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Broader context

Aging of commercial sodium-ion batteries with
layered oxides: how to measure and analyze it?
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Improving the understanding of the aging of sodium-ion batteries (SIBs) is vital for their subsequent
improvement and commercialization. Nevertheless, the electrode-resolved aging of SIBs has not been
thoroughly investigated to date. Here, we use commercial SIBs that were cyclically aged for almost two
years and show how to use three-electrode cells to measure the changes of both kinetics and balancing
of the electrodes over the aging. The area-normalized comparison between the three-electrode cells and
the 18 650 cells shows that both state-of-charge resolved pulse resistance and capacity are transferable.
Using a modified setup with a tin-wire reference electrode, we demonstrate how to use the three-elec-
trode cells to measure the electrode-resolved impedance. In addition, we use the open-circuit potentials
from three-electrode cells to perform degradation mode analysis on the 18 650 cells. The results of the
degradation mode analysis are validated both by the low difference between measured and reconstructed
full-cell voltage over the aging and by post-mortem analysis. Furthermore, we verify that the fundamental
assumption of the degradation mode analysis, i.e., that the shapes of the electrode open-circuit potentials
do not change during aging, is valid for the investigated SIBs.

Sodium-ion batteries are a promising alternative to lithium-ion batteries. This is particularly relevant for Europe, where materials such as hard carbon can help
mitigate supply chain risks. Among the possible cathode materials, layered oxides, including nickel-manganese-iron compounds, are especially promising.

Nonetheless, systematic aging analyses of commercial sodium-ion batteries remain rare. Here, we analyze one fresh cell and three end-of-life cells post mortem.
From these cylindrical cells, we build three-electrode cells to quantify electrode-resolved contributions to resistance increase and capacity loss. We show that,
despite the few features in the half-cell potentials, the early-life half-cell curves still enable degradation mode analysis to identify capacity losses at all aging states.

This analysis reveals that cathode capacity can limit the overall aging of these cells, which contrasts with previous knowledge from lithium-ion batteries. Overall,
this study shows how to quantify limiting aging mechanisms in sodium-ion batteries, which is crucial for operation and future cell design.

1 Introduction

duction processes and working principles, while requiring
more abundant materials such as sodium and manganese.®

The annual demand for batteries is expected to increase three
to four times between 2025 and 2030 in Europe, probably sur-
passing 1 TWh per year." Despite its huge demand, Europe
contributes to only 2% of the global battery raw-material
supply”?® compared to a share of 25% of the global cell
demand.” This imbalance leads to geopolitical dependencies.’

Here, sodium-ion batteries (SIBs) are a promising alterna-
tive to lithium-ion batteries (LIBs) to reduce the risk of supply
chain disruptions®® as they can be produced with similar pro-
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Despite their lower energy density, SIBs with nickel-manga-
nese-iron (NMF) cathodes and hard carbon anodes are less
prone to material price fluctuations and might be more cost-
effective than LIBs with nickel-manganese-cobalt (NMC) or
lithium-iron phosphate (LFP) cathodes.” Furthermore, SIBs
can be even more economically competitive if they exhibit less
aging.®’

Analogous to LIBs, the aging of SIBs can be organized hier-
archically into aging effects, degradation modes (DMs), and
underlying mechanisms. Aging effects include capacity loss
and, induced by increased resistances, power fade. They can
be directly quantified and are thus widely used to assess the
aging of LIBs and SIBs.’*"* A more detailed understanding of
the aging effects can be achieved by distinguishing between
different DMs, namely loss of active material at the positive
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electrode (LAM,,), loss of active material at the negative elec-
trode (LAM,,), and loss of charge carrier inventory (LI).">™*®
Reasonably, we use LI instead of, e.g., loss of lithium inventory
(LLI), to avoid a distinction in the nomenclature between SIBs
and LIBs. Although DMs provide higher information density,
they are not directly measurable, and their estimation is non-
trivial.’®'® At the mechanism level, component aging results
from the superposition of processes such as ongoing solid
electrolyte interphase (SEI) formation driven by an unstable
SEI at the anode,"’*° cathode electrolyte interphase (CEI)
growth at the cathode,”®*' and particle cracking at both
electrodes,?"** which can accelerate SEI and CEI growth.>°

Regarding SIBs with layered oxides, only a few publications
systematically address their aging behavior.""'>**** Among
these, Streck et al.>* investigated the calendar aging of a com-
mercial 18650 SIB with an NMF cathode and hard carbon
anode, finding less than 2% capacity loss over two months of
storage, including four reference performance tests (RPTS).
Significant reversible side reactions reduced coulombic
efficiency, not solely due to LI. For the same cell type, Laufen
et al.'’ showed that cycling could be continued for at least
1000 cycles before the current interrupt device (CID) was trig-
gered, using current rates of up to 5C and 8C for charge and
discharge, respectively. Later, Klick et al.>® revealed that redu-
cing the depth of discharge (DOD) to 80% reduced aging,
while low temperatures of —10 °C or high temperatures of
40 °C and 50 °C accelerated capacity fade.

A precise determination of the DMs is imperative in order
to achieve a comprehensive understanding of the aging
process of the SIBs and to ensure the accurate modeling of
their aging behavior, as previously outlined by Li et al>®
Nonetheless, to the best of our knowledge, any non-destructive
quantitative analysis of the DMs relies either on a clear assign-
ment of specific features in the full-cell open-circuit voltage
(OCV) or its derivatives to specific electrodes, or on high
quality half-cell data.’>'®*”7*° Voltage or its derivatives are
used as the input signals in most cases, with only a few
exceptions.>%3!

However, previously published half-cell open-circuit poten-
tials (OCPs) of commercial SIBs suffered from high hysteresis
between the sodiation and desodiation in the case of the hard
carbon anode OCP and low coulombic efficiency in the case of
the layered oxide cathode OCP.""**? For the sake of clarity,
we note that within the discussed work, we always refer OCP to
half-cell potentials, while OCV refers to full-cell potential. We
expect that within these coin-cells, the metallic sodium is not
stable in the electrolyte.**** As demonstrated by Fitzpatrick
et al.,*® the SEI for hard carbon in a half-cell configuration
with a metallic sodium working electrode exhibits a greater
increase in the relative concentration of organic species, such
as alkyl carbonates and carboxylates, when compared to a full-
cell setup. Additionally, the SEI thickness increases more sig-
nificantly in the half-cell configuration. As a result, the resis-
tance is strongly increased®® and thus the voltage difference
between charge and discharge during pseudo-open-circuit
voltage (pOCV) measurements is also increased.*” In addition,

EES Batteries

View Article Online

EES Batteries

recent publications including our own work have shown a low
coulombic efficiency for NMF cathodes in half-cell setups
against metallic sodium.'"**>3?>3”7 Wwhile for the anode, the
additional hysteresis of the coin-cell might be mitigated by cal-
culating the mean of the sodiation and desodiation curve, the
low coulombic efficiency of the cathode leads to different
shapes of the OCP in charge and discharge direction.""**? In
addition, it is hard to distinguish whether the charge or dis-
charge OCP is closer to the true OCP in the full-cell setup. As a
result, the few studies who have determined the DMs for SIBs
have only performed a qualitative analysis of the DMs by track-
ing changes in the electrode balancing via specific peaks in
the differential voltage (DV),>> or used synthetic data to
compare to the measured data.>®

