W, Trabesinger S, Wohlfahrt-Mehrens M,
Zhang H (2020) Lithium-ion batteries — Current state of the art and anticipated
developments. J Power Sources 479:228708.
https://doi.org/10.1016/j.jpowsour.2020.228708

Edge JS, O’Kane S, Prosser R, Kirkaldy ND, Patel AN, Hales A, Ghosh A, Ai W, Chen
J, Yang J, Li S, Pang M-C, Diaz LB, Tomaszewska A, Marzook MW, Radhakrishnan
KN, Wang H, Patel Y, Wu B, Offer GJ (2021) Lithium ion battery degradation: what
you need to know. Phys Chem Chem Phys 23:8200-8221.
https://doi.org/10.1039/D1CP00359C

Vetter J, Novak P, Wagner MR, Veit C, Méller K-C, Besenhard JO, Winter M,
Wohlfahrt-Mehrens M, Vogler C, Hammouche A (2005) Ageing mechanisms in
lithium-ion batteries. J Power Sources 147:269-281.
https://doi.org/10.1016/j.jpowsour.2005.01.006

Teichert P, Eshetu GG, Jahnke H, Figgemeier E (2020) Degradation and Aging Routes
of Ni-Rich Cathode Based Li-lon Batteries. Batter 2020 Vol 6 Page 8 6:8.
https://doi.org/10.3390/BATTERIES6010008

Capron O, Gopalakrishnan R, Jaguemont J, Van Den Bossche P, Omar N, Van Mierlo J
(2018) On the Ageing of High Energy Lithium-lon Batteries—Comprehensive
Electrochemical Diffusivity Studies of Harvested Nickel Manganese Cobalt Electrodes.
Materials 11:. https://doi.org/10.3390/ma11020176

Jung R, Metzger M, Maglia F, Stinner C, Gasteiger HA (2017) Oxygen release and its
effect on the cycling stability of LiNixMnyCozO2(NMC) cathode materials for li-ion
batteries. J Electrochem Soc 164:A1361-A1377. https://doi.org/10.1149/2.0021707]es



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Bak S-M, Hu E, Zhou Y, Yu X, Senanayake SD, Cho S-J, Kim K-B, Chung KY, Yang
X-Q, Nam K-W (2014) Structural Changes and Thermal Stability of Charged
LiNixMnyCozO2 Cathode Materials Studied by Combined In Situ Time-Resolved XRD
and Mass Spectroscopy. ACS Appl Mater Interfaces 6:22594-22601.
https://doi.org/10.1021/am506712c

Kleiner K, Murray CA, Grosu C, Day SJ, Winter M, Nagel P, Schuppler S, Merz Karin
Kleiner M, Murray C, Day S, Merz M (2020) On the microscopic origin of reversible
and irreversible reactions of LiNixCoyMnx cathode materials: Ni-O hybrid bond
formation vs. cationic and anionic redox

Uitz M, Sternad M, Breuer S, Tdubert C, TrauRnig T, Hennige V, Hanzu I, Wilkening
M (2017) Aging of Tesla’s 18650 Lithium-lon Cells: Correlating Solid-Electrolyte-
Interphase Evolution with Fading in Capacity and Power. J Electrochem Soc
164:A3503. https://doi.org/10.1149/2.0171714jes

Peled E, Menkin S (2017) Review—SElI: Past, Present and Future. J Electrochem Soc
164:A1703-A1719. https://doi.org/10.1149/2.1441707jes

Frith JT, Lacey MJ, Ulissi U (2023) A non-academic perspective on the future of
lithium-based batteries. Nat Commun 14:420. https://doi.org/10.1038/s41467-023-
35933-2

Solchenbach S, Pritzl D, Kong EJY, Landesfeind J, Gasteiger HA (2016) A Gold
Micro-Reference Electrode for Impedance and Potential Measurements in Lithium lon
Batteries. J Electrochem Soc 163:A2265-A2272. https://doi.org/10.1149/2.0581610jes

