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Despite the continuous success of lithium-ion batteries, sodium-ion batteries pose a relevant alternative

to lithium-based storage systems. Abundant resources that can be obtained by more environmentally

friendly processes make sodium-ion batteries a feasible alternative to lithium-ion batteries for large-scale

applications. However, the ageing behaviour of sodium-ion batteries and their subsequent degradation

modes have not yet been fully investigated. In this work, commercial sodium-ion batteries are aged under

various conditions to study the impact of state-of-charge, depth of discharge, temperature, and current

rate on ageing. For this study, we investigated the initial electrical and electrochemical parameters of 94

commercial cells with layered oxide cathodes and hard carbon anodes. From these cells, we selected and

aged 70 cells for almost two years or up to 5000 equivalent full cycles. We demonstrate that sodium-

plating on the anode surface poses a relevant failure mechanism in sodium-ion batteries throughout all

operating conditions. We used degradation-mode analysis to identify the main drivers for degradation.

Capacity fade is arguably driven by loss of active material at the cathode, which is more dominant when

operating or storing in high state-of-charge ranges. In contrast to lithium-ion batteries, the loss of charge

carrier inventory is not the main driver for capacity fade in sodium-ion batteries. Loss of active material

from the anode occurs but it plays a minor role. However, anode material loss is more pronounced when

operating or storing in low state-of-charge ranges.

Broader context
Reliable energy storage is essential for the transition to carbon neutral energy supply. Lithium-ion supply chains rely on scarce or environmentally intensive raw
materials. Sodium-ion batteries offer a lower-cost alternative that can reduce resource risk, but systematic evidence on how they age under realistic operating con-
ditions remains limited. We ask: how do sodium-ion cells age within different operating windows, and what causes the loss of capacity and power? We subjected
commercial 18650-format cells to several thousand cycles while varying depth of discharge, C-rate, and state of charge, and stored cells at different states of
charge and temperatures. We first show that cell-to-cell variability remains a challenge in commercially available cells. Some cells exhibit metallic sodium depo-
sition on the negative electrode, which can increase safety risk and leads to unpredictable ageing. This behaviour appears to be driven more by initial cell vari-
ation than by the operating conditions tested. When sodium deposition is minimal, ageing is dominated by degradation of the positive electrode, which is more
pronounced at high states of charge. Loss of active material at the negative electrode is smaller overall but increases at lower states of charge. These findings help
define safer operating windows for sodium-ion batteries and point to priorities for future materials and cell-design research.

1 Introduction

The continuous growth of demand for energy storage solutions
leads to the further popularity of lithium-ion batteries (LIBs),
which inevitably increases the necessity of stable supply

chains and reduction of ecological impact of raw materials.
The extraction of nickel and lithium has a substantial ecologi-
cal impact, while the availability of cobalt and lithium remains
critical, with supply chain volatility continuing to increase.
This leads to a high economic risk for manufacturers and
accelerates price uncertainty.1 Thus, research on alternative
storage technologies continues, despite extensive knowledge
on and commercialization of LIBs.

Sodium-ion batteries (SIBs) provide a promising alternative
to LIBs due to the abundance of resources, similar production
processes, as well as similar operating principles as LIBs.2,3
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Due to these similarities, SIBs are often discussed as a drop-in
technology.4 However, key differences persist.

The larger ionic radius of sodium ions compared to lithium
ions leads to different storage mechanisms. Hard carbon (HC)
is the most commonly used anode material for SIBs due to its
ability to accommodate the larger sodium ions in comparison
to graphite. HC exhibits a different intercalation mechanism
compared to graphite, leading to a sloping voltage region in
low states of sodiation before moving into a plateau region at
higher sodiation levels.5,6 These aspects make the ageing
behaviour of SIBs an open and not fully understood area of
research.

Beyond HC, further anode materials such as MoS2-based
composites are being investigated for SIBs.7 However, these
anode materials still suffer from mechanical instability, which
can be improved by further anode engineering.8

Furthermore, layered metal oxides (LMOs) present a prom-
ising cathode material for SIBs due to high voltage, high
capacity, and readily scalable manufacturing.9 Current
research on LMO-based cathodes for SIBs focuses on interface
stabilization and structural modification strategies to enhance
long-term cycling performance.10

However, SIBs need to compare to LIBs in multiple fields.
One key aspect is the potential lifetime during application and
understanding of fundamental ageing processes.

Numerous studies have investigated the ageing behaviour
of LIBs under various cycling protocols as well as calendar
ageing. These studies include the influence of temperature,
C-rate, depth of discharge (DOD), mean state-of-charge (SOC)
for cycling and SOC, as well as temperature for calendar
ageing.11–15

Birkl et al.16 defined the ageing mechanisms and corres-
ponding degradation modes for LIBs, which lead to power and
capacity fade. The degradation modes include loss of active
material at the anode and the cathode and loss of lithium
inventory. In this work they are referred to as loss of active
material at the negative electrode (LAMan), loss of active
material at the positive electrode (LAMcat), and loss of charge
carrier inventory (LI), respectively. To ensure better transfer-
ability, we use the term of “loss of charge carrier inventory” as
it applies to both SIBs and LIBs.

The literature provides three general approaches to deter-
mine degradation modes in batteries via changes in the open
circuit voltage (OCV) curve. The first approach is tracking the
characteristic peaks in the differential voltage (DV) or incre-
mental capacity (IC) curve throughout ageing.17,18 The second
approach is using synthetic OCV-modelling where the influ-
ence of ageing modes on the open circuit potentials (OCPs) of
the individual electrodes is simulated to recreate the OCV.19

The third approach uses OCP measurements of the individual
pristine electrodes, which are then shifted and scaled to recre-
ate the full-cell OCV measured at various ageing stages. The
shifting and scaling parameters define the ageing modes.16 In
this work, we adopt this electrode-OCP-based shifting-and-
scaling approach, as this has been proven to determine degra-
dation modes and was implemented in a framework in our

previous work. In this work, we demonstrated that the appli-
cation of degradation-mode analysis (DMA) on SIBs is possible
using OCP measurements of the individual pristine electrodes
to recreate the full-cell voltage. Furthermore, we showed that
the shifting and scaling of the OCPs can be used to recreate
the aged full-cell OCV and verified this with measurements of
aged OCPs.20

While LIB ageing under cycling and storage conditions is
well established, SIB ageing studies are comparatively sparse
and primarily focus on capacity fade and resistance growth. In
particular, for HC-LMO full cells, there is a lack of systematic
investigations that quantify the contributions of inventory loss
and anode-/cathode-related loss of active material (LAM)
across relevant cycling and calendar ageing conditions. To the
best of our knowledge, this significantly limits the necessary
mechanistic interpretation approaches and potential transfer-
ability on lifetime optimisation during operation.