Within this work, we solve this problem by using three-elec-
trode cells, i.e. Swagelok T-cells. Instead of measuring against
metallic sodium, we measure against the hard carbon anode
harvested from the 18 650 cell. Neither sodium metal nor, in
the case of the modified setup for electrode-resolved electro-
chemical impedance spectroscopy (EIS) measurements, the
tin-wire reference electrode (TWRE) serves as the working elec-
trode. Thus, for both setups, a potential increase of resistance
at the reference electrode interface does not affect the
measurements.>®

As the T-cells allow for measuring the half-cell OCPs of
both electrodes, we can use those OCPs for the so-called degra-
dation mode analysis (DMA) to determine the DMs over aging.
This method has been widely used for LIBs,">"%?7:28:39:40 byt
to the best of our knowledge, has not yet been applied to SIBs
with layered oxide cathodes. Here, the full-cell OCV or its
derivatives are reconstructed by shifting and scaling of half-
cell OCPs at the beginning of test (BOT) of the cell.!*%27:28
The DMA was successfully shown to extract the DMs of LIBs
based on the OCV, whether in the full range'**"** or in a
limited range of the state-of-charge (SOC)."*** Both the
pOCV'#1841:42 and the relaxed-OCV* can be used as input
data. To the current state DMA for SIBs has been performed
solely on synthetic aging data*® or using such synthetic data to
compare to measured data®® as described above.

To apply the DMA, the OCP curves need to be invariant over
aging.">*1*>% While this assumption generally holds for
LIBs, many authors have reported exceptions. For blended
anodes or cathodes, the ratio of those materials determines
the shape of the OCP.***” Thus, the stronger degradation of
one of the blended materials, for example silicon in silicon-
graphite blend anodes, can change the OCP shape over
aging.”®*%%° Changes in the OCP have also been reported for
cathodes for certain cathode chemistries, for example: minor
changes in relaxed-OCP of LFP cathodes due to increased
hysteresis®>®! and in pOCVs of NMC in a full-cell*® have been
reported. For cobalt oxide cathodes, changes in the pOCVs of
cobalt oxide both in a full-cell®® and in a half cell setup at high
potentials®® were shown. Furthermore, small changes in the
OCP for Ni-rich cathodes at high potentials both in half-cell**
and full-cell®® setups have been reported. Here, Friedrich
et al>® showed that a resistive surface layer in Ni-rich NMC

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cathodes can lead to a strong increase in the overpotentials
during pOCV measurements. Furthermore, lithium- and
manganese-rich (LMR) materials are known to change their
shape over aging.’’° Interestingly, a change of OCP has also
been observed for layered oxide cathodes for SIBs.®>®! Thus,
one may conclude that the assumption of an invariant OCP
curve over aging for NMFs is not unconditionally true, which
would complicate the application of DMA for SIBs with layered
oxide cathodes.

Besides the change of the electrode balancing, the changes
of the electrode kinetics play an important role for aging deter-
mination. These changes are quantified using both pulse and
EIS measurements at electrode level. While such data on the
electrode-level are scarce for SIBs with layered oxide cathodes,
this knowledge is crucial for understanding their aging.
Several publications investigated the dependence of pulse re-
sistance and impedance on temperature''23326263  op
SOC'"*2, Among these, only few resolved the resistances on
the electrode level. The rare exceptions are either for non-com-
mercial materials,* which limits the transferability to com-
mercial cells, or they do not resolve over the SOC.°

Therefore, we cycled four commercial cells in the SOC
range from 20% to 80% and built 19 three-electrode cells
(T-cells). T-cells were built to show that they are suited to
measure and analyze the electrode-resolved pulse resistance
and impedance, and that half-cell data from T-cells can be
used for the DMA over the aging trajectory. For the latter, we
conducted the following investigations: (a) we show how to
obtain stable half-cell OCPs, (b) we investigate the stability
assumption of the OCP for SIBs with layered oxide cathodes,
which is a crucial factor for the validity of the DMA, (c) we
show how the DMA can be applied to SIBs with layered oxide
cathodes, (d) we methodologically validate the conducted DMA
with measurements from early-life and end of test (EOT) cells,
and (e) we discuss the results of the DMA and what they imply
about the aging of SIBs with layered oxide cathodes.

2 Experimental

2.1 Investigated cells

To investigate the aging behavior of commercially available SIBs,
we used cells in the 18 650 format from Shenzhen Mushang
Electronics Co., Ltd (CY-18650-1250 mAh). These cells have
been extensively characterized in previous studies, both regard-
ing their electrochemical performance on the full-cell
level**?»263%¢ a5 well as on the material level."** The cell has
been designed with an NMF cathode and a hard carbon
anode."™*> The nominal capacity (Cpom) Of 1.25 Ah is used as
the reference for all current rates. The cells allow maximum
charge and discharge currents of 5C and 8C, respectively. For
more details, we refer to our previous publication.?

2.2 Cyclic aging study

Cycling of the cells was performed in a climate chamber at
25 °C using a CTS battery test system from BaSyTec. All cells

© 2026 The Author(s). Published by the Royal Society of Chemistry
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were contacted using 4-wire sensing, where both connections
for power and for voltage were connected separately at both
terminals of the cells with two solder joints per connection. A
negative-temperature-coefficient thermistor sensor was placed
as temperature sensor on the negative terminal and thermally
insulated from the environment with a 10 mm thick piece of
insulation material (ArmaFlex, Armacell, Germany).

The investigated cells were constant current constant
voltage (CCCV) charged and discharged at 1C between 3.475 V
and 2.358 V. The constant voltage (CV) cut-off current was
0.05C, while the CV phase and the subsequent break com-
bined lasted 720 s. The lower voltage limit is the voltage at
20% SOC of the discharge pOCVs, while the upper limit is the
voltage at 80% SOC of the charge pOCVs. For both charge and
discharge voltage limits, the mean values of the pOCVs of 20
cells were used.

2.3 Reference performance tests

RPT measurements were conducted at BOT and after every 333
cycles, which refers to 200 equivalent full cycle (EFC), as
detailed in Fig. S1, SI. Each RPT included two charge-dis-
charge cycles using CCCV at 0.5C with a cut-off current of
0.05C. In the first RPT, we performed 10 cycles instead of 2 to
mitigate possible break-in effects.”” Moreover, we inserted
pauses of 2 h before the RPT and 0.5 h between the charging
and discharging steps. Each RPT included pOCV and relaxed-
OCV measurements, both conducted in charge and discharge
directions. We measured pOCV at 0.05C and performed
relaxed-OCV using a current rate of 1C in steps of 5% SOC.
The relaxed-OCV measurements are only used to determine
the resistance values and thus short relaxation pauses of 300 s
were used. The discharge pulses of the relaxed-OCV at 50%
after 10 s were also used to calculate the resistance of the cells.