Chien Y-C, Liu H, Menon AS, Brant WR, Brandell D, Lacey MJ A fast alternative to
the galvanostatic intermittent titration technique. 7-9

Chien YC, Menon AS, Brant WR, Brandell D, Lacey MJ (2020) Simultaneous
Monitoring of Crystalline Active Materials and Resistance Evolution in Lithium-Sulfur
Batteries. J Am Chem Soc 142:1449-1456. https://doi.org/10.1021/jacs.9b11500

Li Y, Abdel-Monem M, Gopalakrishnan R, Berecibar M, Nanini-Maury E, Omar N, van
den Bossche P, Van Mierlo J (2018) A quick on-line state of health estimation method
for Li-ion battery with incremental capacity curves processed by Gaussian filter. J
Power Sources 373:40-53. https://doi.org/10.1016/j.jpowsour.2017.10.092

Smith AJ, Svens P, Varini M, Lindbergh G, Lindstrom RW (2021) Expanded In Situ
Aging Indicators for Lithium-lon Batteries with a Blended NMC-LMO Electrode
Cycled at Sub-Ambient Temperature. J Electrochem Soc 168:110530.
https://doi.org/10.1149/1945-7111/AC2D17

O’Haver T (2017) Interactive Peak Fitter (ipf.m)



46.

47.

48.

49,

50.

51.

52.

53.

54,

55.

56.

Mikheenkova A, Gustafsson O, Misiewicz C, Brant WR, Hahlin M, Lacey MJ (2022)
Resolving high potential structural deterioration in Ni-rich layered cathode materials for
lithium-ion batteries operando. Chemistry

Coelho AA (2018) TOPAS and TOPAS-Academic: an optimization program integrating
computer algebra and crystallographic objects written in C++. J Appl Crystallogr
51:210-218. https://doi.org/10.1107/S1600576718000183

Schroder R, Aydemir M, Seliger G (2017) Comparatively Assessing different Shapes of
Lithium-ion Battery Cells. Procedia Manuf 8:104-111.
https://doi.org/10.1016/j.promfg.2017.02.013

Zhang R, Qiu H, Zhang Y (2022) Enhancing the Electrochemical Performance of Ni-
Rich LiNi0.88C00.09A10.0302 Cathodes through Tungsten-Doping for Lithium-lon
Batteries. Nanomaterials 12:729. https://doi.org/10.3390/nan012050729

Schmitt J, Schindler M, Jossen A (2021) Change in the half-cell open-circuit potential
curves of silicon—graphite and nickel-rich lithium nickel manganese cobalt oxide during
cycle aging. J Power Sources 506:230240.
https://doi.org/10.1016/j.jpowsour.2021.230240

Sharma G, Jin Y, Lin YS (2017) Lithium lon Batteries with Alumina Separator for
Improved Safety. J Electrochem Soc 164:A1184. https://doi.org/10.1149/2.1091706jes

Liu Z, Jiang Y, Hu Q, Guo S, Yu L, Li Q, Liu Q, Hu X (2021) Safer Lithium-lon
Batteries from the Separator Aspect: Development and Future Perspectives. ENERGY
Environ Mater 4:336-362. https://doi.org/10.1002/eem?2.12129

Klein S, Wrogemann JM, van Wickeren S, Harte P, Barmann P, Heidrich B, Hesper J,
Borzutzki K, Nowak S, Borner M, Winter M, Kasnatscheew J, Placke T (2022)
Understanding the Role of Commercial Separators and Their Reactivity toward LiPF6
on the Failure Mechanism of High-Voltage NCM523 || Graphite Lithium lon Cells. Adv
Energy Mater 12:2102599. https://doi.org/10.1002/aenm.202102599

Attia PM, Bills A, Brosa Planella F, Dechent P, dos Reis G, Dubarry M, Gasper P,
Gilchrist R, Greenbank S, Howey D, Liu O, Khoo E, Preger Y, Soni A, Sripad S,
Stefanopoulou AG, Sulzer V (2022) Review—“Knees” in Lithium-lon Battery Aging
Trajectories. J Electrochem Soc 169:060517. https://doi.org/10.1149/1945-7111/ac6d13

