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Enhancing the energy density of lithium-ion batteries by increasing the nickel content in layered oxides as
cathode materials is hindered by accelerated degradation at high potentials. Here, we resolve the degradation
mechanism of single-crystalline LiNig g3C0g.11Mng 0602 (NCM) by comparing different aging protocols, varying
upper cutoff voltage, time exposed to high potential (4.5 V versus Li*/Li) and number of cycles. The impedance
growth due to these stressors is quantified by electrochemical analysis, including potentiostatic electrochemical
impedance spectroscopy (PEIS). The structural and chemical degradation is investigated post mortem via trans-
mission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and secondary ion mass spec-
trometry (SIMS). The analysis reveals that the organic components of the CEI are oxidized and removed during
extended holds at 4.5 V. However, this CEI thinning occurs alongside an increase in charge transfer resistance
Rcr. Furthermore, cells undergoing cycling versus hold protocols exhibited similar CEI compositions despite
different Rcr. Therefore, we conclude that the CEI plays a minor role in the observed impedance increase. In
contrast, the formation of a rock-salt-type SRL correlates with kinetic limitations and capacity fade. These
findings provide a basis for distinguishing the effects of CEI evolution from surface reconstruction during long-
term, high-voltage operation.

This strategy has driven the evolution of cathode active materials
(CAMs) from the initial LiCoOy (LCO) to mixed layered oxides like

1. Introduction

Lithium-ion batteries (LIBs) first reached the broad consumer market
in small electronic handheld devices and are now central to the transi-
tion from combustion engines to electric vehicles (EVs) and will play a
major role in the electrification of homes and industry soon. The limited
space for the battery in most EVs and future robots creates a persistent
demand to increase the energy density of LIBs. For layered oxide cath-
odes, this can be achieved on the material level by increasing the nickel
content, which results in more available capacity in the typical voltage
range of 3.0 V — 4.3 V versus Li*/Li.

LiNi,Cop,Mn.O5 (NCM), where the nickel content was increased above
80% over the years in so-called high-Ni NCMs. Yet, the higher nickel
content in these materials comes at the cost of an increased rate of
degradation during battery operation [1-5].

In real world applications, the battery is exposed to different cur-
rents, voltages, discharge depths, and temperatures during operation.
All these factors have a different effect on degradation of the battery.
Generally speaking, higher C-rate, higher cut-off potential (Uyc) or
higher state of charge (SoC), and higher temperature lead to a faster
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capacity fading in the battery cell [2,6-13]. Sometimes less degradation
is observed for higher C-rates [9,10], which can be explained by the
shorter time at high potentials ty)q and SoC. The most damaging factor
of all those is a high cut-off potential, because multiple degradation
mechanisms are triggered simultaneously. A high potential not only
drives the formation of resistive phases (the cathode electrolyte inter-
phase (CEI) and a surface reconstruction layer (SRL) consisting of
rocksalt-type phase) but also promotes transition metal (TM) dissolution
into the electrolyte. The dissolved TM ions damage the solid electrolyte
interphase (SEI) of the anode, leading to a rapid loss of cyclable lithium
[14,15]. This shows that multiple degradation mechanisms can be the
cause for capacity decay. Which degradation effect plays the most crit-
ical role cannot be identified only on the basis of the capacity retention
and potential-charge curve of the full cell. Therefore, detailed comple-
mentary electrochemical and advanced analytical techniques are
required, through which four main degradation mechanisms of layered
oxides have been identified in the literature [16,17]. These mechanisms
are the focus of the present study.

Typical degradation processes in high-Ni NCM include particle
cracking, transition metal dissolution, structural degradation (e.g., SRL
or defect formation), and the formation of a CEL These phenomena
occur at different stages of battery operation and contribute differently
to performance loss, which manifests as capacity fade and/or an increase
in cathodic impedance. A key challenge is to understand which of these
processes is primarily responsible for the rise in charge-transfer
impedance (Rcr), though evidence suggests that the thickening of the
CEI and the formation of the SRL are major contributors [18-23].

The overall degradation process results from a complex interplay. It
is well understood that these phenomena are driven by distinct opera-
tional stressors, including state of charge, temperature, and cycling rate.
In the following, we briefly summarize the literature to identify those
most relevant for NCM degradation. Particle cracking is a mechanical
failure mainly caused by the internal stress from anisotropic volume
changes during cycling, especially at high potentials above 4.1 V, where
the H2-H3 transition is observed in LiNiO, (LNO). In conventional
polycrystalline materials, this stress leads to intergranular cracks be-
tween the primary particles, often within the first few cycles, which can
also lead to the loss of active material due to contact loss [24-26]. High
C-rates intensify this cracking by creating larger lithium-ion concen-
tration gradients that increase the local mechanical stress [13,18]. The
main consequence of these cracks is the exposure of fresh, unprotected
cathode surface to the electrolyte, which in turn leads to more side re-
actions. On these newly exposed surfaces, and on the original particle
surface, additional degradation mechanisms are triggered. Structural
degradation leads to an irreversible phase transformation from the
layered structure to an inactive rocksalt-type phase. This is initiated by
cation mixing, where Ni%" ions migrate into lithium sites, a process that
is most severe at high potentials (above 4.3 V versus Li'/Li.) and
elevated temperatures [1,22,27-30]. This structural transition to a
rocksalt-type phase (from TMO, to TMO) also involves the evolution of
lattice oxygen, possibly in form of singlet oxygen [31-33]. High C-rates
have a minor effect, but can promote this degradation by creating
localized currents at the surface, exposing it to more damaging condi-
tions [11]. The inherent instability at high potentials, combined with the
newly exposed surfaces from cracking, also increases the dissolution of
transition metals. This process is driven by chemical attack from acidic
species like hydrofluoric acid, which forms from electrolyte decompo-
sition, and is significantly accelerated at higher temperatures and
slightly increased at high states of charge [19,34]. Finally, the highly
oxidizing nature of the transition metal oxide surface and the oxygen
release of the irreversible phase transformation lead the continuous
decomposition of the electrolyte to form the cathode electrolyte
interphase (CEL). It is often claimed, that this CEI layer is also a major
contributor to the overall cell impedance [2,21,35]. The evolution und
composition of the CEI during battery operation is mainly dependent on
the cut-off voltage during operation and also on temperature [36-41].
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The degradation pathway of a given layered oxide is governed by a
complex interplay of operational parameters such as C-rate, potential,
number of cycles, and temperature. Among these, high potential is
identified as the most critical factor driving oxygen loss, structural
degradation toward a rocksalt-type phase and promoting CEI growth. In
contrast, cycling primarily induces chemo-mechanical fatigue, leading
to particle cracking through the repetitive stress associated with the H2-
H3 transition.