2.4 Preparation of three-electrode cells

In this study, a total of 19 Swagelok T-cells were produced, of
which 16 were built from cyclic aged cells, exhibiting divergent
aging trajectories, and three were built from early-life cells. For
harvested-material analysis, cells were CCCV-discharged to end
of discharge (EOD), opened, the jelly roll unrolled, the separa-
tor removed, and one side of the coated sheets delaminated
with ethylene carbonate under argon; for positive electrodes, a
scalpel was additionally used to remove the coating.
Subsequently, circular samples with a diameter of 10.95 mm
were punched from both the anode and cathode sheets with a
punching machine manufactured by NOGAMI to ensure repro-
ducible results, clean edges, and closely comparable sample
capacity. All samples were taken from the mid-plane of the
electrode sheets (approximately 3 cm above and below the
sheet’s centerline in the jelly-roll’s axial direction, please refer
to ref. 32 for electrode sheet dimensions). Along the roll length
two radial positions were sampled, (i) an outer region, located
about 10 cm inward from the roll’s outer edge, and (ii) an
inner region, located about 18 cm outward from the innermost
winding. The inner region was chosen as compromise between
being close to the core and stable electrode coatings after
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unwinding the jelly-roll both at BOT and EOT. In every case the
sample’s face corresponded to the electrochemically active
surface that points toward the core of the jelly-roll.

It is worth noting that we deliberately did not wash the har-
vested electrodes to prevent any alteration of the electrode
surface chemistry or passivation layers, likely being crucial for
the assessment of the degradation state and kinetics of the elec-
trodes. Furthermore, we avoided areas with visible deposits of
metallic sodium on the anode samples. We note that within
this work, we did not perform any structural analysis such as
transmission electron microscopy or chemical analysis of the
harvested electrodes, but rely on electrochemical analysis and
visually inspecting the electrodes for metallic sodium deposits.

The obtained samples were then measured for their thick-
ness with a digital caliper (Hoffmann Group, Germany) and
weighed with a high-precision scale (Sartorius, Germany),
before being assembled into a three-electrode configuration in
laboratory Swagelok T-cell setup (Swagelok, USA). All required
parts of this setup were dried overnight with at least 80 °C in
dynamic vacuum in a glass oven (Biichi, Switzerland) before
being transferred to a glove box with argon atmosphere (H,O,
O, < 0.1 ppm, MBraun, Germany). For a detailed view of all
components used, please refer to Friedrich et al.°® For assembly,
first the anode sample was inserted into an high-density poly-
ethylene (HDPE) cylinder, which is held in place by a pin and
nut with HDPE sealing in the housing, followed by two glass
fiber separators of 260 pm thickness and 11 mm diameter (691,
VWR, USA). The second separator was equipped with a small
extension, orthogonal to the stack, which eventually ensures the
ionic connection to the reference. After applying 60 pL of elec-
trolyte (1.0 M of NaPF, in EC:EMC 3:7 by weight) onto the
separators, the cathode sample was placed on top, always
making sure that the separators extension was well-aligned with
the HDPE spacer’s opening. After insertion of the countering
stamp, pin, spring, HDPE sealing and nut, the homogeneous
compression of the stack was ensured using an in-house appar-
atus with a micro head screw (Mitutoyo, Japan), allowing replic-
able tensioning of the inserted spring, which in turn ensures
uniform pressure on the stack of 0.20 MPa.

Next, a separator with a diameter of 10 mm was placed into
the third opening of the housing. This separator rests on the
orthogonal extension of the separator within the stack and,
together with an additional 40 pL of electrolyte, ensures reliable
ionic contact with the metallic sodium reference (99.7 purity
sodium metal with thickness of ~0.45 mm and coated on alumi-
num; bought from Xiamen AOT Electronics Technology Co.,
Ltd). Finally, a pin was inserted to secure the reference elec-
trode, and an HDPE ring was added to seal the assembly.

To measure the electrode-resolved impedance, cells using
TWRE were built in a modified process. The orthogonal
separator extension was omitted, and the prepared TWRE was
inserted through the reference opening in the housing and
HDPE tube before adding the second separator and cathode to
the stack. The tip of the TWRE was positioned as centrally as
possible within the circular active area, placing it between two
separator layers for electrical isolation. As no third separator
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was used, only 60 pL of electrolyte were added directly to the
stack. Using TWREs instead of metallic sodium required exten-
sive preparation, which is detailed in ref. 69, but should be
briefly outlined herein. The tinned copper wire (diameter =
50 pm, Eurowire, Great Britain) was initially uncoated, which
prevented direct measurement of the reference potential. To
prepare the wire, it was first cleaned with isopropanol and
then coated with a polyurethane spray (Urethan 71, Kontakt
Chemie, Germany). After coating, the wire was cut to a length
of about 10 mm using a scalpel. The end facing the reference
pin was then scraped to remove the coating, ensuring a reliable
electrical clamp connection between the reference pin and the
wire, which was formed using a small screw.

2.5 Measurements with three-electrode cells

All three-electrode cells, in our case T-cells, were tested at
25 °C in a climate chamber using a BioLogic VMP-300. After
10 h post-assembly rest, T-cells without TWRE were cycled
between 1.5 V and 3.8 V using different current rates. Between
each charge and discharge step a 30 min pause was used.
First, the cells were cycled with 0.05C and then 0.02C. Then,
the cells were charged to 100% SOC with 0.1C and another
0.05C cycle was performed. Subsequently, the cells were dis-
charged at 0.05C in 10% SOC steps, each with 30 min relax-
ation. At each SOC level from 90% to 10%, 11 s discharge and
charge pulses at 0.05C, 0.1C, and 0.5C were applied, with a
10 min relaxation between pulses. Finally, the cells were cycled
again at 0.05C and 0.02C to assure they did not lose capacity
during the measurement.

For T-cells with TWRE, first the reference electrode was
sodiated with a current of 50 nA for ~30 h as outlined in ref.
69. We note that less time for sodiation led to a drift in the
potential after less than 24 h, even if the potential was stable
during sodiation within less than 1 mV for several hours. The
amount of charge used for sodiation of the TWRE corresponds
to ~0.1% of the total capacity of the cathode and can therefore
be deemed negligible. After sodiation of the TWRE, a shor-
tened version of the protocol for T-cells without TWRE was
used, as we expect TWRE T-cells to be less stable over time.
The measurement started with a charge, discharge and
another charge with 0.05C. Then, the cells were discharged in
10% SOC steps with 0.05C. Following a 60 min relaxation
period, galvanostatic electrochemical impedance spectroscopy
(GEIS) measurements were recorded. After an additional 10 min
rest, potentiostatic electrochemical impedance spectroscopy
(PEIS) measurements were recorded at each SOC level. Both
GEIS and PEIS measurements were performed in a frequency
range from 200 kHz to 25 mHz with 8 points per decade and 9
average measures per frequency. The amplitude was 120 pA for
GEIS and 10 mV for PEIS. Within this work only the PEIS data
are discussed, as the GEIS data have shown artifacts at high fre-
quencies and are therefore omitted. After the PEIS measurement
and another pause of 10 min, pulses of 11 s with 0.05C, 0.1C
and 0.5C were applied. For each current rate first the discharge
pulse, then the charge pulse was applied. Between each pulse, a
relaxation time of 10 min was used.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5eb00221d