Laufen et al.21 presented a multi-method characterisation
of the same cell used in this study. They included ageing data
for cycle ageing at various C-rates and showed that their inves-
tigated SIBs have robust cycling performance. However, the
authors reported that several cells stopped operating because
the current interruption device (CID) was triggered due to
gassing. Klick et al.22 conducted a comprehensive study on the
influence of cycling conditions on SIB ageing and identified
the influence of DOD, C-rate, and temperature on the overall
capacity fade and resistance increase. Furthermore, they gener-
ated a dataset of synthetic OCVs by applying multiple combi-
nations of degradation modes and their influence on the
OCPs. The degradation modes were then determined by com-
paring to the ICA curves of the aged cells. Dubarry and Beck23

presented the transferability of DMA on SIBs with a HC anode
and an NVPF cathode, by synthesizing degradation-mode influ-
ence on OCPs.

Even though the outlined studies contribute to a funda-
mental understanding of mechanistic ageing quantification in
SiBs, they fall short of providing degradation-mode-resolved
quantification across both cycle and calendar ageing. To the
best of our knowledge, a systematic evaluation and analysis of
HC-LMO degradation-mode mappings has not yet been pre-
sented in the literature.

Building upon these advancements and the shortcomings
of the current literature regarding DM mapping in SIBs, we
present in this work a detailed investigation of the influence of
cycle and calendar ageing conditions on the ageing behaviour
and to establish a degradation-mode map for HC-LMO SIB full
cells. We apply DMA using OCP measurements of the individ-
ual early-life electrodes to determine the degradation modes
and their progression during ageing. The influence of DOD,
C-rate, and average SOC as cycling conditions on the ageing
behaviour is investigated while for calendar ageing the influ-
ence of storage SOC and temperature is studied. To the best of
our knowledge, this is the first systematic degradation-mode
mapping for HC-LMO SIB full cells, covering both cycle (DOD,
C-rate, mean SOC) and calendar (storage SOC, temperature)
ageing based on electrode-OCP-derived DMA.
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2 Experimental and methodology
2.1 Investigated cells

In this work, we investigate a SIB cell that was among the first
to be made commercially available. The cell is an
18650-format cell manufactured by Shenzhen Mushang
Electronics Co., Ltd with a nominal capacity of 1.25 A h and a
voltage range of 1.5 V to 3.8 V. Previous work has investigated
this cell type in depth regarding its chemistry, and electrical,
thermal and electrochemical behaviour at both the cell level
and material level.21,24–29 The specifications of the cell are
given in Table 1. For this study, we characterised 94 cells
initially before investigating 70 cells regarding their cycle and
calendar ageing behaviour. The cells showed great variance in
electric behaviour and were grouped so that the variance in
each test point (TP) was similar, regarding capacity, resistance
and thermal properties, as described in sections 3.1 and 3.2.

2.2 Cell preparation and test setup

For cycle ageing, all cells were connected in a four-wire contact
configuration. Contacts were welded to each cell tab to ensure
uniform and low contact resistance. One welded terminal was
assigned to the sensing circuit and an additional welded terminal
to the power circuit, providing separate paths for measurement
and load. This minimises the influence of contact resistance on
voltage measurements during current loads. Cell temperature was
measured at the negative cell tab using a thermistor sensor,
which was insulated from environmental influences with a
10 mm-thick ArmaFlex material layer. The terminals of cells for
calendar ageing were not welded as no current load was applied
during storage. Instead, these cells were placed in contact with
custom cell holders during check-up (CU), using golden contact
pins with a four-wire contact configuration (Feinmetall GmbH).
The temperature of the calendar cells was measured during the
CU using a thermistor sensor placed at the centre of the cell-wall
surface using heat-resistant Kapton tape. All tests were performed
using a BINDER KT-170 climate chamber and a BaSyTec CTS 32
Channel 5 A battery tester.

2.3 Initial measurements

We defined an initial-measurements protocol to determine the
state of the cells. The protocol included the following steps,

with each constant-current constant-voltage (CCCV) phase per-
formed at 0.5C during the constant-current (CC) stage and a
0.05C cutoff current during the constant-voltage (CV) stage
between 1.5 V and 3.8 V:

• Initial CCCV discharge to 1.5 V.
• 10 full cycles of CCCV charge and discharge.
• Hybrid Pulse Power Characterisation (HPPC) at 90%, 50%

and 10% with 0.1C and 1C to determine RDC.
• Full CCCV charge and consecutive CC discharge to 50%.
• Rest for at least 12 h at 25 °C.
• Galvanostatic electrochemical impedance spectroscopy

(GEIS) measurement at 50% SOC based on the capacity deter-
mined during the last discharge step from 100 kHz to 10 mHz
with 50 mA amplitude.

The capacity was determined during the final discharge of
the 10 initial cycles. The procedure was performed in a climate
chamber at 25 °C. 10 cycles were chosen to ensure that the cells
are as homogeneous as possible, both electrochemically and ther-
mally, before starting the ageing study. The GEIS measurement
was used to determine two characteristic points in the impedance
spectrum. The first point is the real part of the impedance where
the imaginary part is equal to zero, which will be called real impe-
dance at zero crossing (RZC). This point is often referred to as the
ohmic resistance of the cell.30–33

The second point is the real part of the impedance at the
beginning of the diffusive tail, where the imaginary part of the
impedance forms a local minimum, i.e. the RZC value sub-
tracted from the real impedance at the diffusive-tail minimum.
In this work, it is referred to as real impedance at the begin-
ning of the diffusive tail (RPOL) and describes the diameter of
the quasi-semi-circle of the impedance. In LIBs, this value is
often associated, among other factors, with charge transfer
and the solid electrolyte interface (SEI).33–36

2.4 Ageing study

The ageing study is structured as follows. Before starting the
ageing procedure, the initial check-up (CU0) was performed in
addition to the initial characterisation and will be referred to
as the beginning of test (BOT). Afterwards, we performed the
ageing analysis. After each ageing section, a CU was conducted
to assess the capacity state of health (SOHC) and resistance
state of health (SOHR) for all cells until the ageing evaluation
was concluded with a final CU at the end of test (EOT). SOHC

and SOHR are defined as:

SOHC ¼ Cact

Cinit
� 100% ð1Þ

SOHR ¼ Ract

Rinit
� 100% ð2Þ

where Cact is the actual capacity determined during CU, Cinit is
the initial capacity determined during CU0, Ract is the direct
current resistance (RDC) determined during CU after 10 s and
Rinit is the initial RDC determined during CU0.

Ageing sections can be divided into cycle and calendar
ageing. The cycle ageing was carried out by performing a

Table 1 Specifications of the investigated cell as given by the manufac-
turer’s datasheet

Manufacturer Shenzhen Mushang Electronics Co., Ltd

Cell type 18650
Cnom 1.25 A h
Unom 3.0 V
Umin 1.5 V
Umax 3.8 V
Imax, charge 5 C
Imax, discharge 8 C
Chemistry(cathode|anode) LMOa|hard carbon

a Layered metal oxide is Na MnxFeyNizO2 with an Mn/Fe/Ni ratio of
1 : 1 : 1.21
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defined number of cycles within a specified SOC window and
at a defined C-rate and temperature of 25 °C, whereas the
calendar ageing was carried out by storing the cells at a speci-
fied SOC and temperature. For each ageing phase, at least
three cells were aged under the same conditions to ensure
reproducibility of results and to determine potential outliers.