This study builds upon our previous work, in which it was investi-
gated the time dependent degradation of Ni-rich NCM under constant
high potential conditions [42]. Here, we try to clarify the respective
roles of the CEI and SRL in driving the interfacial degradation of
high-nickel cathodes. A key objective is to investigate whether poten-
tiostatic holds at high potentials or dynamic cycling induces more severe
degradation. To this end, we compare cathodes subjected to different
cycling routines that we understand as in accelerated-aging tests [40].
We varied parameters such as upper potential limit (Uyc), hold time at
4.5 V (thod), and number of cycles to investigate how these distinct
stressors influence CEI and SRL evolution. The resulting material-level
changes are correlated with the observed cathodic impedance (mainly
Rcr) and capacity fade. In order to achieve this, we analyze a com-
mercial high-Ni single-crystalline CAM, i.e., NCM831106, using
different techniques. We monitor electrochemical behavior with
potentiostatic electrochemical impedance spectroscopy (PEIS). Subse-
quently, we use post mortem X-ray photoelectron spectroscopy (XPS) and
secondary ion mass spectrometry (SIMS) to track alterations of the CEI,
while transmission electron microscopy (TEM) is used to examine the
local crystal structure at the particle surface. In contrast to models
focusing primarily on the CEI, our study highlights the impact of SRL as
a significant factor in the charge transfer resistance Rcr growth of
Ni-rich cathodes, under these specific high-voltage conditions. We
further reveal that this degradation is triggered more by dynamic cycling
than by extended potential holds.

2. Results and discussion
2.1. Electrochemistry

To unravel the degradation of high-Ni NCM induced by high po-
tential holds and cycling itself, different cycling protocols with various
upper cut-off potentials Uyc, hold times tyo)q at Uyc = 4.5 V, and number
of cycles were tested both in 2-electrode (coin cell) and 3-electrode
(pouch cell with lithiated gold wire reference) configurations. All po-
tentials are given versus the Li*/Li potential. Uyc = 4.5 V was chosen in
accordance with our previous publication. This is intentionally slightly
above the onset potential for oxygen release at ~80% SoC for high-Ni
NCMs (4.4 V for NCM811) [32,33,43], which was shown by online
electrochemical mass spectrometry (OEMS) [42]. In our previous study,
the most prominent form of cathode degradation due to high potential
holds was of kinetic nature, characterized by linear capacity fading and
nonlinearly increasing Rcy. This was especially prominent at high and
low potentials, where kinetics is already slow. This was mainly attrib-
uted to inhomogeneous coverage of the particle surface regions with a
rocksalt-type phase and thus a constriction of Li-ion pathways.

Here, the effect of additional cycling on these phenomena is inves-
tigated. Table 1 (in experimental section) summarizes the different
electrochemical protocols and respective cathode samples: “4.3 V cyc”,
“4.5V cyc”, “4.5 V hold”, “4.5 V cyc+hold”, where “4.5 V hold” data is
taken from [42]. We chose this labelling to show the focus of the cycling
protocol, while cycling is done in constant current (CC) and holding in
constant voltage (CV) mode. Fig. 1a shows the respective discharge
capacity retention data. After initial formation, all protocols lead to
linear capacity fading. Increasing Uyc from 4.3 V to 4.5 V increases its
slope as is well visible when comparing the blue and light red curve. The
fading is similar compared to the 0.1C data of the “4.5 V hold” cell in
yellow where each cycle has a 2 d hold at 4.5 V. The strongest capacity
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Table 1
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Cathode samples used for post mortem analysis and respective electrochemical protocols. For more details (also 3-electrode cells) refer to Table S1 (Reference [42] is

cited in Table body part).

sample Uuc/V | thad,/d | #cycles | description
pristine - - Punched and pressed cathode
(6]6)% - - Cathode from cell which was kept at OCV for 37 d
- 103 Formation, then 100 cycles (0.5C charge to Uuc, 1C discharge to 3 V),
final 0.1C cycle
4.5V hold . 16 11 Formation, then 9 PEIS check-up cycles (0.1C charge with hold and
PEIS at 3.0, 3.7, 4.0, 4.3 and 4.5V, hold at Uyc for 48 h, 0.1C
discharge to 3 V) (data for this procedure is taken from [42]).
1.8 103 Formation, then 100 cycles (0.5C charge to Uuc, 1C discharge to 3 V),
final 0.1C cycle
4.5V cyct+hold . 16 103 Formation, then 100 cycles (0.5C charge to Uuc, hold at Uyc for
230 min, 1C discharge to 3 V), final 0.1C cycle
240 T T T r T r 1000 r r r r r r r
a ) 0.1C | 0.1C b ) . i
220+ > . ——4.3Vcyc :
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Fig. 1. Electrochemical behavior of scNCM831106 subjected to various cycling protocols. a) Specific discharge capacity over the course of cycling. For the protocols,
the time at 4.5 V differs according to Table 1. b) dq/dU calculated for 0.1C discharges from a), indicated by black arrows.

loss is visible for the dark red curve (“4.5 V cyc+hold”). Here, a strong
capacity fade after ~40 cycles is observed, meaning the initial fading
(1C discharge) of 0.57 mAhg !/cycle is almost tripled to 1.57
mAhg~!/cycle. The onset of this stronger decay corresponds with the
point where kinetic limitations (also in the form of overpotentials) shift
the extracted capacity below the lower cutoff-potential of 3.0 V for 1C
cycles. More details are given in the Supporting Information (SI) section
$2.1. The final 0.1C checkup cycles in Fig. 1a show that major parts of
the capacity can be recovered for all protocols. Compared to the 2nd
formation cycle, “4.3 V cyc”, “4.5 V cyc” and “4.5 V cyc+hold” show
86.8, 80.7 and 72.1% retention, respectively. From each of the samples,
dq/dU of the discharge is calculated at the cycles indicated with black
arrows. The cycle of the “4.5 V hold” cell was chosen, so that yellow and

dark red curves have similar tyq &~ 16 d.