Open Access Article. Published on 22 January 2026. Downloaded on 2/25/2026 4:37:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Batteries

3 Implementation of the DMA

For DMA, we used the pOCVs from the RPTs in charge direc-
tion as input data. We note that using the pOCVs in discharge
direction led to very similar results, but was slightly less robust
in our case. The core MATLAB (R2024b, MathWorks Inc.)
implementation of the DMA tool has been further developed
starting from our previous framework.'® Parts of the improve-
ments were adapted from ref. 40. The framework is described
in detail in a separate publication’® and is available as open-
source code on GitHub (https://github.com/tum-ees/
DegradationModeAnalysis).” The algorithm minimizes the
residual between the measured and the estimated OCV curves
by shifting and scaling the OCP curves of pristine
electrodes.”>'® As the OCP shapes are assumed invariant
during aging, which will be shown within this work for the
investigated cells in section 4.5.1, aging effects can be captured
by shifting and scaling both electrodes toward each
other.””?%#1:42:45 A concise synopsis of the implementation
process is hereby presented. Readers who seek a more compre-
hensive examination of the subject are advised to refer to the
following publication."®***

To determine the DMs, both the residual between the
measured and reconstructed OCV as well as between the
measured and reconstructed DV are minimized. The DV is
defined as

dUocy _ dUocy
dQ  d(Q/Qact)’

DV = Qact (1)
where Q. is the capacity of the cell during the RPT used for
normalization. Usually, when the DMA is applied, the DV is
used to lock in phase-transitions,”>”? while the pOCV is used
to anchor the low- and high-SOC edges.*>”* The incremental
capacity was not used for this publication as it did not
improve the fitting quality of the DMA. We expect that the lack
of plateau regions in the OCP curves of both electrodes (see
Fig. 5(b)) is the reason why incremental capacity analysis (ICA)
is not suitable for these cells. In our work, we use the DV in
the lower SOC region from 5% to 30%, where both electrodes
show changes in the steepness of their OCP curves, while the
pOCYV is used in the whole SOC range available from 5% to
95% SOC, as this strongly increased the robustness of the
fitting procedure compared to using only the edges of the
pOCV. Before optimization, the vectors Q and U are resampled
to 1000 points that are equidistant in Q using linear interp-
olation in MATLAB 2024b (interp1). The pOCV is smoothed
with a LOWESS filter (frame length 30), and the same filter is
reapplied to the DV.*°
The DMA uses the following cost function:

2
cost= Y (Ugsctv‘,,—Uocva +2 ) (DVE —DV,,)’,
nEWocy mEWny
(2)

where the index vectors Wocy and Whpy specify the individual
fitting windows for the pseudo-OCV and DV, respectively,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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which may differ in location and length along the capacity
axis. The weighting factor 4 allows us to weight the residuals of
the fitting of the DV region against the OCV region. It is set to
50 based on empirical evaluation whether features in both
OCV and DV are well represented in the fitting result. For the
sake of clarity, we note that the weighting factor is not normal-
ized and thus a weighting factor of 50 means that both parts of
the cost function have a significant influence on the fitting
result.

In the proposed DMA framework, we use OCP curves from
T-cells harvested from an early-life cell as input for the fitting
procedure to overcome the limitations of half-cell OCP measure-
ments against metallic sodium.'***?*??” Thus, our half-cell
OCPs are only measured within the full-cell potential window.
We note that in principle, measuring outside of the voltage
limits of the full-cell would be possible. However, cycling
150 mV above the upper voltage limit did subsequently decrease
the reproducibility of the OCP measurements and hinder sub-
sequent measurements in the T-cells. Thus, to ensure that our
fitting results are not constrained by the OCPs of the early-life
electrodes, the highest and lowest SOC regions below 5% and
above 95% are excluded from the fitting procedure.

To minimize the cost function, we tested several algorithms
previously used in the literature for determination of DMs,
including Isqnonlin,”® fmincon,"®*> GlobalSearch,” pattern-
search,®® particleswarm,”® and genetic algorithm (ga).*>”” We
obtained the best fitting results with the ga algorithm. In
addition, we increased population size to 500 compared to the
default value of 50 for 4 variables, which further improved both
the robustness and the best fitting results. While it remains
unclear to us why the ga outperforms the particleswarm algor-
ithm (with population size 500), we expect that the high ran-
domness and high computational effort of the ga allows to
escape local minima more easily than e.g. fmincon, Isqnonlin or
GlobalSearch. To adapt for the random nature of the ga algor-
ithm, the fitting was repeated at least 20 times. Additional runs
up to a maximum of 50 total runs were performed if the fitting
error was above 8 mV between measured and reconstructed
OCV curve. The best fitting result was selected based on the
lowest root mean square error (RMSE) between measured and
reconstructed OCV curve in the investigated SOC range. These
settings were used for maximum quality of the results. We note
that the number of maximum repitions can be reduced from 20
to 5 or even lower for future degradation mode estimations
without substantial loss of quality.

3.1 Loss of charge carrier inventory

The amount of charge carrier inventory Cj,, is directly depen-
dent on the cyclable sodium residing in the electrodes when
the full-cell is at an arbitrary SOC within the utilization
window. Following Schmitt et al.,”® we obtain

Cinv = ((lcat - ,Ban + /}cat)cfull (3)

which links the charge carrier inventory directly to the four
independent alignment parameters Qcat, feat, @an (implicit in
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Cran) and fan. The loss of charge carrier inventory is then com-
puted as

C‘inv,ini -

LI = Cinv )

(4)

Ciny,ini

Please refer to Fig. 9 for an illustration of the four align-
ment parameters and their shifts over aging.

3.2. Loss of active material

According to Schmitt et al.,?® the loss of active material (LAM)
at both electrodes is tracked in terms of the capacity fade rela-
tive to their initial capacity with the following equations:

Can = Qan * Crun (5)
Ceat = Qcat - Crull- (6)

Thus, the LAM for anode and cathode can be expressed as

Caniini — C
LAM,, = an,ini an ’ (7)
Can.ini
Ceatjini — C
LAM,, — cat,ini cat ) (8)
Ccat,ini

4 Results and discussion

This section reports cyclic-aging results for SIBs, aging-related
kinetic changes, electrode-resolved impedance spectra, and
the change of balancing over aging. The latter includes both
electrode-resolved OCP curves and the results of the DMA.

4.1 Cyclic aging results

Fig. 1 visualizes the resistance (a) and capacity (b) evolution
over the cycling process. All cells were cycled at exactly the
same conditions. However, as shown in Fig. S2, SI (cell @ in
panel b and cell @ in panel c), both the anode of cell @ and
cell @ show edge plating, i.e., stripes of deposits of metallic
sodium at the upper and lower edges of the anode, which can
be induced by the anode overhang.**”®7° Notably, while in cell
@© the plating is only visible at the edge, in cell @ the edge
plating is much stronger, and, at some points, the plating even
reaches the center of the anode.