2.4.1 Check-up procedure. During each ageing procedure,
regular CUs were performed. The CU procedure was the same
for calendar and cycle ageing, including the five steps listed
below after allowing cells to rest for 2 h at 25 °C and conduct-
ing an initial CCCV discharge to 1.5 V at 0.5C.

I. First capacity check cycle (CapCC): CCCV charge at 0.5C
to 3.8 V and CCCV discharge at 0.5C to 1.5 V with cutoff
current of 0.05C during the CV phase.

II. Second CapCC, analogous to step I.
III. Galvanostatic intermittent titration technique (GITT)

measurement: after CCCV charging, stepwise discharge in 5%
steps at 1C until an end-of-discharge voltage of 1.5 V is
reached in order to determine RDC, with 5 min rest after each
discharge step. Perform the same procedure in the charge
direction until 3.8 V is reached.

IV. After CCCV discharge to 1.5 V and a 10 min pause, a
pseudo-open circuit voltage (pOCV) measurement is carried
out in the charge direction at 0.05C until 3.8 V is reached.

V. After a 10 min pause, a pOCV measurement in the dis-
charge direction at 0.05C until 1.5 V is reached.

The CU procedure is shown in Fig. 1 with the corres-
ponding relevant steps indicated as described previously. For
capacity determination, the second cycle of the capacity check
(step II) is used. The GITT measurement is performed to deter-
mine the internal resistance of the cells at different SOC levels.

The pOCV measurements are used to determine the voltage
response at low current rates to analyse changes in electrode
potentials and to perform DMA as described in section 2.5.
Additionally, we investigated the coulombic efficiency (CE)
during the two CapCCs. For this we divided the CCCV dis-
charge capacity by the CCCV charge capacity from the same
cycle as described in eqn (3). These CE values will be referred
to as CEI and CEII for the first and second CapCC, respectively.
The temperature increase during the charging process of the
CapCC was calculated as well and will be referred to as ΔTChaI
and ΔTChaII for the first and second CapCC, respectively.

CE ¼ QCCCV‐discharge

QCCCV‐charge
ð3Þ

2.4.2 Cycle ageing protocol. The cycle ageing study was per-
formed at 25 °C in a climate chamber. The cells were cycled
under different test profiles (TPs), using varying SOC windows
and current rates, to investigate the influence of these para-
meters on ageing. To compare their influence on ageing, we
grouped them into three categories.

• The average SOC was investigated by cycling the cells at
1C and 20% DOD around various SOC levels.

• The DOD was investigated by cycling the cells at 1C
around 50% SOC and DODs of 100%, 60% and 20%.

• The influence of the current was investigated by cycling
the cells with C-rates of 0.5C, 1C and 2C between 0% and
100% SOC.

The different TPs are summarized in Table 2. The cycling
was performed using CCCV charge and CCCV discharge to the
voltage limits given in Table 2. The CV phase concluded when
the current dropped below 0.05C. After each CV phase, a rest
period was applied. The rest period was dependent on the dur-
ation of the CV phase. The total duration of the CV phase and the
subsequent rest period were kept constant in relation to the dur-
ation of the CC phase to ensure a similar influence during calen-
dar ageing, and will be referred to as the time of constant voltage
phase plus subsequent pause (tCV+p). At a C-rate of 1C, this total
duration was 1200 s and was scaled linearly accordingly for the
other C-rates and DODs. The duration times are given in Table 2.
The number of cycles was adjusted according to the respective
DOD, such that a theoretical equivalent of 200 full cycles was

Table 2 Overview of the different cycle ageing test points with corres-
ponding SOC windows, C-rates, voltage limits and the duration of the
CV phase combined with the subsequent pause phase. Four cells were
cycled in TPs 1, 2, 3, 4, 5 and 9. Three cells were cycled in TPs 6, 7 and 8

TP
Start
SoC

End
SoC C-rate

Lower
voltage

Upper
voltage tCV+p

1 0% 100% 1C 1.5 V 3.8 V 1200 s
2 0% 100% 2C 1.5 V 3.8 V 600 s
3 0% 100% 0.5C 1.5 V 3.8 V 2400 s
4 20% 80% 1C 2.358 V 3.475 V 720 s
5 0% 20% 1C 1.5 V 2.455 V 240 s
6 20% 40% 1C 2.358 V 2.822 V 240 s
7 40% 60% 1C 2.752 V 3.136 V 240 s
8 60% 80% 1C 3.105 V 3.475 V 240 s
9 80% 100% 1C 3.448 V 3.8 V 240 s

Fig. 1 Check-up procedure including relevant steps for capacity and
efficiency determination (I & II), galvanostatic intermittent titration technique
measurement (III), and pseudo-open circuit voltage measurement (IV & V).
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reached before conducting the CU. Accordingly, 200 cycles were
performed for 100% DOD, 333 cycles for 60% DOD, and 1000
cycles for 20% DOD. For analysis of ageing trajectories, we refer
to equivalent full cycles (EFCs), which are always considered in
reference to the nominal capacity of the cell.

2.4.3 Calendar ageing. The calendar ageing study was per-
formed at 25 °C and 45 °C in climate chambers. The cells were
stored at SOC levels in 20% increments between 10% and 90%
at 25 °C, and at 10%, 50% and 90% at 45 °C. CUs were per-
formed approximately every 60 days of storage. Three cells
were stored at each TP.

2.5 Degradation-mode analysis

We performed a DMA to differentiate the degradation modes
over the ageing period using the pOCV in the charge direction.
The following is a short summary of the implementation
process. For a thorough discussion of the algorithm, the set-
tings and test-setup specifics used within this paper, please
refer to our previous publication.20 The half-cell OCPs used for
the fitting procedure are obtained from a three-electrode setup
with harvested active material from the BOT cell. Direct
measurements using a coin-cell setup did not yield acceptable
results due to side reactions leading to low coulombic
efficiency. Since a three-electrode setup does not allow full
(de-)sodiation of the electrode material without violating the
voltage boundaries of the full cell, only partial OCPs could be
obtained. Therefore, to ensure the OCPs are sufficient to recon-
struct the pOCV at the BOT, the fitting is performed in a
limited SOC range of 5% to 95% SOC.37 To fit the OCV, we
used the genetic algorithm. The maximum number of
attempts was set to 20 and the maximum number of attempts
to be accepted was set to 15. An attempt was accepted if the
root mean square error (RMSE) between measured and recon-
structed pOCV values was below 8 mV. These OCPs are scaled
and shifted such that the difference between the measured
pOCV and the reconstructed OCV is minimised.16,37 Then, the
degradation modes LAMan and LAMcat can be determined by
comparing the scaling factor α of the respective electrodes
over the ageing period to the scaling factor at the BOT. We
note that in our case the scaling factors are referenced with
respect to the SOC of the cell in its current ageing state. Thus,
the loss of active material at a specific electrode (LAMel) is
given as:

LAMel ¼Cel;ini � Cel

Cel;ini

¼ αel;ini � Cfull;ini � αel � Cfull

αel;ini � Cfull;ini
with el [ fan; catg

ð4Þ

The charge carrier inventory can be obtained by linking
scaling factors α with shifting factors β in

Cinv ¼ ðαcat � βan þ βcatÞ � Cfull: ð5Þ
The LI is then computed as:

LI ¼ Cinv;ini � Cinv

Cinv;ini
ð6Þ

The cost function of the optimizer included a weighted
sum of the difference between the measured and recon-
structed pOCV and the difference between the measured and
reconstructed DV. The cost function is given as:

Cost ¼
X

n[WOCV

ðUest
OCV;n � UOCV;nÞ2 þ λ

X

m[WDV

ðDVest
m � DVmÞ2;

ð7Þ

where the indices are locked into the windows for the DV and
the pOCV, respectively.20 The factor λ is the weighting factor
for the DV versus the pOCV and, in our case, is set to 50. The
differential voltage analysis (DVA) is only fitted in an SOC
window between 5% and 30%, while the OCV is fitted between
5% and 95%.

The principle of the DMA procedure is illustrated in Fig. 2
for a BOT cell.

The DMA algorithm employed in this work, which has
been peer-reviewed and validated in our previous work, was
applied to the aged cells from which T-cells were harvested.
T-cells are three-electrode reference cells assembled from har-
vested electrode sheets of the aged full cells, enabling inde-
pendent measurement of the anode and cathode half-cell
OCPs. The fitting results of the algorithm could thus be con-
firmed. The modelled half-cell OCPs matched the measured
OCPs from the T-cells.20

Fig. 2 Graphical representation of the degradation mode analysis. The
measured pseudo-open circuit voltage (blue) is reconstructed (yellow) by
shifting and scaling the electrode open circuit potential (green and orange)
obtained from a T-cell measurement. The difference between measured
and reconstructed pseudo-open circuit voltage as well as the differential
voltage analysis is minimised to obtain the degradation modes. The shifting
(β) and scaling (α) factors are illustrated for both electrodes.
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3 Results and discussion
3.1 Initial characterisation

The results of the initial characterisation of all investigated
cells are summarized in the box plots in Fig. 3. The stat-
istical values are given in Table 3, where μ indicates the
mean value, med. is the median, σ is the standard devi-
ation and κ is the relative coefficient of variance (rCoV) σ/μ
in %.

The κRDC
ranges from 10.39% at 10% SOC to 11.87% at

90% SOC. The distribution is shown in Fig. 3(a). Wildfeuer
and Lienkamp38 reviewed 13 studies on cell-to-cell vari-
ations of lithium-ion batteries and conducted an additional
study on 600 commercial LIBs. They reported that κRDC

spans from 0.68% to 5.8%. It is notable that the studies
mentioned by Wildfeuer and Lienkamp38 all use varying
metrics for determination of RDC, such as C-rate or pulse
duration. The SIBs in this study show a significantly higher
variation in RDC compared to the reported values for LIBs.
This may be attributed to the different measurement
method for RDC used in this study, as well as generally
higher variations in SIB cell production compared to the
more mature LIB technology. While Wildfeuer and
Lienkamp38 claim that variances in internal resistance cor-
relate strongly with temperature, we tried to mitigate this.
In the initial CU, each cell was cycled 10 times before reach-
ing pulse characterisation, meaning all cells were in the
climate chamber for more than 50 h. Additionally, we
measured the cell temperature throughout the complete CU
as described for the calendar cells in section 2.1. The distri-
bution of the temperature is shown in Fig. 3(b). Since the
temperature during pulse testing only varies between

24.9 °C and 25.6 °C due to the well-controlled thermal con-
ditions in the climate chamber during pulse testing, we
assume that the great variance in RDC is not caused by
temperature differences.

RZC was only measured at 50% SOC. The distribution is
shown in Fig. 3(c) and has a κRZC

of 4.6%. In the reviewed
studies for LIBs, only six studies investigated the impedance of
the cells. Wildfeuer and Lienkamp38 reported a range of κRZC

from 0.46% to 1.94% and one outlier at 19.47%.39 The SIBs in
this study show a significantly higher variation in RZC com-
pared to the reported values for LIBs, except for the outlier
study.

RPOL was only measured at 50% SOC as well. The distri-
bution is shown in Fig. 3(d) and has a κRPOL

of 19.51%.
Wildfeuer and Lienkamp38 do not specify this resistance
value in their summary. Nonetheless, Schuster et al.40

reported a κRPOL
of 4.86% for LIBs in their study. Rumpf

et al.41 calculated an RPOL value analogous to that of

Fig. 3 Distribution of initial measurements: (a) RDC at 10%, 50% and 90% SOC. (b) Cell temperature during pulse measurements. (c) RZC at 50%
SOC. (d) RPOL at 50% SOC. (e) Capacity determined during the initial CU. (f ) Cell mass measured before cycling. The box spans the interquartile
range (Q1–Q3), the line inside the box marks the median, the whiskers extend to the most extreme non-outlier observations within 1.5× the inter-
quartile range of the quartiles, and points beyond the whiskers are plotted as outliers.

Table 3 Results of the initial characterisation of 94 cells as described in
section 2.3

Parameter μ Med. σ κ

Capacity 1.16 A h 1.17 A h 0.013 A h 1.15%
R10%

a 156.7 mΩ 161.5 mΩ 16.3 mΩ 10.39%
R50%

a 88.3 mΩ 91 mΩ 10.4 mΩ 11.29%
R90%

a 84 mΩ 86.6 mΩ 10 mΩ 11.87%
RZC 26 mΩ 25.4 mΩ 1.2 mΩ 4.6%
RPOL 70.5 mΩ 73.8 mΩ 13.8 mΩ 19.51%
Mass 36.93 g 36.73 g 0.5032 g 1.36%

a R10%, R50% and R90% are the DC resistance values at 10%, 50% and
90% SOC, measured after 10 s.
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Schuster et al.40 and reported a κRPOL
of 2.6% and 3.08% for

two batches of 1100 LIBs. The variance in RPOL for the SIBs
in this study is significantly higher than the reported value
for LIBs.

The nominal capacity of the 18650-format cell is given as
1.25 A h. The distribution of the capacity of the cells is shown
in Fig. 3(e). For the investigated SIB cells in this study, κCap is
1.15%. Wildfeuer and Lienkamp38 reported a variation of
κCap between 0.16% and 2.36% for all 14 studies. The SIBs in
this study lie in the range of the reported values for LIBs.
However, no cell reached nominal capacity during initial
measurement.

The distribution of the mass of all investigated cells is
shown in Fig. 3(f ). The mass varies between 35.9 g and 38.1 g
with a κmass of 1.36%.