Fig. 1b presents the dg/dU plots, which serve as diagnostic tool for
the analysis of CAM degradation. The potential curves (2nd and final
0.1C cycle) from which dq/dU was calculated are also given in SI section
S2.1. Fig. 1b shows only minor differences between “4.3 V cyc”, “4.5 V
cyc” and “4.5 V hold”, which are caused by different Uyc and t,014. The
hold cell (“4.5 V hold”) still shows a small shoulder to the left of the
M—H1 transition peak corresponding to the kinetic hindrance of lithium
diffusion at high degrees of lithiation/low potentials. The strongest
degradation is visible in the cell that experienced multiple cycles and
holds, i.e. the dark red curve (“4.5 V cyc+hold”). A strong potential drop
at the beginning of discharge of ~350 mV compared to ~ 100 mV (“4.5
V hold”) is observed, so that the remnant of the H3—H2 transition peak
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(typically ~4.2 V) is not visible anymore. The H2—M (x4.0 V) and
M-H1 (=3.7 V) transition peaks are broadened and diminished in
height but interestingly not shifted by the potential drop. This indicates
that the initial potential drop is not due to ohmic resistances but rather
that delithiation to high SoCs is kinetically hindered. A new peak at ~3.4
V appears in the strongly degraded “4.5 V cyc+hold” sample. The
attribution of peaks is supported by the gradual evolution of dq/dU plots
in 3-electrode cells shown in SI section S2.2. We believe the new peak
corresponds to “delayed” capacity due to strong kinetic hindrance as the
coulometric titration curve of the aged cathode has a similar shape to a
cathode after formation (SI section S2.3 and S2.4). The stronger fading,
the delayed capacity and the observed loss of active material could be
interpreted as indicators of a covering, resistive layer on the CAM sur-
face. For an estimation of the maximum loss of CAM, we compared
titration curves of 3-electrode cells after formation and after the “4.5V
cyc+hold” procedure, resulting in an upper estimation value of ~10%
(SI section S2.3).

To summarize, the data in Fig. 1 reveal strong degradation mainly
due to slow kinetics but also due to loss of active material. The kinetic
hindrance was quantified via PEIS measurements in 3-electrode cells,
allowing access to the charge transfer resistance Ry of the cathode. For
that, similar cycling protocols (“4.5 V cyc”, “4.5 V hold”, “4.5 V
cyc+hold”) were applied. Please note that the protocols varies slightly
from the 2-electrode measurements as 0.1C checkup cycles were
included to measure PEIS (Table S1). The increase of mass normalized
Rcr at 4.0 V during the selected protocols is shown in Fig. 2 against the
two main stressors, the number of cycles and the time tyo)q at Uyc = 4.5
V. PEIS is also measured at 3V, 3.7V, 4.0V, 4.3V and 4.5V, each after
at least 2 h of hold time for stability. More detailed EIS data and info
regarding normalization and evaluation are given in SI section S2.4.

All three types of samples show initial nonlinear growth in Rcr which
becomes more linear at later cycles or longer ty)g. The origin of the
strong capacity decay of the “4.5 V cyc+hold” sample becomes plausible
in Fig. 2 where R¢r increases drastically during additional cycling. For
more details refer to full cycling data of the cells in SI section S2.2.

After 25 cycles (vertical line in Fig. 2b), Rcr increases by factors of
4.5, 5.0, and 29.4 for “4.5 V cyc”, “4.5 V cyc+hold”, and “4.5 V hold”,
respectively. These differences arise from varying t,o1q4 at 4.5 V of 0.5,

a) 44T

1.2+

—o—45Vhold ——45Vcyc
—o— 4.5V cyc+hold

0.61

Rcrat4.0V/ Qg
_O -
OIO o
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thold / d
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3.7, and 44 days. After tyo)q of ~16 d (horizontal line in Fig. 2b), “4.5V
cyc” results in an increase by a factor of 6.6, while “4.5 V cyc+hold”
shows a substantially larger 136-fold increase. A tyoq of ~16 d corre-
sponds to the final conditions of the 2-electrode measurements and the
subsequent post-mortem analyses. It also appears as if the linear regime
of Rcr growth occurs at shorter tyo)q if more cycling occurs.

Overall, Fig. 2b indicates that, within the investigated parameter
space, cycling is the dominant factor governing the evolution of Rcr.
Here, it has to be noted that holding and cycling can have interacting
effects. E.g., if during holding more CAM transitions to a phase with slow
Li diffusion (e.g., H3) and the subsequent discharge induces strong Li
concentration gradients and thus stress within the crystal.

The electrochemical measurements clearly demonstrate that the
combination of cycling and high potential holds (CV) results in severe
degradation. This includes rapid yet linear capacity fading, substantial
overpotentials, loss of active material and a steep increase in Rcr. To
investigate the possible reasons for the elevated Rcrt, post mortem ana-
lyses were conducted.

2.2. Chemical composition of cathode electrolyte interphase (CEI)

To investigate the chemical evolution of the cathode surface under
chosen aging protocols, a combination of XPS, ToF-SIMS and Orbitrap-
SIMS was employed. The sample preparation and sample labels are
detailed in the experimental section and in Table 1.

Fig. 3 presents the C1s, O 1 s, and Li 1 s core-level spectra for the
prepared cathodes. An offset is added to the spectra for better visibility.
Evaluation of XP spectra is based on several publications about NCM
degradation [36,38,39,41,44,45]. The F 1 s, P 2p, and Ni 2p detail
spectra are given in the SI section S4.

The Li 1 s spectra (Fig. 3) provide insight into the inorganic CEI
components. The Li-NCM lattice signal at Eg ~54.5 eV is visible for the
pristine sample and slightly visible as a shoulder for the “OCV”, “4.5 V
hold”, and “4.5 V cyc+hold” samples. This indicates that the CEI for the
pristine sample is thinner. In the region from Eg = 55 - 57 €V, signals for
surface lithium species are observed. The “OCV” sample shows a distinct
peak at ~56.0 eV, characteristic of LiF formation during storage. For all
cycled samples, this peak shifts slightly to lower binding energies (~55.5

b)

Py
9!
_|

ONPRDHOOON —

DOOOO =

—

20 40 60 80
cycle

100

Fig. 2. Evolution of mass normalized charge transfer resistance Rcr at 4.0 V versus Li*/Li of scNCM831106 subjected to various cycling protocols measured in 3-
electrode cells. Rcr is obtained from fitting cathode impedance spectra with a simple R-(R)(P)-(Rcr)(P) model in Relaxis, where R denotes a resistor, P a
constant-phase element, brackets a parallel and dashes a series connection. For fitting of impedance spectra and absolute Ry values, see SI Section S2.4. a) Rer
against cycle and ty,01q (time at Uyc = 4.5 V). Error bars correspond to standard deviation from the average of duplicate cells. b) Two-dimensional representation of
the influence of cycle and t,01q On Rcr. Grey lines guide a comparison of Rcr if one of the parameters is kept constant, t,o1q &~ 16 d corresponds to the 2-electrode

protocols and the post mortem measurements.
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Fig. 3. XP detail spectra for Li 1 s, C1 s and O 1 s. The spectra of various cathode samples are displayed: pristine (black), OCV for 37 d (grey), cycled with Uyc = 4.3
V (blue), Uyc = 4.5 V (light red), held at Uyc = 4.5 V for 16 days (yellow) and combined cycling and hold at Uyc = 4.5 V (dark red).

eV) and broadens, indicating the co-existence of Li,CO3 and LiF.