A possible reason for the strong variance in aging behavior
between the four cells are inhomogeneities within the electro-
des during the production process. Specifically, Laufen et al.'!
showed an uneven binder distribution at the anode and
derived poor overall production quality from computer tom-
ography scans of the cell. We thus expect that this low pro-
duction quality, for instance due to an uneven binder distri-
bution and subsequent local delamination of active material
from the current collector, can lead to locally higher current
densities during cycling, which eventually causes deposition of
metallic sodium on the anode.®®®' Such local deposits are
known to be a self-reinforcing process for lithium-based
cells.®> However, further investigations explicitly examining
the distribution of the binder in the electrodes are necessary
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Fig. 1 Resistance (a) and capacity (b) evolution of four cells cycled
between 20% and 80% SOC at 1C in both charge and discharge direc-
tion. Both the resistance and the capacity values are normalized to the
initial values of the first cycle. The resistance is evaluated after 10 s of a
1C pulse at 50% SOC in discharge direction, while the capacity is
measured during discharge with 0.5C with constant current.

to prove this hypothesis. The high variance in edge plating
between the cells could be related to the uneven coating width
of the electrodes of this cell type,"" which leads to different
anode overhangs and thus different current density distri-
butions at the edges of the electrodes.”®’® We note that the
cells, that showed higher aging, also exhibited reduced cou-
lombic efficiency after the initial pause in the RPT, which sup-
ports the theory of plating, and, connected to this, internal
short circuits within the cells that age faster.”* The reduced
coulombic efficiency was less pronounced or absent during
the cycling procedure, which suggests that the effect, which is
likely related to plating, gets more pronounced after rest
periods.

While the observed variance in aging behavior complicates
the quantitative analysis of the impact of the cyclic conditions,
we deem this set of cells to be ideal for showcasing how to
analyze and quantify the aging behavior of SIBs with layered
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oxide cathodes. Despite high aging variance, all cells achieved
at least 2800 EFC with less than 30% capacity reduction;
excluding cell ®, the others remained even above 90% of their
initial capacity after 4000 EFC.

4.2 Change of kinetics over aging

To investigate the pulse resistance resolved over the SOC of the
cells at electrode level, we built multiple T-cells in a three-elec-
trode setup of the harvested electrodes of cells @, @, and @
at EOT as described in section 2.4. Furthermore, we built
several cells from the harvested electrodes of cell @ equipped
with a TWRE for enhanced impedance analysis.

4.2.1 Validation of kinetic measurements at electrode
level. In Fig. 2(a), the direct current resistance (Rpc) versus SOC
of the early-life 18650 cell is compared with those of two
T-cells, all normalized to the cathode area.®> Due to the
thicker separator in the T-cells, the absolute resistance values
of the T-cells are expected to be higher than those of the
cylindrical cell.*® Nonetheless, we expect that the pressure in
the T-cells is higher than in the cylindrical cell due to the
spring used for compression of the electrodes in the T-cell
setup. Thus, we expect that the contact between the electrodes
and separator is improved for the T-cell.’* This, together with
the high porosity of more than 90% of this separator®® and the
decrease in separator thickness due to the applied pressure,®
may be reasons why the T-cells do not show higher normalized
resistance values than the 18 650 cell.

As a result, the resistance of the T-cells is very similar to
that of the early-life 18 650 cell. We thus expect that the results
of the T-cells are comparable to the cylindrical cells.

At EOT, the T-cells from cell ® show similar area-normal-
ized resistance values compared to their corresponding 18 650
cell (see Fig. S3(b), SI). However, similar to the T-cells of the
early-life cell, at low SOC values of maximum 20%, the T-cell
shows a higher resistance than the 18650 cell. The exact
reasons for this are unclear. Nevertheless, the time constants
of the 18 650 cell and the T-cell are very similar over the whole
SOC range. Thus, we expect that the cathode/anode resistance
ratio and the electrode time constants remain consistent with
the 18 650 cell, whereas the absolute resistance values are only
transferable at medium and high SOC values.

In addition to the Rpc at full-cell level, we investigated the
electrode-resolved resistances of two T-cells both from the
outer and inner part of the jelly roll as explained in section
2.4. The cathode generally shows lower resistance than the
anode. Starting from 40% SOC, the anode shows nearly identi-
cal resistance values at 100 ms and 10 000 ms, while the catho-
dic resistance increases with time constant. This pattern
suggests the anode is governed by processes with time con-
stants below 100 ms in the plateau region, and is likely not
limited by diffusion of sodium ions in the solid phase, which
is in accordance with findings that quasi-metallic sodium is
formed during the so-called pore-filling process.**"*® However
this could not be observed for T-cells built from aged cells as
shown in Fig. 3 and thus requires further investigation. In con-
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trast, the cathode’s strong time constant dependence indicates
limitation by diffusion of sodium in the solid phase.®*’

4.2.2 Electrode-resolved resistance after aging. We
additionally measured the changes of the kinetics at electrode
level over aging. For this, we measured the resistances at elec-
trode level in a T-cell setup for cells @, @, and @.

In Fig. 2, we can see that, in accordance with the results for
the 18 650 full-cells, at EOT the T-cells from cells @ and ®
show higher full-cell resistance values compared to the T-cells
from cell . Here, for all cells the anodic resistance has
increased compared to the early-life cell, while the cathodic re-
sistance has remained relatively stable. The formation of a
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thicker SEI layer on the hard carbon anode during cycling
could explain the increase of the anodic resistance.’®°> Such
growth of the SEI would consume cyclable sodium and thus
lead to a significant L1.'° For the T-cells of cell @, no signifi-
cant LI could be observed as explained in section 4.5.2, which
is counterintuitive to the assumption of a thicker SEI layer on
the anode. Possible other explanations for the increase in re-
sistance at the anode are a more disordered structure of the
SEI over the aging®® or changes in the particle structure of the
hard carbon.”® To prove these hypotheses, further investi-
gations explicitly focusing on the SEI at the anode of such
commercial SIBs would be beneficial.

The cathodic resistance of the T-cells from cell @ has
strongly increased compared to both the early-life cell and the
other two aged cells. This increase is significant for all three
investigated T-cells from cell @, independent of whether they
were built from the inner or outer part of the jelly roll. Thus,
we further investigate the reason for this strong increase of the
cathodic resistance in Fig. S4, SI. Here, we show the Rpc at
EOT of the T-cells built from cells @ (a), @ (b), and ® (c)
together with the resistances of the corresponding 18 650 cells.
Similar to the early-life cell shown in Fig. 2(a), the T-cells from
cell @ and cell @ at EOT show similar resistance values as
their corresponding 18 650 cells. In contrast, the T-cells from
cell @ show substantially higher area-normalized resistance
values than the corresponding 18 650 cell. Thus, we except the

EES Batteries

high cathodic resistance of the T-cells from cell @ to be an
artifact of the T-cell building process rather than a property of
the cathode itself. As the procedure for the harvesting of all
electrodes was identical, we cannot pinpoint the exact reason
for this artifact.