For LIBs, the influence of initial cell-to-cell variation on
degradation has been proven to be non-negligible.42–44

However the focus in this paper is not to determine the
influence of cell-to-cell variation on ageing. We aimed to
distribute cell variation homogeneously across all TPs
regarding their electrical, electrochemical, and thermal
properties.

3.2 Sodium plating and cell selection

The investigated cells in this study show large variances in
ageing trajectories even between the same TP. Some cells
exhibit a strong decrease in capacity, while others only minor
degradation. The problem is exemplified in Fig. 4 for the four
cells of TP 8 (20–80% SOC, 1C).

Cell 1 shows a capacity loss of approximately 3.1%
after ∼5100 EFCs; cell 4 shows a degradation of approxi-
mately 23.4% after ∼3450 EFCs. Some cells show very low
coulombic efficiency during CUs. Within the CU pro-
cedure, we can analyse the CE during the first two
capacity check cycles, CEI and CEII. In particular, during
the first capacity check cycle, cells 2, 3 and 4 display very
low coulombic efficiencies that are below 80%. This indi-
cates that during the charge process, side reactions are
occurring. This suspicion is supported by the measured
temperature increase during the charging process of both
CapCCs. We assume that plating leads to internal short
circuits (ISCs), which in turn lead to heating of the cell
due to high currents that flow through the small area of
the ISC. This in return leads to short-timed high currents
through the ISC, which in return might lead to the
melting of dendrites due to the high temperature, caused
by the current.

Fig. 4 shows a clear correlation between CE and temp-
erature increase during charging. Furthermore, a post-
mortem analysis (PMA) of three of the four shown cells
confirms sodium plating on the anode of the cells with
low CE (cells 2, 3 and 4). In Fig. 8 the anode of cell 1
with high CE exhibits only slight plating on the anode
edge while cell 2 reveals increased plating on the edge
area and cell 4 shows heavy plating on the whole anode
surface.

While the CE issue is persistent for cells that show this
phenomenon, the degree of low CE fluctuates heavily for some
cells, as for example cell 4 in Fig. 4. This cell also shows
the highest visible plating in the PMA in Fig. 8. The reason for
the fluctuation in CE is unknown and requires further
investigation.

The exact mechanism of anode sodiation is still controver-
sially discussed in the literature and depends on the structure
of the HC.5,6,45–48 Authors discuss that the sodiation mecha-
nisms differ between the slope region and plateau region of
the anode OCP. Au et al.5 postulate how sodium is first stored
in interlayers and on the pore surface of the HC before shifting
to pore filling at the plateau region, where sodium is stored in
a more metallic state.

Sodium plating on the anode surface is a known degra-
dation mechanism in SIBs. The mechanism of metallic
sodium plating on the anode surface is also a point of
discussion.48–50 Hijazi et al.49 conducted a study to investi-
gate the influence of the upper cutoff voltage of an SIB
pouch-cell on the plating behaviour at the anode. They also
determined the degree of plating via the CE during cycling.

Fig. 4 Check-up results for all cells cycled between 20% and 80%
state-of-charge at 1C over EFCs. (a)Variation between cells in terms of
capacity state of health. (b) The RDC. (c) The coulombic efficiency during
both capacity check cycles of the check-up. (d) The temperature
increase during charge of both capacity check cycles of the check-up.
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They observed a strong increase in plating with increasing
upper cutoff voltage. The most pronounced plating in the
PMA was found in the cell that was cycled up to 3.95 V
across multiple C-rates, while at lower cutoff voltages the
extent of plating also increased with increasing C-rate. Liu
et al.50 also reviewed the mechanisms of sodium plating on
HC anodes in SIBs. They summarized that sodium plating is
favoured at high SOC, low temperatures, and high charging
rates. They furthermore postulated that plating can be
identified by investigating the CE during charge and dis-
charge. Zhou et al.48 reported that the nanopores of HC are
not uniformly filled during sodiation, which may in turn
lead to sodium plating. They postulated that competing reac-
tions at incompletely filled regions promote sodium plating
due to charge transfer, ion conductivity and diffusion
inhibitions.

It is evident that the literature does not fully agree on the
mechanisms and conditions that lead to plating and cannot
substantially provide an exact cause or influence for plating on
HC anodes.

Throughout this study, CE issues were observed across
all TPs, with some cells plating while others under identi-
cal conditions did not. To quantify linear dependencies
between initial cell parameters and plating behaviour, the
Pearson correlation coefficient r is used, where values close
to ± 1 indicate a strong linear relationship and values close
to 0 indicate no linear correlation. This raises the question
of whether plating can be predicted from the BOT para-
meters. Fig. 5 shows the average CE per cell plotted against
the initial resistance values taken from Table 3. For RDC, a
slightly negative correlation is found (r = −0.675),
suggesting that cells with higher initial resistance face

an increased plating risk. Notably, cells with RDC below
75 mΩ appear relatively stable. RPOL shows a weaker corre-
lation (r = −0.587), while RZC shows no meaningful corre-
lation (r = −0.016). Plating predominantly occurred during
the first cycle of the CU. While these results do not allow
reliable prediction of plating from initial resistance alone,
an elevated RDC can serve as an indicator of increased
plating risk.

Since sodium plating significantly influences the ageing
behaviour of the cells and leads to non-reproducible results,
we selected cells with high CE during the CUs for further
analysis of degradation modes. Therefore, for each test
point the cell with the highest average CE during CUs is
selected for further degradation-mode analysis as described
in section 2.5. Only one cell per TP was analysed in the
DMA.

The correlation between the ageing rate and the CE is
shown in Fig. 11 and 12.

While this selection process neglects cells with signifi-
cant plating activity to ensure interpretable DMA results,
it reduces the number of cells available for statistical
evaluation to a single representative cell per test point.
Given the observed initial cell-to-cell variability as
described in section 3.1, the reported degradation trends
should be interpreted with caution, as they may not fully
capture the spread of ageing behaviour across the cell
population.

It is to be noted that only one cell cycled at 2C could be
selected for further analysis, since all other cells of this TP
could not be cycled for more than 200 cycles. These cells could
not be charged anymore after this point, most likely due to
triggering the CID.

Fig. 5 Correlation between initial resistance values from Table 3 and the mean CE across all CUs of the ageing study. For each cell, the initial resis-
tance (measured prior to cycling) is plotted against the average CE computed over all check-ups. The CE of the first cycle of each CU is shown in
blue, the second cycle in green. (a) Correlation with RDC measured at 50% SOC. (b) Correlation with RZC. (c) Correlation with RPOL. The Pearson
coefficient is given for each cycle as r1 and r2, respectively.
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3.3 Ageing behaviour and degradation modes during cycle
ageing

The results of the ageing study and DMA are shown in
Fig. 6. As described in section 3.2, only one cell per test
point is evaluated. In addition, DMA is only performed until
an SOHC of 70% is reached. This is done due to excessive

ageing mechanisms and thus increasing RMSEs during
fitting. The results are grouped into the three influence cat-
egories of cycle ageing investigated in this study: DOD,
mean SOC and C-rate. The values for each TP are given in
Table 4. Furthermore, the ageing results including the CEs
for every cell investigated in this study are given in Fig. 9
and 10.