The C 1 s spectra (Fig. 3) reveal significant changes in the organic
chemistry of the surface. All cathodes show the same type of signals in
the range of Eg = 285 — 293 eV, only the ratio between those peaks is
changing. The pristine and OCV samples are dominated by signals from
adventitious carbon and conductive carbon additive (~284.8 eV), with
only a minor shoulder indicating some oxidized carbon species. Upon
cycling to 4.3 V, a substantial increase in oxidized organic compounds is
observed across the entire binding energy range. Specifically, a promi-
nent shoulder develops at ~286.5 eV, corresponding to C—O bonds, and
the intensity at &~ 290.0 eV, assigned to carbonate species (O—C=0),
also increases. Interestingly, upon cycling to 4.5 V, the relative intensity
of these oxidized organic signals, particularly the carbonate peak, de-
creases compared to the 4.3 V sample. This trend continues for the "4.5V
hold" and "4.5 V cyc-+hold" samples, where the carbonate signal is
further diminished, while a shoulder around 287 eV becomes more
defined.

The O 1 s spectra (Fig. 3) show similar trends as observed inthe C1's
region. The intensity in the higher binding energy region (>532 eV),
which contains contributions from organic C=0 (=532 eV) and C—0O
(~533.5 eV) species, follows the same pattern: it is highest for the "4.3 V
cyc" sample and decreases progressively for the samples aged at 4.5 V.
Furthermore, the "4.5 V hold" and "4.5 V cyc+hold" samples exhibit a
growing shoulder toward 534 eV, indicative of phosphorus-oxygen
species (e.g., POxFy), a known product of LiPFe degradation. Crucially,
the signal at 529.5 eV, which is the signature of the transition metal-
oxygen (TM-O) bonds in the NCM lattice, provides an indicator for the
thickness of the surface layer. This signal vanishes for the "4.3 V cyc"
sample, suggesting a CEI thickness that exceeds the XPS sampling depth
(~10 nm). In contrast, the TM-O signal reappears for the "4.5 V hold"
sample and its intensity increases with longer ;014 at 4.5 V, indicating
that the overall surface layer becomes thinner under prolonged exposure
to high potentials.

To gain a more detailed chemical fingerprint of the cathode surfaces,
ToF-SIMS surface spectra were collected. The single-ion counting
capability of ToF-SIMS allows for the detection of individual molecular
fragments, making it a highly sensitive method for monitoring surface
modifications. The resulting ToF-SIMS surface spectra were analyzed
using principal component analysis (PCA). The resulting score plot
(Fig. 4) shows that the different cathode samples form distinct, well-

104 é O pristine
o ocv
O 43Vcyc
5 qg 4.5V hold
O 45Vcyc
S O 4.5V cyc+hold
a 04 '
oP %
-5 ]
'10 T T T T T
5 0 5 10 15 20
PC1

Fig. 4. Scatter plot of the principal components 1 and 2 from the PCA results of
the ToF-SIMS surface spectra. Scores for principal components 1 and 2 of
various cathode samples are displayed: pristine (black), OCV for 37 d (grey),
cycled with Uyc = 4.3 V (blue), Uyc = 4.5 V (light red), held at Uyc = 4.5 V for
16 days (yellow), and combined cycling and hold at Uyc = 4.5 V (dark red).

separated clusters, confirming that each aging protocol produces a
unique surface chemistry. The corresponding loading plots (see SI sec-
tion S5.1) for Principal Component 1 (PC1) and 2 (PC2), were used to
identify the characteristic secondary ion fragments responsible for this
chemical separation.

Analysis of the loadings revealed that the pristine sample is defined
by signals originating from the bulk cathode components, including the
NCM (e.g., NiO™, NiO3), the PVdF binder (e.g., CF ) and conductive
carbon (e.g., Cg). After storage, the “OCV” sample changes significantly,
driven by the appearance of hydrocarbon fragments originating from the
electrolyte (e.g., CoH3, C3H3, C4H3), a strong increase in LiF (e.g., LiF3)
and slight increase in NiF; (e.g., NiF3), indicating the formation of an
initial CEL Additionally, the intensity of the NCM signal (e.g., NiO3)
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decreases.

The sample cycled to 4.3 V (“4.3 V cyc”) evolves further, showing an
increase in the intensity of oxidized organic fragments (e.g., CoHO ™,
C3Hs07), lithiated organic species (e.g., CHyLi ) and other lithium-
containing species (e.g., LiHz, LIOH™, LiO7). On the other hand, the
signal intensity of initially formed LiF decreases. This confirms the for-
mation of a more developed, organic-rich CEI, as suggested by XPS.

Compared to the 4.3 V sample, the surface composition of the "4.5 V
cyc" cathode shows a reduced contribution from the typical organic
fragments. Instead, new signals emerge, including fluorinated metal
species (NiF3) and fragments from the fluorinated aluminum current
collector (AlFz). This trend is significantly amplified for the "4.5 V
cyc+hold" and "4.5 V hold" samples, resulting in the separation of
samples with hold steps into a distinct region of the score plot, which
indicates their chemical similar CEI. For these cathodes, the scores are
heavily influenced by highly oxidized species from conducting salt (e.g.,
PO3, LiPO3F ).

Crucially, this change in chemical composition for the samples is
accompanied by a relative increase in the intensity of the base NCM
signals (NiO~, NiO3), a trend that strengthens with longer tyoq. This
observation confirms the XPS results, indicating that the surface layer
becomes thinner or less uniform under prolonged exposure to high
potentials.

To obtain structural depth-resolved information of the chemical
composition of the CEI, Orbitrap-SIMS was employed. This offers ultra-
high mass resolution, enabling the accurate identification of higher-
mass fragments. Furthermore, the mass analysis is largely independent
of sample surface topography, effectively mitigating artifacts arising
from surface roughness. The resulting depth profiles are presented in
Fig. 5, with signal intensities normalized to the maximum intensity of
the plotted fragments. The raw maximum counts as well as the depth
profiles with raw counts are provided in SI section S5.2. The NiO3
fragment is used as a marker for the NCM active material, while NiF3,
AlOoH,F5, and CaH30; represent fluorinated CAM species, aluminum
corrosion products, and organic electrolyte degradation products,
respectively.

The profiles reveal a layered nanostructure of the CEI on all aged
cathodes, generally with an outer organic-rich layer and an inner
inorganic-rich layer. The “OCV” sample already shows a distinct,
layered CEI containing significant amounts of both organic (CoH303)
and inorganic, namely fluorinated (NiF3) species. Upon cycling to 4.3 V
(“4.3 V cyc”), the CEI thickens, as evidenced by the delayed rise of the
NiOz NCM signal. The profiles also show that the distinct layers become
more intertwined, suggesting a less defined, more mixed CEI nano-
structure between the organic and inorganic regions. In contrast, the
sample cycled to 4.5 V (“4.5 V cyc”) exhibits a thinner CEI and a more
sharply defined layered nanostructure. Alternatively, this thinning effect
could be an artifact originating from a CEI that covers less of the CAM. In
SI section S6, we explain why we assume that, in our case, this hetero-
geneity plays a minor role. There is a significant increase in aluminum-
rich degradation products (AlIO2HyF3) and a slight increase in fluori-
nated CAM species (NiF3). This trend is amplified for the "4.5 V hold"
and "4.5 V cyc+hold" cathodes. Both samples show very similar depth
profiles, characterized by a significant accumulation of degraded
aluminum collector species and fluorinated CAM at the interface, while
the signal from organic fragments decreased.

