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ARTICLE INFO ABSTRACT

Keywords: The rapid expansion of energy storage needs and concerns over lithium availability have renewed interest in
Aging sodium-ion batteries (SIBs) as a complementary technology to lithium-ion systems. Yet, systematic studies on
Pos;-mortem their aging analysis strategies with the aim of detecting aging indicators remain limited. In this study, we
Performance

present a comprehensive aging analysis, combining non-destructive electrochemical impedance spectroscopy
(EIS) with equivalent circuit model (ECM) parameter tracking and post-mortem analysis. Tracking the longi-
tudinal evolution of ECM-derived parameters demonstrates their utility as aging indicators. Post-mortem and
elemental mapping analysis provides mechanistic support for the impedance trends, focusing on characterizing
aging mechanisms from a morphological perspective. The methodology is applied to a commercial 1.3 Ah
18650 SIB with a layered-oxide cathode and hard carbon anode at an early-stage development showing a short
life cycle of 500 cycles to reach a SOH of 50%, but slower capacity fade under calendar remaining over a SOH
of 90% after more than 600 days. ECM parameters show consistent evolution with SOH and aging mechanisms
occurring inside the battery observing correlations valuable for potential aging indicators. Post-mortem and
elemental mapping confirm sodium plating on the anode surface even in pristine cells. The study clarifies
their compositional and morphological evolution through aging. Notably, the study investigates cells down to
<60% SOH, a range rarely reported in the literature. The methodology proposed here establishes a replicable
framework for monitoring degradation and evaluating aging indicators in sodium-ion batteries, facilitating
comparative studies across early-stage cells and supporting the design of improved future generations.

Sodium-ion battery
Electrochemical impedance spectroscopy
Sodium plating

1. Introduction elements [12], and similarities with LIBs that allow the direct repur-
posing of the existing LIBs manufacturing infrastructure for sodium-ion
technology [13]. Multiple companies are actively pursuing optimized
designs and materials, with hard carbon dominating as the anode and
layered oxides, phosphates, and Prussian blue analogues as the main
cathode families [14].

In this context, the launch of the first commercial cells has provided
a valuable opportunity to conduct performance evaluation and bench-

The global transition towards renewable energies and electric mo-
bility requires storage technologies that are affordable, sustainable,
and safe. Although lithium-ion batteries (LIBs) dominate the energy
storage market due to their high performance and maturity [9], their
growing demand intensifies concerns over lithium scarcity and overall

sustainability [10]. As a result, SIBs have positioned as one of the  marking against established lithium-ion counterparts. Early investiga-
most promising candidates for next-generation storage systems due to tions are key to identify first weaknesses. Leveraging the transferability
the abundance of sodium [11], the continuous development of SIBs of established LIB characterization techniques, these batteries have
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Table 1
Summary of aging analysis studies on commercial sodium-ion batteries.
Ref. Aging conditions Min SOH Diagnostic techniques Purpose
[1] Cycle 65% Capacity and pulse resistance tracking, DVA Aging modes identification. Comparison of SIBs.
[2] Calendar 98% Capacity and Coulombic efficiency tracking, DVA, Aging modes identification and self-discharge.
end-point slippage, post-mortem Comparison of SIBs and LIBs.
[3] Cycle, Calendar 90% Capacity, voltage and EIS tracking, ICA, Aging mechanisms characterization.
post-mortem
[4] Cycle 87% Capacity, EIS and ECM parameters tracking, ICA, Aging mechanisms characterization and
post-mortem temperature-resistant SOH indicators construction
[5] Cycle, Calendar 75% Capacity and pulse resistance tracking, ICA, DVA Aging modes identification. Gas-induced current
interrupt failure.
[6] Cycle Severe capacity fade Capacity, EIS and ECM parameters tracking, ICA, Aging mechanisms characterization at
DVA, post-mortem low-temperature.
[7] Cycle 80% Capacity, OCV, pulse resistance and EIS tracking, Aging modes and mechanisms characterization.
ICA, post-mortem Comparison of SIBs and LIBs.
[8] Cycle 68% Capacity, pulse resistance, OCV and EIS tracking, Electrode-resolved aging modes identification.
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Fig. 1. Methodological workflow of the paper aging analysis, illustrating the combined approach based on experimental aging, post-mortem characterization,
and impedance analysis through ECM modeling, and highlighting the resulting outputs and contributions.