Fig. 6 Cycle ageing results and degradation-mode analysis of selected cells for each test point. Influence of SOCavg at 20% depth of discharge and
1C shown in the left-hand column (a). Influence of depth of discharge around state-of-charge 50% and at 1C shown in the middle column (b).
Influence of C-rate at 100% depth of discharge shown in the right-hand column (c). Capacity state of health (i), direct current resistance (ii), loss of
charge carrier inventory (iii), loss of active material at the negative electrode (iv), loss of active material at the positive electrode (v). TP 7 is rep-
resented in columns (a) and (b). TP 1 is represented in columns (b) and (c). The shaded areas in lines (i) and (ii) span the minimum and maximum
values for SOC and RDC during each CU, respectively. The coloured line represents the ageing data of the cell selected for DMA according to the
selection process in detailed section 3.2 for each TP.
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3.3.1 Influence of mean state-of-charge. The influence of
mean SOC during cycle ageing is shown in the left-hand
column of Fig. 6a(i)–a(v) for TPs 5–9. All cells show a
capacity retention of more than 90% SOHC after approxi-
mately 4200 EFCs. The capacity loss increases proportion-
ally with mean SOC at a constant DOD of 20%. Cells cycled
at TP 5 and 6 show an initial increase in capacity before
degradation sets in. This might be explained by the anode
overhang of the cell.51–53 Wilhelm et al.53 claim that the
equalization of the anode overhang is mainly driven by
potential differences between the active anode area and the
overhang area during cycling. Streck et al.54 showed in their
study, that the anode overhang equalization of SIBs
matches those of LIBs. The cells were stored at 50% SOC
before the first CU. When cycling in lower SOC ranges,
sodium from the overhang area is transferred into the
active anode area. This is also in line with the LI results for
those cells.54

The geometry of the electrode sheets was determined in a
previous work. While the area of active material on the anode
was measured at 844.29 cm2, the area of active material on the
cathode was measured at 794.6 cm2. This leads to an overhang
area of the anode of 49.64 cm2.24 With a cell capacity of 1.2 A
h, the theoretical capacity of the overhang—scaled proportion-
ally to its area relative to the total cathode area—amounts to
75 mA h, while storage at 50% SOC would allow a maximum
charge of 37.5 mA h in the overhang. The cell cycling between
0% and 20% SOC accumulated approximately 12.3 mA h
during cycling. Since the migration of charge into the over-
hang is a slow process, and not all cyclable sodium is being
removed from the overhang at this TP, these values align well
with our assumption. Nonetheless, further research into the
migration of sodium within the hard carbon overhang is
required.

TP8 shows the highest initial capacity loss before the degra-
dation rate decreases after approximately 1800 EFCs. The cell
cycled at TP 9 shows a linear degradation of capacity over the
whole ageing period and has the highest total degradation in
capacity. The initial faster capacity decrease of TP 8 may be
caused by the significantly higher RDC at the BOT.

DMA reveals that arguably the most dominant degradation
mode is LAMcat. With increasing mean SOC and thus higher

voltage levels of the cathode, the LAMcat grows significantly.
The LAMcat ranges from 1.35% for TP5 to 9.95% for TP9 at the
EOT.

This aligns with the results of Lin et al.,9 who investi-
gated the influence of upper cutoff voltage on the ageing
behaviour of SIBs with layered oxide cathodes and HC
anodes. With a higher cutoff voltage, the degradation of the
cathode accelerates, caused by stronger growth and a more
developed cathode electrolyte interphase (CEI) as well as
cracking and structural degradation. The CEI thickness
ranges from 4.7 nm at 3.8 V to 14.7 nm at 4.0 V and 17 nm
at 4.2 V cutoff voltage after 300 cycles. The thicker CEI leads
to higher impedance, especially in the charge transfer
process. The authors also demonstrated increasing cathode
transition metal deposition on the anode with higher cutoff
voltages.9

Hijazi et al.49 also discuss cathode degradation due to
high voltage levels in SIBs. They measured a rise of impe-
dance on the cathode side after cycling to higher cutoff
voltages.

Additionally, Habib et al.10 determined that irreversible
phase transitions, interlayer strain, and a gradual destabilisa-
tion of the layered framework contribute to a loss of electro-
chemically active material at high voltages.

These results are consistent with our observations.
LAMan shows the opposite trend: higher SOC ranges lead

to lower LAMan. This may be explained by the primary sodia-
tion mechanism in the sloping region, where surface adsorp-
tion and defect-assisted intercalation dominate the OCP
behaviour.46

Cycling at low SOC may lead to higher stresses in the
anode material during sodiation and desodiation due to the
mechanism of the processes in this area. While cycling in
low full-cell SOCs, the anode is mainly (de-)sodiated by
surface adsorption and defect-assisted intercalation. While
plating on the anode surface of HC has been broadly dis-
cussed in the literature, mechanical degradation of HC
anodes during cycling has rarely been investigated. However,
the LAMan is significantly lower than LAMcat for all cells
except during TP 5 and ranges from 0.05% to 3.16% at the
EOT whereas TPs 6–8 exhibit LAMan between 1.85% and
2.23%.

Table 4 Battery degradation values across test points: total number of EFCs until the EOT, SOHC, RDC at the BOT and the EOT and the percentage
change, and degradation modes

TP EFCs SOHC in % BOT RDC in mΩ EOT RDC in mΩ SOHR in % LI in % LAMan in % LAMcat in %

1 2835 18.3 76.4 555.2 726.7 10.4 16.8 17.8
2 1449 30.8 87.6 265.0 302.5 24.7 18.7 19.4
3 1600 39.9 65.6 467.3 712.3 11.7 25.1 18.3
4 5136 96.9 74.9 81.9 109.3 0.4 1.9 5.6
5 4127 100.5 78.1 78.4 100.4 −2.6 3.2 1.3
6 4013 99.3 74.0 78.3 105.8 −0.9 2.2 2.3
7 4326 97.8 80.4 87.1 108.3 1.0 2.0 3.7
8 4284 93.8 84.1 95.5 113.6 4.5 1.9 5.0
9 4279 92.0 76.4 80.3 105.1 4.2 0.1 10.0

Paper EES Batteries

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

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/9
/2

02
6 

9:
41

:0
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6eb00020g


The LI for all cells lies below the capacity loss and is
therefore not the dominant degradation mode causing
capacity loss. TPs 5 and 6 gain cyclable sodium throughout
ageing according to the DMA results. This is in alignment
with the initial increase in capacity observed for these cells
and may arguably be explained by anode overhang. The two
cells gain 2.58% and 0.93% cyclable sodium at the EOT.
Interestingly, TP 8 shows the highest LI with a loss of 4.5%
cyclable sodium. This may be explained by the higher RDC at
the BOT of this cell. LI may be caused by SEI growth as well
as loss of active sodium due to side reactions during
cycling. Plating poses another cause for prominent LI
and the potential reversibility of Na plating is still under
discussion.49,50