Considering the findings from XPS, ToF-SIMS, and Orbitrap-SIMS,
we conclude that there is a significant difference in the chemical
composition and thickness of the CEI on the differently treated cathodes,
which is clearly due to the different operational stressors.

Our observations on the CEI evolution are consistent with the
existing literature, and expand upon it. The general chemical compo-
nents we identified, including LiF, organic species (CyH,0,, CyH,OLi),
salt degradation products (LiyPO,F,), and fluorinated metal species from
the NCM (NiFy), are identical to those found in previous studies on high-
Ni cathodes [36,38,39,41,44,45]. Likewise, the layered nanostructure of
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Fig. 5. Orbitrap-SIMS depth profiles of various cathodes are displayed: a)
cycled with Uyc = 4.3 V (blue), b) Uyc = 4.5 V (light red), c) held at Uyc = 4.5
V for 16 days (yellow), and d) combined cycling and hold at Uyc = 4.5 V
(dark red).
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itself is a critical- and often overlooked-factor in determining the state of
the CEL Interestingly, the minimal compositional variations and similar

validate this hypothesis, the "4.5 V cyc+hold" cathodes are analyzed via
TEM and compared with previously measured "4.5 V hold" samples in

[21,35,48]. We report here for the first time that, at the same cut-off
and thickness. This finding highlights that the electrochemical protocol
CEI thickness observed for the "4.5 V hold" and "4.5 V cyc+hold" samples
suggest that the increase in impedance (Fig. 2) is not primarily driven by
changes in the CEI, but rather to structural changes within the CAM. To
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reconstruction when cycled more, especially the closed surfaces which are typically less prone to formation of rocksalt-type phase.

the CEI has been reported previously [37,38]. Regarding the overall CEI
thickness, we find values in the range of 7-20 nm. This aligns with some
reports [46], while other studies have described a much thicker CEI,

sometimes in the range of 150-300 nm, making it more comparable in

scale to
further in Section 2.4. Other studies have also noted changes in CEI

potentials aligns with reports by Yu et al. and Luo et al., who observed a
composition based on cut-

similar reduction in thickness when increasing the cut
these oxidized CEI species remain a topic of discussion

41V to 4.8V [39
16 d, 11 cycles) [42] and b) the cycled sample (thoid
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the following section.

2.3. Structural degradation

In our previous work, we found for "4.5 V hold" samples that major
parts of the increased kinetic hindrance in the form of Rcr and slow Li
diffusion in degraded CAMs are caused by reconstruction of the crystal
lattice. This occurs under oxygen release and results in a cubic rocksalt-
type phase (Fm3m space group), as also many other groups have re-
ported [26,49]. Here, we performed high-resolution scanning TEM
(HRSTEM) in high angle annular dark field (HAADF) mode on cathodes
after tho1g = 16 d and 103 cycles and compared it with samples from our
previous study, where only minimal cycling but various tygq were
investigated [42].

For the cathode that underwent 103 cycles (“4.5 V cyc+hold™), two
main observations stand out, especially when comparing the STEM
images with samples with the same t,41¢ = 16 d but less cycles, as shown
in Fig. 6. First, slightly more structural degradation is observed, when
the sample is additionally cycled and cation mixing is observed deeper
within the bulk. The complete reconstruction of the crystal lattice to-
ward rocksalt-type Li,TM;_,O1 (close to TM;0;) is observed over the
first few nanometers, similar to the “4.5 V hold” sample. Previously, we
have found large areas of a gradual transition region, where lithium sites
are occupied by TM ions (Nif;) but the phase is not yet fully recon-
structed to TM;07 [42]. These regions serve as diffuse phase boundary
regions in the epitactic and coherent phase growth and appear even
wider for the “4.5 V cyc+hold” sample (Fig. 6, right side). Here, TM ions
are found on lithium sites even ~35 nm into the particle bulk (see SI
section S7.2). The main difference from the “4.5 V hold” to the “4.5 V
cyc+hold” sample is the thick layer of ~5 nm of rocksalt-type phase at
the “closed” surfaces after additional cycling (lithium layers parallel to
the surface, e.g. (003)). The observed SRL can be compared to an esti-
mated thickness dgs of an idealized “shell” of rocksalt-type phase based
on electrochemical measurements (dgs ~17 nm, see SI section S2.4 for
calculation and underlying assumptions). The overestimation of dgs
might arise from CAM loss due to partial contact loss within the cathode
(e.g. due to electronically insulating SRL), which is then falsely attrib-
uted to reconstructed phase.

This leads to the second main observation: The surface covering
nature of the formed rocksalt-type phase after additional cycling, even at
“closed” surfaces. In contrast, we have seen preferential SRL formation
at “open” surfaces (lithium layers intersecting the surface, e.g. (104)) in
samples held at 4.5 V (“4.5 V hold”, Fig. 6 left side). This observation is
consistent with previous reports showing that SRL formation is more
pronounced along lithium diffusion layers [44]. Following increasing
thold, We observed gradual transitions and local inhomogeneities which
still allowed pathways for lithium ions from the electrolyte toward the
bulk. This transition region is now found deeper in the bulk for the “4.5
V cyc+hold” sample, and an additional “shell” of rocksalt-type phase,
also on “closed” surfaces is found, as often reported in studies with
electrochemical protocols featuring multiple hundreds of cycles. The
only surfaces with minor signs of degradation were regions where sup-
posedly no electrolyte could enter as shown in SI section S5.1 where an
apparently closed pore between two particles is shown. Finally, an
interesting finding is that the cycled cathode (Fig. 6 right side) showed
no signs of cracking or layer gliding, as was observed at rare spots in the
sample with long thoq [42].

Our analysis is based on representative STEM images (Fig. 6, SI
section S7 and provided data repository) and is thus qualitative in na-
ture. However, based on our observations, we can hypothesize that
additional cycling leads to enhanced structural degradation compared to
mere exposure to high potentials. Apparently, repeated phase transitions
or lattice contractions/expansions, especially when charging high-Ni
layered oxides above ~4.1 V are more detrimental than solely staying
in this strongly delithiated state [4,33,50]. We further verify that the
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inhomogeneous formation of rocksalt-type phase could indeed be due to
application of long potential holds, and becomes more quickly covering
when applying typical cycling protocols.