been studied from diverse angles. Regarding structural aspects, electro-
chemical analysis reveals that many commercial SIBs employ layered
oxide cathodes [1], confirming a design concept nearly identical to
that of conventional LIBs [15]. The electrical performance of these SIBs
has been extensively investigated under different operating conditions,
including variations in temperature, C-rate [1], and state of charge
(SOCQ) [16]. Equivalent LIBs characterization methods along with post-
mortem analysis confirm SIBs potential in terms of rate capability and
thermal behavior [17] and similar characteristics to LIBs regarding fun-
damental parameters [18]. Cycle life characterization in these studies
reveals significant differences in aging behavior. Some commercial cells
retain nearly full capacity over 1000 cycles [1,17], whereas others
decline to 80% SOH after only 300-400 cycles [1,18].

Understanding and characterizing SIBs aging is essential for fur-
ther technology development, as degradation depends on the battery
technology [19]. There are non-destructive and post-mortem tech-
niques that provide valuable information about aging. Non-destructive
techniques include incremental capacity analysis and differential volt-
age analysis, impedance analysis based on electrochemical impedance
spectroscopy (EIS) and distribution of relaxation times. Post-mortem
techniques commonly employed include physical disassembly, morpho-
logical characterization via scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDX), and chemical analytical

techniques. In LIBs, numerous studies have shown that these techniques
not only reveal degradation modes and mechanisms, such as loss of cy-
clable lithium, solid-electrolyte interphase (SEI) growth, and electrode
structural changes [20], but that the tracking of parameters derived
from these techniques can serve as SOH indicators [21-23].

Although SIBs share many fundamental electrochemical processes
with LIBs, the validity of applying the same aging analysis techniques
and SOH estimation approaches to SIBs must be carefully verified.
Systematic degradation analyses in commercial SIBs are still scarce,
particularly those combining non-destructive techniques with post-
mortem validation to track parameter evolution. Recent studies have
begun to address this gap and Table 1 provides an overview of the
literature on the aging analysis of commercial SIBs. Most of the existing
studies focus primarily on qualitative analyses aimed at identifying
the dominant degradation modes and the key mechanisms respon-
sible for capacity fade and impedance growth. These investigations
generally monitor cells that retain relatively high states of health
(SOH > 60%), limiting the understanding of aging behavior under
more severe conditions. To date, only one study performed an aging
analysis to commercial SIBs from a quantitative perspective and with
the purpose of identifying indicators for SOH estimation [4]. The work
combines multiple indicators derived from impedance measurements
to train a support vector regression model for SOH estimation. While
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Nomenclature

Acronyms & Abbreviations

CcC Constant current

CPE Constant phase element

Cv Constant voltage

DOD Depth of discharge

ECM Equivalent circuit model

EDX Energy-dispersive X-ray spectroscopy
EIS Electrochemical impedance spectroscopy
EOL End of life

GITT Galvanostatic intermittent titration technique
LIB Lithium-ion battery

ocv Open circuit voltage

RPT Reference performance test

SEI Solid-electrolyte interphase

SEM Scanning electron microscopy

SIB Sodium-ion battery

SOC State of charge

SOH State of health

this approach shows the potential of EIS-derived indicators, it does not
provide a detailed longitudinal analysis of ECM parameters nor validate
their physical relevance as quantitative aging indicators across deep
aging, which is the focus of the present work.

The present work presents a comprehensive framework for aging
analysis of sodium-ion batteries by combining longitudinal ECM-based
impedance parameter tracking trough aging with post-mortem analysis,
as illustrated in Fig. 1. The methodology is applied to a commer-
cial 18650 cells with layered-oxide cathodes and hard carbon anodes
providing also its electrical characterization and aging behavior un-
der calendar and cycle aging. Moreover, the post-mortem analysis in
this work captures sodium plating, previously observed in commercial
sodium-ion cells under few cycles and high C-rates [24,25], but here
its morphological evolution is analyzed during extended cycling down
to 60% SOH. This results offer a comprehensive evaluation of this
SIB technology and provide mechanistic insight rarely accessible in
early-generation cells.