4.3 Electrode-resolved impedance after aging

In addition to the pulse resistance, we also measured the elec-
trode-resolved impedance spectra. The regular Swagelok T-cell
setup with metallic sodium as reference used for the pulse re-
sistance measurements is not suitable for impedance
measurements.”°® Thus, we built T-cells with TWRE which
can be assumed to allow artifact-free electrode-resolved impe-
dance measurements for SIBs.®”°” In Fig. 4, the PEIS of a
T-cell with material harvested from cell @ is shown for the
full-cell and each electrode. The impedance spectra support
the previous findings of the pulse resistance measurements,
where the cathode shows a lower resistance than the anode.
Furthermore, the area-normalized impedance of both cathode
and anode increases at low SOCs, whereas the increase is more
pronounced for the anode. Specifically, at 10% SOC, the real
part of the impedance at a frequency of 100 mHz is more than
twice as high compared to the real part of the impedance at
20% SOC, which agrees with previous findings of drastically
increased impedance for hard carbon at low SOCs and low fre-
quencies, while high-frequency impedance is rarely affected.®”

© 2026 The Author(s). Published by the Royal Society of Chemistry
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We point out that the TWRE T-cells are indeed well-suited
and reproducible, if the impedance spectra of SIBs are needed.
Nevertheless, their higher complexity in the building pro-
cedure increases the risk of non-functioning T-cells. In
addition, we do not recommend using TWRE cells for
measurements of OCPs, as, despite the long time of sodiation
of the tin-wire of ~30 h, a drift in potential cannot be comple-
tely ruled out during the long time spans needed for the OCP
measurements.

4.4 Change of balancing over aging

Similar to the resistance measurements, the change of the
OCPs of the electrodes was investigated.

4.4.1 Validation of open-circuit potential measurements.
To assure the transferability of the results between the T-cells
and the 18650 cell, we show the full-cell pOCVs of both a
T-cell built from an early-life cell and the corresponding
18 650 cell with respect to the cathode area®® in Fig. 5(a). Here,
both the pOCVs and the corresponding DVs show good agree-
ment, while the difference in area-normalized capacity
between the T-cell and the 18 650 cell is less than 1%. We thus
expect that both the pOCV and the OCPs of the T-cell allow
insights for the 18 650 cell.

At EOT, the deviation between the area-normalized capacity
of the T-cell harvested from cell @ and the corresponding
18 650 cell is below 2% as shown in Fig. S3(a), SI, while the dis-
charge pOCV and the corresponding DV of the 18 650 cell are
shifted towards higher capacity values compared to the T-cell.
Furthermore, a characteristic peak in the DV of the 18 650 cell
at 0.35 mAh cm™ is not visible in the T-cell. This additional
feature as well as the deviation in area-normalized capacity
might be explained, at least to some extent, by the fact that the
T-cells do not have any anode overhang, while the 18 650 cell
has an geometrical anode overhang of 1.5 mm if upper and
lower edge are combined.*?

© 2026 The Author(s). Published by the Royal Society of Chemistry

4.4.2 Change of balancing over aging at electrode level. To
overcome the limitations of half-cell OCP measurements
against metallic sodium,""***> we measured the OCPs of the
electrodes in a three-electrode T-cell setup as described in
section 2.4. In Fig. 5(b), we show the OCPs of the electrodes as
well as the full-cell OCV of the T-cell from the early-life cell.
Here, the OCP does not suffer from side reactions, which
reduce the coulombic efficiency. Thus, both sodiation and des-
odiation of the cathode now show relatively similar OCPs, and
if they are shown over SOC,*? significantly less potential differ-
ence between charge and discharge direction. Furthermore,
also the overpotentials of the OCP of the anode is now strongly
reduced staying below 10 mV at capacity values above 0.5 mA h
em ™2 The data also verifies the assumption in previous
publications,**?® that the hysteresis of the full-cell at low SOCs
is mainly caused by the OCP of the anode. Furthermore, we
can measure the minimum potential of the anode during char-
ging as 45 mV at 100% full-cell SOC.

In Fig. 6, we show the OCPs and pOCVs of T-cells harvested
from three different cells at EOT. Here, the cathode voltage is
lowest for the T-cell from @, and increases for @ and even
further for @, while simultaneously the anode shows the
opposite trend. In addition, a characteristic peak in the DV
reveals that the cathode is less utilized at low SOCs.
Altogether, this shift indicates that the usable capacity of cell
® and especially cell @ is dominated by LL.'* Apart from that,
especially for cell @ the electrode capacities seem to be
strongly reduced compared to the early-life cell shown in
Fig. 5(a), as distances between characteristic features in both
anode and cathode are reduced. The quantitative analysis of
this capacity loss is shown in section 4.5.2.

4.5 Degradation mode analysis

We quantitatively determined the DMs of the cells using the
DMA as described in section 3. To validate the numerically
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fitted DMs, we compare the reconstructed half-cell OCPs with
the measured half-cell OCPs at EOT. Then, we show the results
of the DMA for all investigated cells and explain the impli-
cations of the results of the DMA.

4.5.1 Validation of the fitting. In Fig. 7, we compare the
measured half-cell OCP curves of cell @ (see Fig. 1) at EOT
with the reconstructed half-cell OCP curves from the DM
fitting procedure. During the fitting procedure, the OCP curves
of the anode and cathode measured from the early-life cell are
only shifted and scaled. Thus, the strong overlap between the
shape of the measured and reconstructed OCPs allows us to
verify that indeed the shape of the OCP curves is invariant over
aging for the cell which has been cycled in the range from
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20% to 80% SOC. As explained in the introduction, this is the
fundamental assumption to reconstruct the DMs via shifting
and scaling of the OCP curves over aging,'>8*1:12:18

A common metric for evaluating fitting quality is the RMSE
between the measured and reconstructed pOCV curves.'®*%*?
Nevertheless, a low voltage difference between those curves does
not necessarily guarantee that the electrode OCPs are recon-
structed correctly.’® For instance, a low voltage difference can
also be achieved by shifting the anode toward lower and the
cathode toward higher SOCs. Furthermore, a drift of the refer-
ence potentials during the measurement of the half-cell OCPs at
BOT could occur.*** Such deviations could also be compen-
sated during the fitting procedure by shifting the opposite elec-
trode. Nevertheless, the physical meaning of the DMA relies on
correct reconstruction of the scaling and shifting of the electro-
des, and not the reconstruction of the full-cell OCV.