3.3.2 Influence of depth of discharge. The influence of
DOD during cycle ageing is shown in the middle column of
Fig. 6b(i)–b(v). For better visualisation, the results are
scaled to 20% and 80% DOD, cutting through TP 1. TP 1 is
also represented in the right-hand column of Fig. 6.
Degradation trajectories for TP 4 and 7 hardly differ from
each other. For the following comparison, TP 7 is evaluated
at the EOT after approximately 4300 EFCs and TP 4 after
approximately 4550 EFCs, which does not reference the EOT
of this cell, but is the closest CU point to the EOT of TP 7.
TP 4 reaches an SOHC of 97.2% and TP 7 reaches an SOHC

of approximately 97.8%. The RDC increases from 80.4 mΩ to
87.1 mΩ for TP 7 and from 74.9 mΩ to 81.5 mΩ for TP 4.
The RDC for TP 7 increases by 8.3% while the RDC for TP 4
increases by 8.8%. The LI lies between 0.31% and 0.96% at
the EOT for both cells. LAMan lies between 1.99% and
1.84%, while LAMcat is slightly higher for TP 4 at 5.6% com-
pared to 3.7% for TP 7. This is in close alignment with the
results for mean SOC, which indicate higher voltages lead
to greater cathode degradation. The cell cycled with 100%
DOD exhibits a significantly higher degradation rate com-
pared to the other DODs and will be discussed further in
the following section.

3.3.3 Influence of C-rate. The influence of C-rate during
cycle ageing is shown in the right-hand column of Fig. 6c(i)–c(v).
All cells at 100% DOD show the highest degradation rates
compared to the other influence categories. TP 1 shows
the lowest degradation rate, while TP 3 shows the highest
degradation rate. It is notable that cells were cycled
beyond 70% SOHC. As described in section 3.2, only one
cell could be cycled for more than 200 cycles at a C-rate of
2C. Therefore, only one cell could be subjected to this TP.
Additionally, this cell showed strong plating behaviour
throughout the ageing study. It shows a very high degra-
dation rate and reaches an SOHC of 70% after approxi-
mately 300 EFCs. Furthermore, the trajectories for all
three C-rates differ from each other. While TP 1 and 3
show a similar exponential degradation behaviour, TP 2
shows a polynomial behaviour with accelerated ageing at
the beginning, a slower degradation between 300 EFCs
and 1050 EFCs before showing signs of an ageing knee-
point, which are also observed with LIBs.55 In this TP, all

degradation modes are significantly higher than in the
other influence categories. Cells cycled with C-rate of 1C
and 0.5C show an initial gain of cyclable sodium of 3.3%
and 2.2% before going into an exponential degradation
trajectory. For these TPs, it is unclear whether the initial
gain can be explained by anode overhang similar to that
described in section 3.3.1. Since we assume that potential
differences drive the sodium transfer53 and the OCP of the
anode is in the plateau area at 50% full-cell SOC, the
equalization of the anode is triggered more dominantly
when cycling in lower SOC ranges. Here, the anode OCP is
in the sloping region and thus greater potential differ-
ences lead to a stronger driving force for sodium transfer
from the overhang area to the active anode area.52

Therefore, when cycling to 0% SOC, we could expect a
stronger effect of anode overhang equalization. LAMan is
significantly higher for all cells cycled at 100% DOD com-
pared to the other influence categories. Only when being
cycled between 0% and 100% SOC does the LAMan match
the LAMcat, whereas cycling within smaller windows
results in LAMan being lower than LAMcat. It is to be
noted however that cycling at 100% DOD leads to strong
degradation for all cells and might thus lead to non-repro-
ducible results.

3.4 Ageing behaviour and degradation modes during
calendar ageing

In this section, the ageing behaviour and degradation modes
of the cells during calendar ageing are analysed and dis-
cussed. The results are shown in Fig. 7. The influence of
storage SOC at 25 °C is shown in the left-hand column of
Fig. 7 and the influence of storage SOC at 45 °C is shown in
the right-hand column. The values for each TP are given in
Table 5.

3.4.1 Influence of storage state-of-charge. For cells stored
at 25 °C, no clear correlation between storage SOC and
degradation rate can be observed. While cells stored at
10%, 30% and 90% SOC show only minor degradation and
a correlation between storage SOC and degradation rate,
cells stored at 50% and 70% SOC show significantly higher
degradation rates. However, this may be caused by cell-to-
cell variations as discussed in section 3.1, as those two
cells show significantly higher RDC at the BOT compared
to the other cells. The initial RDC has been shown repeat-
edly to influence the ageing behaviour of cells in this
work.

Cells stored at 50% and 70% SOC show pronounced LI of
5.2% and 9.23% at EOT compared to the other cells that
show LI between −1.32% and 1.68%. It is to be noted that all
cells stored at 50% SOC and 70% SOC exhibited the CE
problem described in section 3.2 during CU. This indicates
that these cells experienced plating during CU, which might
lead to increased ageing and LI as well. However, the CE for
the 50% SOC cell was worse during all CUs than the CE for
the 70% SOC cell, which is not in alignment with the LI
results.
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For LIBs, SEI growth is known to be the dominant degra-
dation mechanism during calendar ageing.56 For SIBs, the lit-
erature suggests that the SEI is less stable.57,58 Comparing the
TPs at 10%, 30% and 90% SOCs, the LI increases with higher
SOC. This could be explained by there being more pronounced
SEI growth at higher full-cell voltages, which in turn then dis-

solves during CU leading to LI. The SEI in SIBs is much more
unstable compared to that in LIBs.58 The cell stored at 10%
SOC even shows a slightly negative LI between the initial and
first CU, and only changes slightly afterwards. This again can
be explained by the anode overhang as detailed in section
3.3.1.

Fig. 7 Calendar ageing results and degradation-mode analysis of selected cells for each test point. Influence of storage state-of-charge at 25 °C is
shown in the left-hand column (a). Influence of storage state-of-charge at 45 °C is shown in the right-hand column (b). Capacity state of health (i),
direct current resistance (ii), loss of charge carrier inventory (iii), loss of active material at the negative electrode (iv), loss of active material at the
positive electrode (v). The shaded areas in lines (i) and (ii) span the minimum and maximum values for SOC and RDC during each CU, respectively.
The coloured line represents the ageing data of the cell selected for DMA according to the selection process detailed in section 3.2 for each TP.
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The LAMan is low for all cells ranging from −0.26% to
1.97% at the EOT. Interestingly, the LAMcat shows a slightly
more prominent correlation with storage SOC, ranging from
0.49% at 30% SOC being the lowest, to 4.38% at 90% SOC at
the EOT. Here, a correlation between higher cathode voltage
and higher LAMcat can be observed as discussed in section
3.3.1. Faster ageing of cells at 50% and 70% SOC therefore
seems to be triggered by LI.