The observed SRL from STEM images in the “4.5 V cyc+hold” sample
can be compared to an estimated thickness dgs of an idealized “shell” of
rocksalt-type phase based on electrochemical measurements (dgs ~17
nm, see SI section S2.4 for calculation and underlying assumptions).
From our observations and this comparison, we hypothesize several
factors influencing Rcr as a function on the SRL properties. First, the
distribution of reconstructed CAM plays an important role [5,26,44,51,
52]. Based on the cited literature, surface coverage appears more
detrimental than bulk reconstruction (for charge transfer). Secondly, the
specific resistance/ionic conductivity of reconstructed lattice depends
on its composition and structure. A small residual trace of Li atoms in the
reconstructed phase (Li,TM;_,O1) or a region with high amounts of
defects may show a higher ionic conductivity than pure rocksalt-type
phase (TM;0;), even though they appear very similar in STEM im-
ages. This could explain the difference of the estimated dgs = 17 nm of
assumed pure rocksalt-type phase compared to 35 nm of cation-mixing
region. Another explanation for the overestimation of dgs from CAM loss
might arise from partial contact loss within the cathode (e.g due to
electronically insulating SRL), which is then falsely attributed to
reconstructed phase.

While our observations do not allow a quantification of the impact of
the SRL composition and distribution on R¢y directly, the drastic in-
crease in charge transfer resistance with the covering of the LE|NCM
interface with the resistive rocksalt-type phase is clearly correlated [53].

2.4. Discussion on NCM degradation mechanism under various aging
protocols and relevance for other systems

In this final section, we summarize our results in a mechanistic
sketch and place our observations within the context of current litera-
ture to revisit potential mechanisms for SRL and CEI formation. We also
discuss the role of the CEI, as well as the potential implications of our
results for other battery systems.

With the new insight from this study, we can extend the mechanistic
sketch from our previous publication shown in Fig. 7 and describe how
the CEI and SRL formation changes qualitatively depending on the
electrochemical protocol [42].

Upon contact with the electrolyte at OCV, an initial CEI forms,
consisting of LiF, organic compounds (e.g., CxH,0,), and minor inor-
ganic species (AlF, and NiF3), while the underlying NCM structure

layered

more more
C,H,0, inorganics

Fig. 7. Schematic of the influence of cycling conditions on the LE|NCM inter-
face. Credit: Elisa Monte/JLU Giessen.
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remains unchanged. Upon cycling to 4.3 V, the degradation of the
electrolyte solvent accelerates, leading to the formation of a thick,
organic-rich layer that incorporates the initial inorganic components,
resulting in a more intermixed and less distinctly layered CEI. We
believe that even at this potential, some structural degradation occurs,
leading to the formation of an inhomogeneous SRL at the interface. As
we proposed previously, this SRL begins to constrict Li-ion pathways,
causing a (nonlinear, i.e., initially slow) rise in charge transfer resis-
tance. When Uy is increased to 4.5 V, this constriction effect worsens.
The faster degradation at higher potentials leads to a more extensive, but
still inhomogeneous, SRL. A significant change also occurs in the CEIL:
The organic part becomes unstable and is partially removed, while the
fraction of inorganic components (Al Fy, and NiF,) increases. This in-
dicates that the CEI is actively being oxidized and restructured at this
high potential. Holding the cathode at a constant 4.5 V potential reveals
different dynamics. The capacity fade over time is less severe compared
to cycling, which corresponds to slower SRL formation. However, the
CEI continues to evolve. The organic components are further oxidized
and dissolved, and salt degradation products (e.g., Li,PO,F,) accumu-
late, leaving a thin, predominantly inorganic CEI.

Finally, by combining cycling with potential holds at 4.5 V, we
observe the most drastic impedance increase. This is driven by the for-
mation of an even more extensive SRL, which is clearly caused by the
dynamic stress of cycling. The CEI, however, remains similar in
composition to that formed during a static hold. This suggests that the
significant impedance increase is mainly a result from the growth of the
SRL, while the evolution of the CEI appears to play a minor role for the
overall increase in the charge transfer resistance. While our analysis
primarily focuses on the evolution of charge transfer resistance, we also
estimated a loss of active material during aging. This loss may stem from
several mechanisms, including contact loss, transition metal dissolution,
or rocksalt-type phase formation. Furthermore, as demonstrated by Xu et
al., the formation of a surface rocksalt-type layer can lead to 'c-axis
pinning', limiting the maximum SoC of approximately 75% for certain
particles within the cathode [54]. Although our current results do not
allow us to definitively isolate the primary cause of this active material
loss, the extensive SRL formation observed suggests that surface-induced
bulk fatigue or the formation of electrochemically inactive rocksalt-type
layer are likely contributors.

Our study motivates a revisit of the mechanistic understanding of
SRL formation. The literature gives indications that oxygen release
(formation of V') and Ni migration to Li sites (formation of Nij;) play
important roles. Both processes are closely intertwined, e.g. resulting V¢y
facilitate formation of Nij; and vice versa [27,28,30]. From our experi-
ments, it could be understood that the crystallographic changes during
cycling (e.g., phase transitions) facilitate SRL formation, either via
enhancing Nij; formation or by enabling faster oxygen diffusion (via
V&), which in turn increases the fraction of Nij;. The exact mechanism
where either oxygen or TM migration are the rate determining step of
SRL formation is unclear for now. The Ni ion movement seems to be
critical, as other studies on dopants suggest their stabilizing effect is
purely kinetic, hindering the movement of Ni ions rather than changing
the oxygen activity in the lattice [55] From the inhomogeneity of the
SRL reaction front (which moves toward the particle bulk), it appears as
if a flux towards the reaction front from the particle bulk is the limiting
step of SRL formation and not the outward diffusion of oxygen origi-
nating from the front [56].

While our results clarify the role of the SRL, they also raise open
questions about its growth. It remains unclear if the growth mechanism
itself is changing between static holds and dynamic cycling. One hy-
pothesis is that a long potential hold leads to localized, inhomogeneous
SRL growth at the most reactive sites, whereas the constant stress of
cycling promotes a more homogeneous and covering layer. An alterna-
tive explanation is that the growth mechanism is the same, but the rate
at which the SRL forms is simply much faster during cycling. In this
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context, the repetitive 'lattice breathing' and anisotropic strain associ-
ated with crossing the remnant H2-H3 phase boundary during cycling
could act as a kinetic catalyst for surface reconstruction, potentially
lowering the activation energy for lattice oxygen release compared to a
potential hold. Further investigation is needed to distinguish between
these possibilities.