Li H, Liu A, Zhang N, Wang Y, Yin S, Wu H, Dahn JR (2019) An Unavoidable
Challenge for Ni-Rich Positive Electrode Materials for Lithium-lon Batteries. Chem
Mater 31:7574—7583. https://doi.org/10.1021/acs.chemmater.9b02372

Park K-J, Jung H-G, Kuo L-Y, Kaghazchi P, Yoon CS, Sun Y-K (2018) Improved
Cycling Stability of Li[Ni0.90C00.05Mn0.05]O2 Through Microstructure Modification
by Boron Doping for Li-lon Batteries. Adv Energy Mater 8:1801202.
https://doi.org/10.1002/aenm.201801202



S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Ansean D, Baure G, Gonzalez M, Camean |, Garcia AB, Dubarry M (2020) Mechanistic
investigation of silicon-graphite/LiNi0.8Mn0.1C00.102 commercial cells for non-
intrusive diagnosis and prognosis. J Power Sources 459:227882.
https://doi.org/10.1016/j.jpowsour.2020.227882

Aurbach D, Markovsky B, Weissman |, Levi E, Ein-Eli Y (1999) On the correlation
between surface chemistry and performance of graphite negative electrodes for Li ion
batteries. Electrochimica Acta 45:67-86. https://doi.org/10.1016/S0013-4686(99)00194-
2

Sieg J, Storch M, Fath J, Nuhic A, Bandlow J, Spier B, Sauer DU (2020) Local
degradation and differential voltage analysis of aged lithium-ion pouch cells. J Energy
Storage 30:101582. https://doi.org/10.1016/j.est.2020.101582

Li J, Harlow J, Stakheiko N, Zhang N, Paulsen J, Dahn J (2018) Dependence of Cell
Failure on Cut-Off Voltage Ranges and Observation of Kinetic Hindrance in
LiNi0.8C00.15A10.0502. J Electrochem Soc 165:A2682.
https://doi.org/10.1149/2.0491811jes

Mihlbauer MJ, Petz D, Baran V, Dolotko O, Hofmann M, Kostecki R, Senyshyn A
(2020) Inhomogeneous distribution of lithium and electrolyte in aged Li-ion cylindrical
cells. J Power Sources 475:228690. https://doi.org/10.1016/j.jpowsour.2020.228690

Christensen J, Newman J (2005) Cyclable Lithium and Capacity Loss in Li-lon Cells. J
Electrochem Soc 152:A818. https://doi.org/10.1149/1.1870752

Geng Z, Thiringer T, Lacey MJ (2022) Intermittent Current Interruption Method for
Commercial Lithium-lon Batteries Aging Characterization. IEEE Trans Transp
Electrification 8:2985-2995. https://doi.org/10.1109/TTE.2021.3125418

Geng Z, Chien YC, Lacey MJ, Thiringer T, Brandell D (2022) Validity of solid-state
Li+ diffusion coefficient estimation by electrochemical approaches for lithium-ion
batteries. Electrochimica Acta 404:139727.
https://doi.org/10.1016/j.electacta.2021.139727

Xu C, Mérker K, Lee J, Mahadevegowda A, Reeves PJ, Day SJ, Groh MF, Emge SP,
Ducati C, Layla Mehdi B, Tang CC, Grey CP (2021) Bulk fatigue induced by surface
reconstruction in layered Ni-rich cathodes for Li-ion batteries. Nat Mater 20:84-92.
https://doi.org/10.1038/s41563-020-0767-8

Gao H, Wu Q, Hu Y, Zheng JP, Amine K, Chen Z (2018) Revealing the Rate-Limiting
Li-lon Diffusion Pathway in Ultrathick Electrodes for Li-lon Batteries. J Phys Chem
Lett 9:5100-5104. https://doi.org/10.1021/acs.jpclett.8b02229

Guo J, Li Y, Meng J, Pedersen K, Gurevich L, Stroe D-1 (2022) Understanding the
mechanism of capacity increase during early cycling of commercial NMC/graphite



68.