We therefore also compare the reconstructed OCP curves
with the measured half-cell OCP curves at EOT. Our three-elec-
trode setup (see section 2.4) ensures that the fitting captures
not only the shape of the OCPs but also the stoichiometric
drift between the two electrodes.****°

The reconstructed and measured curves agree closely: the
cathode exhibits an RMSE of 5.91 mV, while the anode shows
14.18 mV. The small residual deviation for the anode arises
mainly from a slightly higher scaling of the reconstructed
curve. This behavior may stem in part from minor fitting inac-
curacies, but we expect that inhomogeneous anode aging,
which is possibly related to anode edge plating (see Fig. S2,
SI), also contributes to this deviation.'® Furthermore, as
shown in Fig. S3(a), SI, the T-cell from cell @ already shows a
slightly different pOCV compared to the 18650 cell. Thus,
even a perfect reconstruction of the electrode potentials within
the cylindrical cell would not lead to a perfect match between
measured and reconstructed half-cell OCPs of the T-cell.

The low RMSE values between measured and reconstructed
OCP prove the accuracy of the DM fitting procedure. Besides
reproducing the full-cell OCV (in this case with an RMSE of
5.1 mV between measured and reconstructed OCV in the SOC
region from 5% to 95% SOC), the method accurately captures
the scaling and shifting of the half-cell OCPs, which demon-
strates the capability of the DMA to quantify the LI and LAM
over aging for SIBs.*’

4.5.2 Results of the degradation mode analysis. For all four
investigated cells, the DMs were determined as described in
section 3. Here, we focus on the results of cells @, @ and @,
while cell @, which has shown much higher degradation, will
be discussed separately.

The results of the DMA are shown in Fig. 8. The fitting
accuracy is shown in Fig. 8(d) as the RMSE of the voltage
difference between the measured and reconstructed pOCV
curves in the SOC range from 5% to 95%. For cells @, @ and
®, the RMSE remains below 7.5 mV across all RPTs and cells.
Lower fitting errors are possible by increasing the weighting of
the accuracy of the OCV reconstruction in comparison to the
correct fit of the DV in the fitting process (see eqn (2)). Despite
the lower RMSE values, the accuracy of reconstructing the half-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cells, and as a consequence also the DMs, is worse if the DV is
not fitted correctly.”””* The minor jumps over the aging (brief
capacity drop and immediate recovery) in both anode and
cathode capacity occur because the fitting did not explicitly
forbid negative capacity losses, while it remains unclear
whether these jumps are caused by fitting inaccuracies or real
capacity recovery effects.

Interestingly, despite the high variance in capacity decline,
cells ® and @ show similar LAM,, as shown in Fig. 8(a). Cell
® shows a similar trend, but exhibits a more pronounced
increase in LAM,, compared to the other cells. In contrast, the
LAM,, of these three cells varies strongly, whereas cell ®
shows more than twice the LAM,, of cell @. Despite this high
variance in LAM,,, the LAM,., of all cells is considerably
higher than the LAM,,, at EOT. This behavior is in contrast to
LIBs, where the anode usually shows a higher LAM than the
cathode for both anodes using pure graphite'**'%
containing anodes'®*%*!

The loss of sodium inventory differs strongly among the

and silicon
under most test conditions.

cells: for cells @ and ®, LI is dominating or at least compar-
able to LAM,,. Here, the LI is matching the loss of capacity of
the full-cell (see Fig. 1(b)) very well including both the shape of
the capacity decay and the absolute values. More specifically,
cell @ and ® show capacity losses of 7.5% and 9.0% at EOT,
respectively, which is in good agreement with values for LI of

© 2026 The Author(s). Published by the Royal Society of Chemistry

8.0% and 9.4% at EOT. In contrast, for cell @, LI reaches only
0.3% at EOT, whereas the capacity loss of the full-cell is 3.1%.

While the observed variance in LI is unexpected, it explains
the pronounced capacity-loss differences in Fig. 1(b). We attri-
bute the higher LI in cells @ and ® not to a thicker SEI, but
mainly to severe sodium edge plating confirmed in Fig. S2, SI
and reported elsewhere.>* Roth et al’® and Oehler et al.”®
showed that local current peaks at jelly-roll ends due to anode
overhang can lead to plating. The low potentials of the anode,
reaching low values of approximately 50 mV versus metallic
sodium at full-cell SOC of 100% as shown in Fig. 5(b), might
further increase the risk of plating in comparison to LIB under
inhomogeneous conditions. We expect that inhomogeneities
in, for instance, anode geometry or bent ends at the anode
layers even at BOT'" might strongly increase the risk of sodium
plating. Furthermore, uneven distribution of binder material
in the anode' might increase the risk of inhomogeneous
pressure distribution in the cell, which can itself lead to
inhomogeneous aging®*'°"'%* and thus lead to plating even
under moderate cycling conditions.®>'%> The sodium plating,
which is at least to some extent irreversible, also passivates
regions of the hard carbon anode. As a consequence, also the
opposite cathode regions may be partially deactivated. Thus,
less plating can also explain the lower LAM,, of cell @ com-
pared to cells @, ® and @®.
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Fig. 7 The OCPs obtained from cell ® at EOT measured in a T-cell in comparison with the fitted OCPs including their shifting and scaling. The
RMSE of the voltage difference between reconstructed and measured OCP is 5.91 mV for the cathode and 14.18 mV for the anode in the whole

range of the reconstructed half-cell OCPs.

Based on the low LI of cell @, we hypothesize that the SEI
formation in commercial SIBs with hard carbon anodes is, as
proposed by Fitzpatrick et al.,*® less severe than expected from
half-cell measurements against metallic sodium."”™*° More
specifically, the LI related to continuous SEI growth might be
even lower than in LIBs with graphite anodes.*’'°® Here,
further investigations using pristine cells could allow to expli-
citly quantify the LI due to initial SEI growth and continuous
SEI growth separately. The combination with post-mortem ana-
lysis of the SEI could allow to show whether the assumption of
a very stable SEI on hard carbon anodes in full-cell setups
holds true.

In contrast to cells @, @, and @, the DMs of cell @ are
hard to determine, which is represented in the strongly
increased RMSE values between measured and reconstructed
OCV. Furthermore, the 18 650 cell shows a strongly increased
hysteresis between charge and discharge pOCV at low SOCs,
which is only visible for the cylindrical cell but not for the
T-cells from the same cell as shown in Fig. S5, SI. The T-cells
are built from the parts of the electrodes which are not
affected by plating. Thus, we expect that the plated areas lead
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to an increase in overpotentials even at low current rates.
Possible explanations for this behavior are higher local resist-
ances of the plated areas, higher local current densities in the
surrounding areas, and longer diffusion paths into the catho-
dic regions opposite to the plated anodic regions.'®” In prin-
ciple, such inhomogeneities can also be quantified with the
DMA. Nonetheless, such inhomogeneities are usually assumed
to be either equidistant'®® or Gaussian distributed.*> Notably,
this assumption may not hold true in the context of such pro-
nounced plating. Furthermore, we expect that due to the few
features in the OCPs and their derivatives of both electrodes,
the fitted results are not reliable in case of such strong
inhomogeneities.