For the CEI, its thinning at high potentials could be explained by two
possible mechanisms: oxidation by singlet oxygen released during SRL
formation [38,41], or direct oxidation by the highly polarized Ni-O
bonds in the delithiated cathode [39]. Both mechanisms can result in the
oxidative decomposition of the CEI. Based on our results we hypothesize
that the latter plays a more significant role: The CEI is thinnest and most
inorganic after a long potential hold, where SRL formation (and thus
oxygen release) is slower than in the cycled cell. This implies that the
sustained high potential itself is the primary driver for oxidizing and
removing the organic CEI components over time. Regarding the fate of
these oxidative decomposition products of the CEI, we hypothesize,
based on the provided references, that Li;COs and organic carbonates
can undergo further oxidation at high voltages (>4.3 V versus Li*/Li).
This often results in the evolution of CO5 and CO gases, as evidenced by
OEMS studies [38,57-60]. Specifically, the reaction of the electrolyte
with singlet oxygen results in the formation of CO5, CO, and H,0 [61].
Whether they derive from the decomposition of the solid CEI or the bulk
electrolyte, remains a significant analytical challenge. Furthermore,
chemical dissolution may occur; species like lithium alkyl carbonates or
certain LiyPO,F, fragments are known to have limited solubility in car-
bonate based electrolytes. The literature suggests a dynamic equilibrium
where CEI components continuously dissolve and reprecipitate [38,39].
Additionally, the oxidation products of alcohols (aldehydes and car-
boxylic acids), the hydration of aldehydes to form acetals, and the for-
mation of fluoroethylene carbonate (FEC) from vinylencarbonat (VC)
appear to be soluble in the electrolyte upon formation [61]. Based on
these presented studies which focus on the degradation of the electrolyte
we assume that the oxidative decomposition products of the CEI can
dissolve into the electrolyte and be evolved as gaseous species.

At first glance, our results indicate that for the degradation of the
NCM the electrolyte does not play an important role due to the SRL being
the main degradation mechanism resulting in impedance growth. We
still believe that the electrolyte and the CEI forming on the NCM play an
important role for the overall stability of the NCM and electrolyte. We
distinguish three degradation pathways where the CEI plays an impor-
tant role. Electrolyte attack at the NCM: This primarily involves HF
induced transition metal dissolution and surface fluorination. NCM
instability: The chemical formation of the SRL and the release of singlet
oxygen driven by the thermodynamic instability of the highly deli-
thiated Ni-rich phase. NCM driven electrolyte degradation: The
electrolyte oxidizes due to the reaction at the NCM, driven by oxygen
release or the catalytic effect of the polarized Ni-O bond.

Crucially, an optimized electrolyte can stabilize the NCM surface by
suppressing the oxygen release that accompanies SRL formation. This
mitigation is achieved either through the formation of a CEI, which
provides a kinetic barrier, or through favorable interfacial energetics.
Specifically, lowering the energy level of the highest occupied molecular
orbital (HOMO) of the electrolyte makes oxygen evolution thermody-
namically less favored [5,62-64]. Furthermore, the CEI protects the
interface by shielding the NCM from HF attack while simultaneously
protecting the electrolyte from oxidation by the NCM. Tuning the CEI by
optimizing the electrolyte formulation with additives or applying sur-
face coatings to the NCM can, therefore, lead to enhanced overall sta-
bility, mitigating both Rc¢t increase and capacity fading. We believe that
while the three primary degradation pathways still occur, the CEI serves
to modulate the rates at which they proceed. Further specialized studies
are required to identify how specific CEI compositions influence the
kinetics of these individual degradation mechanisms.

An important consideration is how our study on half-cells, which
focuses solely on cathode degradation, translates to commercial full-cell
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lithium-ion batteries. We employed a high potential (4.5 V versus Li*/Li)
and an additive-free electrolyte, half-cell configuration to isolate and
accelerate the intrinsic degradation mechanisms of the NCM cathode.
While these conditions are more extreme than typical operating win-
dows, they provide a fundamental understanding of the degradation
occurring at the cathode. The prolonged holds at high potential serve as
an accelerated aging test, and by excluding complicating factors like
anode crosstalk and the influence of electrolyte additives, we can
attribute the observed impedance growth to changes at the cathode it-
self. We believe the SRL formation represents an intrinsic degradation
mechanism of the NCM material and influences the performance of high-
Ni cathodes, regardless of half-cell or full-cell testing. In essence, while
the quantitative rates of degradation will vary, the fundamental mech-
anism, the formation of a resistive surface layer in the cathode particles,
applies to all cell configurations. Although modern high-nickel materials
are already well stabilized and exhibit long cycle life, the understanding
of the underlying degradation mechanisms lags behind these practical
advancements.

3. Conclusions

Detailed electrochemical investigations and multi-method post mor-
tem analyses were performed on single-crystal NCM831106 cathodes
subjected to different cycling and high-voltage hold protocols. We
identify that the main detrimental effects are of a kinetic nature, with
impedance growth driven primarily by the number of high-voltage cy-
cles rather than the time spent at high potential. The charge transfer
resistance of the cathode increases nonlinearly with progressive cycling,
which is correlated with the accelerated growth of a rocksalt-type SRL,
as revealed by structural analysis via TEM. In contrast, combined XPS
and SIMS analyses show that the CEI becomes thinner and more inor-
ganic under high-voltage conditions and does not correlate with the
impedance increase. Crucially, despite showing different charge transfer
resistances, cathodes subjected to different ageing protocols form
similar CEI compositions. This lack of correlation suggests that the CEI
plays a minor role for the impedance growth. Consequently, we
conclude that the nonlinear increase in charge transfer resistance is a
consequence of SRL growth. The SRL constricts Li-ion pathways,
creating a kinetic bottleneck that forms significantly faster under the
dynamic stress of cycling. Our study tries to differentiate the effects of
dynamic cycling from static calendar aging. Overall, these results
contribute to a more detailed understanding of high-Ni CAM degrada-
tion, highlighting that the SRL is a primary driver of the kinetic limi-
tations of LIBs, while the influence of the CEI remains comparatively
minor under these conditions.

4. Experimental section
4.1. Cathode preparation and cell construction

As CAM we used single-crystalline LiNiO,83C00.11MnO.0602 (MSE
Supplies LLC, Tucson, USA) which has a specific surface area of (0.61 +
0.01) m?%/g, as measured by Krypton Brunauer-Emmett-Teller mea-
surement (BET) and an approximate mean particle size of 1 um, as
estimated from SEM images. The pristine powder showed 0.34 wt% of
LiOH on the material surface and no detectable Li;COs3 residuals during
acid titration. Furthermore, it shows zirconium doping and a borate
coating in XPS survey scans.

Cathode preparation followed the procedure described in our pre-
vious publication [42]. To probe CAM related processes rather than
electrode properties, we chose low cathode loadings of ~4 mg/cm?,
corresponding to 1.1 mAh/cm? (275.1 mAh/ g)orto 0.8 mAh/cm? (200
mAh/g). Cycling currents were calculated based on the latter.