For cells stored at 45 °C, a clear correlation between storage
SOC and degradation rate can be observed. The cell stored at
10% SOC exhibits the lowest degradation rate while the cell
stored at 90% SOC exhibits the highest degradation rate. While
RDC does not change significantly, LI increases with higher
storage SOC. Again, the cell stored at 10% SOC shows a slightly
negative LI before neither gaining nor losing significant
amounts of LI throughout ageing. LAMan and LAMcat correlate
with the storage SOC. Higher storage SOC leads to higher
LAMcat, while the LAMan is highest for the cell stored at 10%
SOC. Cells stored at higher SOC show slightly negative LAMan,
while the LAMcat is significantly higher for storage at 90%
SOC. The LAMcat is in alignment with the results discussed in
section 3.3.1, which states that higher SOCs lead to higher
degradation of the cathode material.

3.4.2 Influence of storage temperature. To investigate the
influence of storage temperature during calendar ageing, cells
were stored at 25 °C and 45 °C at 10%, 50% and 90% SOC.
Since the cells stored at 25 °C and 50% SOC all showed low CE
behaviour, which indicates plating and thus excessive degra-
dation, this SOC will be excluded from this comparison. Cells
stored at 45 °C show slightly higher degradation rates com-
pared to the cells stored at 25 °C. While the cell stored at 10%
SOC and 25 °C shows a capacity retention of 99.9% at the EOT,
the cell stored at 10% SOC and 45 °C shows a capacity reten-
tion of 99.0% at the EOT. The cell stored at 90% SOC and
25 °C shows a capacity retention of 96.9% at the EOT, while
the cell stored at 90% SOC and 45 °C shows a capacity reten-
tion of 93.6% at the EOT. Since only two storage temperatures
were investigated, no general conclusions regarding the temp-
erature dependence of degradation kinetics can be drawn.
However, the results indicate that higher storage temperatures
lead to higher degradation rates during calendar ageing of
SIBs. In particular, the correlation of loss of active material
and storage SOC is more pronounced at 45 °C compared to

that at 25 °C. For a temperature of 45 °C, the cell stored at 10%
SOC reveals the highest LAMan of all investigated calendar
cells, whereas the cell stored at 90% SOC exhibits the highest
LAMcat of all investigated calendar cells.

LI is also slightly higher when the cells are stored at higher
temperature. This might be attributed to higher instability of
the SEI at higher temperatures.

4 Conclusion

In this work, we present a comprehensive ageing study on
commercial sodium-ion batteries featuring layered-oxide cath-
odes and a hard-carbon anode. We stored cells for more than
600 days for calendar ageing and cycled cells for up to 5000
equivalent full cycles during cycle ageing tests. Initial charac-
terisation revealed pronounced cell-to-cell variability in both
capacity and impedance, exceeding what is typically observed
for lithium-ion batteries.

Calendar and cycle ageing were investigated across different
state-of-charge windows, depth of discharges, C-rates, and
temperatures. Even under identical test protocols, the cells
exhibited strongly divergent ageing trajectories. We identified
metallic sodium plating on the anode as a relevant parasitic
side reaction during charging. To analyse the intrinsic degra-
dation pathways, the main degradation modes were evaluated
by degradation-mode analysis for cells that showed no or only
minimal plating during check-ups.

Loss of active material at the cathode is the dominant
degradation mode at high state-of-charges, consistent with the
literature on layered-oxide sodium-ion batteries. In contrast,
loss of active material at the anode became more pronounced
at lower state-of-charges. The mechanistic origin of this
increased anode degradation under low state-of-charge cycling
and storage requires further investigation. Notably, loss of
charge carrier inventory is not the dominant degradation
mode in these sodium-ion batteries, in contrast to many
lithium-ion battery studies.

Overall, this work provides experimentally grounded
insights into the ageing behaviour of commercial sodium-ion
batteries with layered-oxide cathodes and hard-carbon anodes.
The findings support the development of operating strategies
—particularly regarding state-of-charge management and char-

Table 5 Characterisation of battery degradation during calendar ageing after 630 d: state of health, DC resistance, sodium inventory loss, and
active material loss at different states of charge

T in °C SOC in % SOHC in % BOT RDC in mΩ EOT RDC in mΩ SOHR in % LI in % LAMan in % LAMcat in %

25 10 99.9 75.1 83.7 111.5 −1.3 0.6 1.3
30 98.7 65.6 72.2 110.1 −0.2 1.1 0.5
50 93.1 87.3 107.8 123.5 5.2 0.1 2.4
70 85.7 88.7 116.5 131.3 9.2 2.0 3.8
90 96.7 61.3 67.0 109.2 1.7 −0.3 4.4

45 10 99.0 76.6 72.9 95.2 −0.7 3.4 −1.7
50 96.1 66.7 61.3 91.9 2.9 −0.9 3.7
90 93.6 69.5 69.3 99.7 3.7 0.0 8.2
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ging conditions—to mitigate degradation and extend cell
lifetime.

Furthermore, future studies should investigate the tempera-
ture dependence of degradation across at least three tempera-
ture levels to enable a more robust characterisation of thermal
activation behaviour in sodium-ion batteries.
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dation-mode analysis performed during the check-ups
of (ii).

Fig. 8 Post-mortem analysis of anodes from cells of TP 8 after cycle ageing. (a) Cell 1 with high CE during CUs shows small amounts of sodium
plating. (b) Cell 2 with low CE during CUs showing increased plating at the anode edge. (c) Cell 4 with low CE during CUs showing heavy sodium
plating on the anode surface.

Appendices
Appendix: Post-mortem analysis

The post-mortem analysis of anodes from cells of TP 8 after cycle ageing is shown in Fig. 8.
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Appendix: All ageing data

The ageing results including the CEs for every cell investigated in this study are given in Fig. 9 and 10.

Fig. 9 Results for all cells during cycle ageing. The frame colour corresponds to the colour of each TP in Fig. 6. Each subplot is structured as Fig. 4.
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Fig. 10 Results for all cells during calendar ageing. The frame colour corresponds to the colour of each TP in Fig. 7. Each subplot is structured as
Fig. 4.
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Appendix: Influence of CE on ageing rate

The correlation between the ageing rate and the CE is shown in Fig. 11 and 12.

Fig. 11 Correlation between average CE and SOHC degradation rate during cycle ageing. The degradation rate is defined as the linear slope
between the BOT and the EOT SOHC values, normalised to 1000 EFCs. Each TP is shown individually, with marker colours corresponding to those in
Fig. 9. The dashed line represents the linear fit, with the Pearson coefficient r given in each panel.

Fig. 12 Correlation between average CE and SOHC degradation rate during calendar ageing. The degradation rate is defined as the linear slope
between the BOT and the EOT SOHC values, normalised to 1000 days. Each TP is shown individually, with marker colours corresponding to those in
Fig. 9. The dashed line represents the linear fit, with the Pearson coefficient r given in each panel.
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