69.

70.

71.

72.

73.

74.

75.

76.

77,

lithium-ion batteries. J Energy Chem 74:34-44.
https://doi.org/10.1016/j.jechem.2022.07.005

Park KJ, Hwang JY, Ryu HH, Maglia F, Kim SJ, Lamp P, Yoon CS, Sun YK (2019)
Degradation Mechanism of Ni-Enriched NCA Cathode for Lithium Batteries: Are
Microcracks Really Critical? ACS Energy Lett 4:1394-1400.
https://doi.org/10.1021/acsenergylett.9b00733

Zhang X, Jiang WJ, Mauger A, Qilu, Gendron F, Julien CM (2010) Minimization of the
cation mixing in Lil+x(NMC)1—x0O2 as cathode material. ] Power Sources 195:1292—
1301. https://doi.org/10.1016/j.jpowsour.2009.09.029

Zheng J, Ye Y, Liu T, Xiao Y, Wang C, Wang F, Pan F (2019) Ni/Li Disordering in
Layered Transition Metal Oxide: Electrochemical Impact, Origin, and Control. Acc
Chem Res 52:2201-2209. https://doi.org/10.1021/acs.accounts.9b00033

Li J, Downie LE, Ma L, Qiu W, Dahn JR (2015) Study of the Failure Mechanisms of
LiNi0.8Mn0.1C00.102 Cathode Material for Lithium lon Batteries. J Electrochem Soc
162:A1401. https://doi.org/10.1149/2.1011507jes

Koyama Y, Yabuuchi N, Tanaka I, Adachi H, Ohzuku T (2004) Solid-State Chemistry
and Electrochemistry of LiCol / 3Nil/3Mnl/3 O 2 for Advanced Lithium-lon
Batteries: I. First-Principles Calculation on the Crystal and Electronic Structures. J
Electrochem Soc 151:A1545. https://doi.org/10.1149/1.1784823

Morales J, Pérez-Vicente C, Tirado JL (1990) Cation distribution and chemical
deintercalation of Lil-xNil+x0O2. Mater Res Bull 25:623-630.
https://doi.org/10.1016/0025-5408(90)90028-Z

Ruff Z, Xu C, Grey CP (2021) Transition Metal Dissolution and Degradation in
NMC811-Graphite Electrochemical Cells. J Electrochem Soc 168:060518.
https://doi.org/10.1149/1945-7111/ac0359

Jung R, Linsenmann F, Thomas R, Wandt J, Solchenbach S, Maglia F, Stinner C,
Tromp M, Gasteiger HA (2019) Nickel, Manganese, and Cobalt Dissolution from Ni-
Rich NMC and Their Effects on NMC622-Graphite Cells. J Electrochem Soc 166:A378.
https://doi.org/10.1149/2.1151902jes

Joshi T, Eom K, Yushin G, Fuller TF (2014) Effects of Dissolved Transition Metals on
the Electrochemical Performance and SEI Growth in Lithium-lon Batteries. J
Electrochem Soc 161:A1915. https://doi.org/10.1149/2.0861412jes

Zhang Q, Guo Q, White RE (2005) A New Kinetic Equation for Intercalation
Electrodes. J Electrochem Soc 153:A301. https://doi.org/10.1149/1.2142287



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Olson JZ, Lépez CM, Dickinson EJF (2023) Differential Analysis of Galvanostatic
Cycle Data from Li-lon Batteries: Interpretative Insights and Graphical Heuristics.
Chem Mater 35:1487-1513. https://doi.org/10.1021/acs.chemmater.2c01976