2. Experimental setup
2.1. Cell description

The cell studied herein is a SIB in a cylindrical 18650 format
commercialized by Tycorun Energy Co., Ltd [26]. It is model 18650E-
1300 with hard carbon as anode and layered transition metal oxide
as cathode. Its nominal capacity is 1.3 Ah and the nominal voltage
is 3.1 V. The maximum and minimum operating voltages in charge
and discharge are 3.95 V and 1.5 V. The maximum charging and
discharging currents are 1 C and 3 C, respectively. The operating
temperature ranges from —10 to 45°C in charge and from —30 to 60°C
in discharge. Finally, the cell mass is 30 + 0.5 g, leading to an energy
density of 118 Wh/kg.

2.2. Characterization testing techniques

The following reference performance test (RPT) with four steps is
proposed for the electrical characterization of a SIB.

1. Three full cycles with a CC-CV charge at 0.5 C with cut-off
voltage of 3.95 V and cut-off current of 0.05 C. The discharge
is CC at 0.5 C with cut-off voltage of 1.5 V.

2. Galvanostatic intermittent titration technique (GITT) in charge
and discharge at 0.5 C by pulses of 4SOC = 20% and rests of 1 h
within.
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3. Pseudo-OCV technique at C/20.
4. Charge the cell to SOC = 50%.

The Electrochemical Impedance Spectroscopy (EIS) technique is used
to measure the impedance at a SOC of 50% within the frequency range
from 50 mHz to 30 kHz. In this paper, the combination of RPT and EIS
is referred to as the check-up test.

2.3. Calendar aging experiment

The calendar aging experiment is performed at a controlled temper-
ature of 25 + 3°C and the desired SOC level. The cells are stored during
around 30 days on the shelf. After this calendar time, a check-up test
(as described above) is performed, and the cell is returned to the shelf
for a subsequent calendar period.

2.4. Cycle aging experiment

The cycle aging experiment is also performed at a controlled tem-
perature of 25 + 3°C, full cycles of DOD = 100%, CC-CV charge and CC
discharge at 0.5 C with a voltage range of 1.5 V-3.95 V and a cut-off
current of 0.05 C.

After a number of cycles between 50 a 100, the cycling profile is
stopped, and the cells are characterized by means of the check-up test
described above. Afterwards, a new cycling set starts.

2.5. Post-mortem analysis

The cells are discharged to their end of discharge voltage using a
current of 0.05 C. Afterwards, the cells are opened in a glovebox under
an argon atmosphere. The cell casing was first cut circumferentially at
the positive terminal using a pipe cutter, then carefully peeled away
with pliers. Afterwards, the electrodes were separated without short-
circuiting by unrolling the jelly roll. The electrodes are scanned inside
the glovebox. The electrodes are also examined by means of optical
microscopy, as well as by Scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDX).

Coin cells for half-cell electrical characterization are assembled
using CR2032 housings. The assembly process begins by placing a
single-side coated electrode, with a diameter of 16 mm, inside one
part of the housing. Single-sided coating was obtained by mechanically
removing the active material from one side using a ceramic knife inside
the glovebox. A 17 mm diameter separator (Whatman GF/C) is then
positioned and saturated with electrolyte. For each coin cell, 90 pL of
electrolyte (1.2 M NaPF, in EC:PC 1:1 by weight) is added. A sodium
metal chip is then placed on top of the separator. The sodium metal chip
(diameter of 15.6 mm, AOT Battery) is composed of a 30 pm aluminum
layer, and a 420 pm sodium layer. To improve electrical contact, a
stainless steel spacer and a spring are incorporated.