4.5.3 Implications of the degradation mode analysis. As we
expect that the assumed low production quality of the investi-
gated cells is the main reason for the stronger aging and the
stronger plating of cells @, ® and ®, we rely mainly on the
results of cell @ for the discussion of the implications of the
DMA results. Here, both LI and LAM,, are very low at EOT with
0.2% and approximately 2%, respectively. The low values for LI
are in contrast to LIBs, where the SEI formation and, as a

© 2026 The Author(s). Published by the Royal Society of Chemistry
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to the initial RPT for each cell. Fitting quality is measured by the RMSE of the voltage difference between the reconstructed and the measured OCVs

from 5% to 95% SOC of the measured OCV.

result, LI, usually dominates cell aging.'®*"'°® Based on pre-
vious literature, this is rather unexpected, as the SEI of hard
carbon anodes is expected to be less stable than that of graph-
ite anodes."” % Nevertheless, Fitzpatrick et al.>*> showed that
the stability of the SEI of hard carbon anodes in a full-cell
setup can be significantly higher than in half-cells against
metallic sodium. Thus, previous findings about the stability of
the SEI of hard carbon anodes might underestimate the stabi-
lity of the SEI of hard carbon.?”

The dominant degradation mode is the LAM_, with approxi-
mately 5.7% at EOT for cell @, where no extensive plating
occurred. NMF cathodes are known to show strong LAM
during cycling at high end of charge (EOC) such as 4.0 V or
even 4.2 V due to structural degradation.'®®''® Within this
study, even during the RPTs the EOC voltage did not exceed
3.8 V. Thus, the observed LAM,, being higher than LI and
LAM,, despite the moderate cycling conditions is unex-
pected.'™ While the root cause cannot be isolated from the
present data, cathode doping, which was not done for this cell
type,*” is a plausible lever to enhance stability and potentially
reduce the observed LAM,,.>>**?

Given the low values of LI and LAM,,, the NMF cathode is
limiting the capacity of the full-cell at EOT. Interestingly,
despite limiting the capacity of the full-cell, LAM,, is signifi-
cantly higher than the loss of capacity of the full-cell, which is
only 3.1% at EOT. This discrepancy is possible as the degree of
cathode utilization is strongly increased over the lifetime of
the cell, as shown in Fig. 9 as shift of fcaode from BOT (a) to
EOT (b). In addition, the value of acanode iS substantially

© 2026 The Author(s). Published by the Royal Society of Chemistry

diminished at EOT compared to BOT. This indicates that a
more extensive range of the cathode’s SOC is utilized.

It is noteworthy that the decay of full-cell capacity exhibits a
slight increase, even though the degressive trend of the LAM,,
is evident throughout the cell’s lifespan. This indicates that at
the beginning of the cycling, the cathode aging is hidden. As
shown in Fig. 1, starting at ~2000 EFC, the cathode is gradu-
ally starting to limit the full-cell capacity at both low and high
full-cell SOCs. Such behavior, where suddenly either LI or
LAM., becomes the limiting factor of the full-cell, is described
for LIBs as knee-points.'"*''* However, despite the theoretical
case of LAM,, starting to limit the full-cell capacity at a certain
point in the lifetime of the cell,”””'** the shapes of anode and
cathode lead to a continuous increase of usage of the cathode
at low full-cell SOCs over the lifetime of the cell instead of a
sudden limitation of the full-cell capacity by the cathode (see
Fig. 9). We further note that here, despite LIBs which usually
limit capacity either by negative or positive electrode at low or
high full-cell SOC, respectively,'**” the positive electrode
limits the capacity of the full-cell both at low and high full-cell
SOC at EOT. While more research is needed to show the gener-
ality of these findings for SIBs, this implies that (i) electrode-
resolved aging estimation for SIBs can increase the prediction
of the aging of SIBs at an early stage of aging and (ii) a capaci-
tive overdimensioned cathode might further increase the life-
time of SIBs. Conversely, in the latter scenario, a gradual
increase of the EOC voltage over the cell’s lifespan might prove
advantageous in preventing overcharging of the anode due to
the oversized cathode.
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Fig. 9 Balancing of both electrodes of cell @ at BOT and EOT obtained via applying the DMA. The gray lines represent the measured charge pOCVs
of the 18 650 cells at BOT (a) and EOT (b). The positive values for fi.o: and fan, indicate that the OCPs of the early-life cell are not sufficient to fully
reconstruct the OCV at low SOCs, which is compensated by performing the fitting only in the SOC range from 5% to 95%.

5 Conclusion

In the present study, we showed, how to measure and analyze
the change of kinetics and the balancing of commercial SIBs
over aging, by using four commercial 18650 SIBs cyclically
aged for at least 3400 EFC as examples. We built 19 three-elec-
trode T-cells to measure the electrode-resolved resistances and
OCPs from an early-life cell as well as three aged cells showing
different aging trajectories.

We have shown how three-electrode setups, in our case
Swagelok T-cells, can be used to differentiate between pulse resis-
tance contributions of anode and cathode over SOC. A compari-
son of the resistance of the 18 650 cell and T-cells reveals that the
findings of the three-electrode setup are transferable to cylindrical
cells. In addition, we built T-cells with TWRE to measure the PEIS
at electrode level. These results show that the resistance is domi-
nated by the anode over the whole SOC range for both T-cells
from an early-life cell as well as for the three different cells at
EOT. The strong increase of pulse resistance and impedance at
low SOC is dominated by an increase of the anode resistance.

EES Batteries

After validating the transferability of the pOCV between
T-cell and 18 650 cell, we used the OCPs of an early-life cell to
apply the so-called DMA to quantitatively determine the DMs
of the investigated cells. We used a limited SOC range of the
measured OCPs for the DMA, as the T-cell was only measured
within the recommended full-cell voltage limits of the 18 650
cell. The comparison between the reconstructed and measured
half-cell OCPs at EOT allows us to show that despite the
limited features in both electrodes, both the anode and
cathode OCP can be accurately captured over the aging
process. This is reflected in the RMSE between the recon-
structed and measured OCP being as low as 5.91 mV for the
cathode and 14.18 mV for the anode. The high accuracy of the
fitting is not only reflected in the low RMSE values of the
difference between measured and reconstructed half-cell OCPs
at EOT, but also in the low RMSE of the difference between
measured and reconstructed full-cell OCV staying below 7 mV
for all cells and RPTs except one outlier cell. The direct com-
parison of the OCPs from T-cells from the early-life cell and
from aged cells at EOT allows us to prove that the invariance of

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5eb00221d

Open Access Article. Published on 22 January 2026. Downloaded on 2/25/2026 4:37:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Batteries

the shape of the OCPs over aging, is valid for the investigated
cells.

The results of the DMA reveal that for all investigated cells,
the loss of capacity at the cathode is significantly higher than
at the anode. The aging of those cells showing the fastest
capacity decay was dominated by the loss of charge carrier
inventory, which we connect with severe plating visible at the
anode in the post mortem analysis (PMA). We expect that this
plating might be a self-reinforcing process, which will be dis-
cussed in more detail in our upcoming publications. The cell
which was not affected by plating showed almost negligible LI
and low loss of anode capacity. This cell clearly indicates that
the aging of these SIBs (if they reach high production quality
and do not suffer from severe plating) is dominated by the
cathode. However, this loss of capacity at the cathode is par-
tially counterbalanced by the increased utilization of the
cathode in the early phase of aging.
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