For simple cell testing, CR2032 coin cells were used with aluminum
coating on the cathode casing to avoid reactions with steel components
at high potentials. At the anode side, a stainless-steel spacer and a
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lithium chip (MSE Supplies LLC, Tucson, USA) with a diameter of 14 mm
and a thickness of 600 um were used after mechanically removing the
passivation layer from the lithium. For separators, we employed glass
fiber pads (GF/D — Whatman, Global Life sciences solutions USA LLC,
Marlborough, USA) with 70 pL of LP40 (1 M LiPFg in EC:DEC = 50 v:50
v, MU Ionic Solutions Corporation, Tokyo, Japan) and a Celgard® 2325
(Celgard LLC, Charlotte, North Carolina, USA) separator at the cathode
side to avoid glass fibers interfering with post mortem analysis.

To investigate impedance evolution, 3-electrode cells in pouch bags
with 20 hPa vacuum were assembled. For that an insulated gold wire
with a burnt tip (50 pm thickness, Goodfellow GmbH, Hamburg, Ger-
many) and an additional glass fiber separator were introduced between
anode and cathode as reference electrode. For lithiation, a current be-
tween the lithium anode and the Au wire was applied until the potential
reached 200 mV versus Lit/Li resulting in an equilibrium potential of
~310 mV versus Li*/Li. PEIS measurements were conducted at various
potentials after 200 kHz to 10 mHz with an amplitude of 10 mV using
two measurements per frequency and the Biologics built-in drift
correction.

4.2. Cathode sample and electrochemical protocols

Table 1 shows the cathode samples and their respective electro-
chemical protocol. For each cell, duplicate coin cells were assembled,
and to investigate impedance evolution for the “4.5 V cyc”, “4.5 V
cyc+hold” samples, at duplicate 3-electrode cells were tested and
compared to our previous 3-electrode cells with various tyoq [42]. For
more details regarding the comparison of 2-and 3-electrode cells refer to
SI Table S1. For initial formation, the cells were cycled two times be-
tween 3 V and Uy (either 4.3 or 4.5 V) with 0.1C and 2 h holds at Uy,
Then, different cycling protocols according to Table 1 were performed.
Before cathode harvesting for post mortem analysis, all cathodes were
charged to 3.7 V and held there for at least 12 h to ensure comparable
SoC. The cells were opened under Ar atmosphere and one cathode for
each electrochemical protocol was washed in pure DEC for ~1 min,
rinsed carefully with fresh DEC and finally dried in vacuum for 10 min.
For a detailed discussion on how sample preparation protocols (partic-
ularly washing) may influence the surface analysis, see SI Section S3.

4.3. ToF-/Orbitrap-SIMS

For the analysis, washed cathode samples were mounted on a Leica
stub using double-sided adhesive tape (Tesa SE, Norderstedt, Germany).
All SIMS measurements were conducted with a ToF-SIMS M6 hybrid
instrument (IONTOF GmbH, Miinster, Germany). To prevent atmo-
spheric exposure, the samples were transferred into the instrument's
ultra-high vacuum chamber under an Ar atmosphere utilizing a Leica
EM VCT500 shuttle (Leica Mikrosysteme GmbH, Wetzlar, Germany).

Surface spectra were acquired in negative ion polarity with the liquid
metal ion gun (LMIG) operating in a pulsed, spectrometry mode with a
30 kV Bi* primary ion source. This configuration generated a signal
intensity of approximately 100,000 counts/s and achieved a mass res-
olution (m/Am) of ~5300 at m/z = 19.00 u (F). A low-energy electron
flood gun was used for charge compensation. The analysis area was set
to 150 x 150 um?, rastered with 64 x 64 pixels, and a cycle time of 85 ps
was used, corresponding to a mass range of m/z = 0-394 u. To operate
under static SIMS conditions, the primary ion current was maintained at
I~ 0.066 pA, ensuring the total ion dose remained below the 5 x 10!
ions/cm? limit. The resulting spectra were mass-calibrated using known
fragments, including Li~, F~, Cl™, NiOz, Cg, and PFg. For the subsequent
principal component analysis (PCA), a data matrix was constructed from
90 manually selected mass fragments (listed in the SI) after normaliza-
tion to total ion counts.

Depth profiling was performed in Orbitrap-SIMS mode to mitigate
topographical effects. In this configuration, the LMIG was operated in a
long-pulse mode, using a 15 kV Bi primary beam directed through a 400
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um aperture. Secondary ions were analyzed using an attached Orbitrap
Q Exactive™ mass spectrometer (Thermo Fisher Scientific Inc., Wal-
tham, USA). The profiles were acquired over a 450 x 450 um? area for a
duration of 900 s, with a primary ion current of approximately I ~ 600
PA. This setup covered a mass range of m/z = 50-750 u and provided an
ultra-high mass resolution of m/Am =~ 407,866 at m/z = 78.9587 u
(PO3). The Orbitrap mass axis was calibrated using an internal silver
reference. It should be noted that interpreting depth profiles in mixed
organic and inorganic layers is challenging, as the sputter yield is highly
dependent on the material matrix, with organic components generally
being removed faster than inorganic ones.

4.4. XPS

X-ray photoelectron spectroscopy (XPS) was performed using a PHI
VersaProbe IV instrument (ULVAC-PHI, Chigasaki, Japan). For the
analysis, washed cathode samples were mounted onto the sample holder
with double-sided adhesive tape (Tesa SE, Norderstedt, Germany). To
prevent air exposure, the samples were introduced into the analysis
chamber via a dedicated Ar-filled transport vessel. The instrument was
equipped with a monochromatic Al-K, X-ray source (1486.6 eV), which
was operated at 15 kV and 50 W with a beam diameter of 200 um. High-
resolution core-level spectra were recorded for F1s,Lil1s,C15,01s,P
2p, Al 2p, Ni 2p, Mn 2p, and Co 2p using a pass energy of 55 eV and a
step size of 0.2 eV. The binding energy scale of all spectra was referenced
to the adventitious carbon C 1 s peak at 285.0 eV.

4.5. TEM

TEM samples of the electrodes were prepared by dual-beam focused
ion beam (FIB, Helios NanoLab 460F1, FEI, Eindhoven, Netherlands)
using a 5-30 kV Ga ion beam. A carbon coating of 2 nm was applied as
protection layer. After the lift-out, the lamella was thinned to 1 pm
thickness by applying 30 kV. Subsequently, the voltage was reduced to
16 kV to minimize beam-damage effects. A final polishing step was
performed at 5 kV. All lamellas reached a thickness of <100 nm. The
lamellas were stored under vacuum and subjected to Ar plasma cleaning
immediately prior to their transfer to the TEM. HAADF-STEM images
were obtained with an aberration-corrected TEM (Spectra 30-300,
Thermo Fisher Scientific Inc., Waltham, USA) operated at 200 kV and
300 kV, with a current of approximately 25 pA and a convergence angle
of 25.4 mrad.
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