Anode and cathode coin cells are cycled at rates of C/50 and C/100
with 1 h between charging and discharging, respectively. The anode
coin cell is cycled between 0.01 V and 1.5 V, while the cathode is cycled
between 2.0 V and 4.05 V. Higher C-rates are not included due to the
problems related to overvoltage vs. sodium metal discussed by Laufen
et al. [17].

2.6. Experimental matrix

The experimental matrix is designed in order to allow a comparison
of the initial characteristics of the Na-ion cells, as well as a comparative
analysis of the calendar and cycle aging effect. Table 2 shows the
experiments performed with each of the 12 cells. As shown in the
second column, all the pristine cells are characterized by means of the
RPT detailed above. 10 of the cells are aged; under calendar effect (cells
1 to 4) at different SOC levels, as well as under cycle conditions (cells
5 to 10). All the aging experiments are done at an ambient temperature
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Table 2
Experimental matrix of 12 Na-ion cells. All the experiments are performed at
a temperature of 25 + 3°C.

Cell # Initial RPT Aging EOL Post-mortem
1 v Cal. SOC = 50% - -
2 v Cal. SOC = 50% - -
3 v Cal. SOC = 100% - -
4 v Cal. SOC = 100% - -
5 v Cycle SOH = 60% 4
6 v Cycle SOH = 60% v
7 v Cycle SOH = 10% -
8 v Cycle SOH = 10% -
9 v Cycle SOH = 80% v
10 4 Cycle SOH = 80% v
11 v No aging - v
12 4 No aging - v

e i 4

Fig. 2. Experimental setup, consisting of a battery tester and a thermal
chamber, in the Laboratory for Energy Storage and Microgrids of the Public
University of Navarre (UPNA).

of 25 + 3°C. Given that calendar aging is a slow process, no end of
life (EOL) criteria is required. By contrast, two of the cycled cells are
removed from the experiment when they reach SOH = 80%, other two
cells are removed at SOH = 60%, and the remaining two cells are cycled
until SOH = 10%. The post-mortem study is done with four cycled cells
and with two pristine cells to allow a comparative analysis.

2.7. Testing equipment

On the one hand, the aging experiments and electrical characteri-
zation techniques of this contribution are performed in the Laboratory
for Energy Storage and Microgrids of the Public University of Navarre
(UPNA). A battery tester manufactured by Neware is used for RPT,
check-up and cycle tests, as appreciated in Fig. 2. Each channel allows
a maximum voltage and current of 5 V and 12 A whose precision is
+0.05% in current measurement. The EIS are obtained using PSM3750
Frequency Response Analyzer, which ranges from 10 pHz to 50 MHz.

On the other hand, the post-mortem analysis is performed at the
Institute for Power Electronics and Electrical Drives (ISEA) of the

Journal of Energy Storage 168 (2026) 122415
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Fig. 3. Voltage and current profiles for steps 1 and 2 of the Reference
Performance Test. Zoom graph shows the voltage response to a current step,
performed to obtain the internal resistance (R,).

RWTH Aachen University. A Neware CT-4008T-5V10 mA battery cycler
is used for half-cell voltage determination (0.05% FS accuracy). The
glovebox used for this study is a MBRAUN LABstar (O, concentration
< 0.5ppm, Hy,O concentration < 0.5ppm). The electrodes are scanned
using a Canon CanoScan LiDE 300 flatbed scanner at a resolution of 600
DPI. For the optical microscopy studies, a Keyence VKX1100 is utilized.
The SEM analysis is conducted using a Zeiss Supra 55, equipped with an
SE detector and operating at an accelerating voltage of 5 kV. Finally,
an Oxford Instruments Ultim Extreme detector was used for the EDX
analysis.