Kirkaldy N, Samieian MA, Offer GJ, Marinescu M, Patel Y (2022) Lithium-lon Battery
Degradation: Measuring Rapid Loss of Active Silicon in Silicon—Graphite Composite
Electrodes. ACS Appl Energy Mater 5:13367-13376.
https://doi.org/10.1021/acsaem.2c02047

Li T, Yuan X-Z, Zhang L, Song D, Shi K, Bock C (2019) Degradation Mechanisms and
Mitigation Strategies of Nickel-Rich NMC-Based Lithium-lon Batteries. Springer
Singapore

XieY,Wang S, Li R, Ren D, Yi M, Xu C, Han X, Lu L, Friess B, Offer G, Ouyang M
(2022) Inhomogeneous degradation induced by lithium plating in a large-format
lithium-ion battery. J Power Sources 542:231753.
https://doi.org/10.1016/j.jpowsour.2022.231753

Heenan TMM, Wade A, Tan C, Parker JE, Matras D, Leach AS, Robinson JB,
Llewellyn A, Dimitrijevic A, Jervis R, Quinn PD, Brett DJL, Shearing PR (2020)
Identifying the Origins of Microstructural Defects Such as Cracking within Ni-Rich
NMC811 Cathode Particles for Lithium-lon Batteries. Adv Energy Mater 10:2002655.
https://doi.org/10.1002/aenm.202002655

XuR, Yang,YinF, LiuP, Cloetens P, Liu Y, Lin F, Zhao K (2019) Heterogeneous
damage in Li-ion batteries: Experimental analysis and theoretical modeling. J Mech
Phys Solids 129:160-183. https://doi.org/10.1016/j.jmps.2019.05.003

Wang B, Zhang F, Zhou X, Wang P, Wang J, Ding H, Dong H, Liang W, Zhang N, Li S
(2021) Which of the nickel-rich NCM and NCA is structurally superior as a cathode
material for lithium-ion batteries? J Mater Chem A 9:13540-13551.
https://doi.org/10.1039/D1TA01128F

Zhang SS (2020) Problems and their origins of Ni-rich layered oxide cathode materials.
Energy Storage Mater 24:247-254. https://doi.org/10.1016/j.ensm.2019.08.013

Luo K, Roberts MR, Hao R, Guerrini N, Pickup DM, Liu YS, Edstrom K, Guo J,
Chadwick AV, Duda LC, Bruce PG (2016) Charge-compensation in 3d-transition-
metal-oxide intercalation cathodes through the generation of localized electron holes on
oxygen. Nat Chem 2016 87 8:684—-691. https://doi.org/10.1038/nchem.2471

Seo DH, Lee J, Urban A, Malik R, Kang S, Ceder G (2016) The structural and chemical
origin of the oxygen redox activity in layered and cation-disordered Li-excess cathode
materials. Nat Chem 2016 87 8:692—-697. https://doi.org/10.1038/nchem.2524



88.

89.

90.

91.

Kwon T, Choi JW, Coskun A (2018) The emerging era of supramolecular polymeric
binders in silicon anodes. Chem Soc Rev 47:2145-2164.
https://doi.org/10.1039/C7CS00858A

Wetjen M, Solchenbach S, Pritzl D, Hou J, Tileli V, Gasteiger HA (2018)
Morphological Changes of Silicon Nanoparticles and the Influence of Cutoff Potentials
in Silicon-Graphite Electrodes. J Electrochem Soc 165:A1503-A1514.
https://doi.org/10.1149/2.1261807jes

Waldmann T, Scurtu RG, Richter K, Wohlfahrt-Mehrens M (2020) 18650 vs. 21700 Li-
ion cells — A direct comparison of electrochemical, thermal, and geometrical properties.
J Power Sources 472:228614. https://doi.org/10.1016/j.jpowsour.2020.228614

Wang Z, Ma J, Zhang L (2017) Finite Element Thermal Model and Simulation for a
Cylindrical Li-lon Battery. IEEE Access 5:15372-15379.
https://doi.org/10.1109/ACCESS.2017.2723436