3. Characterization of pristine Na-ion cells

All Na-ion cells were initially characterized by the procedure afore-
mentioned in Section 2.2 in order to evaluate cell-to-cell variation and
obtain fundamental parameters. The profile of the test with the voltage
response is shown in Fig. 3. In the last cycle of the three full cycles
performed in step 1 of RPT, the charged energy (E.,), the discharged
capacity (C;,;) and the discharged energy (E,.,) are measured. The
energy efficiency (5y) is computed as follows:

Ejen

ng E,, (@)
Values of C,,;, in blue asterisk, for the 12 cells are represented in
Fig. 4(a), alongside the normal distribution of the data to characterize
cell-to-cell variation and the nominal capacity shown in orange. Con-
sidering the 12 samples, the measured average discharge capacity is
1.20 + 0.05 Ah (95% CI), which corresponds in average to the 92.31%
of the nominal capacity declared by the manufacturer. Fig. 4(b) shows
the values obtained for 5, in blue asterisk, along with the normal
distribution. When it comes to the energy efficiency, these SIBs present
91.79 + 2.05% (95% CI) in average.

Fig. 5 reveals the internal resistance (R;) calculated in the rests
of GITT performed in step 2 of RPT during charge and discharge at
SOCs of 20%, 40%, 60% and 80%. The internal resistance is computed
according to Ohm’s law as:

_ AI/]OS
Y
where AI corresponds to the charging or discharging current pulse
and AV the voltage response generated in following 10 s, as indicated
in Fig. 3. A higher degree of variability is observed in the charge
resistances, particularly at 20% and 40% SOC, where the interquartile

@
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Fig. 5. Boxplot representation of the internal resistance measured across the
SOC range for pristine cells, distinguishing between charge and discharge
conditions.

range (IQR) reaches a value of 48.77 mQ. The rest of boxplots depicted
show lower IQR with an average value of 16.24 mQ. Comparison
between charge and discharge reveals that resistances during discharge
are about 10.91% and 29.25% higher than during charge at SOCs of
60% and 80%. The influence of the SOC in the internal resistance can
be appreciated in Fig. 5 with the downward trend as the SOC increases.
In average among the 12 samples, the internal resistance measured in
the charge at a SOC of 80% is 88.6 mQ, which corresponds to 70.56% of
the average internal resistance obtained for a SOC of 20%. Additional
electrical test analysis of same SIBs model is provided in [18], along
with a comparison with equivalent LIBs.

Lastly, the equilibrium OCV measured at C/100 in half-cell con-
figuration is presented herein for deeper analysis of the OCV-SOC
relationship. Half-cell OCV measurements provide the individual anode
and cathode voltage characteristics vs. Na/Na*, enabling separation of
electrode-specific contributions that are inaccessible in full-cell mea-
surements. The top graph of Fig. 6 presents the OCV dependency
on SOC. Both half-cell voltages of the anode and cathode have been
measured by a coin cell, and the results are presented in maroon color
(cathode) and orange color (anode) in the figure. The measured cathode
OCV has a reduced slope for SOC < 0.4, while the slope increases for
larger SOCs. By contrast, the anode OCV has a large slope for a full
cell SOC < 0.3, it reaches a value close to 0 V vs. Na/Na*, and has a
reduced slope for higher full cell SOCs. The full cell OCV is provided
by the subtraction of cathode and anode OCV. The top graph of Fig.
6 shows the calculated full-cell OCV in black, dashed line, and the
measured full cell OCV during a C/20 CC-charge in blue, full line. The
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calculation and measurement are virtually superimposed, resulting in
a RMSE of 6.1 mV. The fitting was done in the same way as in Schiitte
et al. [27]. The OCV-SOC relationship has a consistent slope along the
whole SOC, with a voltage change minima around SOC = 0.35, which
is something to be taken into account for analyses such as the SOC
estimation.

The bottom graph of Fig. 6 shows the differential voltage (%)
of both half cells and of the full cells. Large differential voltage are
measured in both electrodes for low values of SOC, while its value
is limited to 2.5 V for SOC > 0.2. The voltage plateau described in
the previous paragraph is represented with a minimum differential
voltage of 0.5 at SOC =~ 0.35, and a relative maximum of 1.8 V is
detected at SOC ~ 0.6. This differential voltage analysis provides more
detailed information about the slope of the OCV curve. Differential
voltage analysis reveals the relationship between anode and cathode
contributions to the overall cell voltage. The analysis elucidates the
slope characteristics of the OCV curve. Given that the anode operates
close to its plating limit at 0 V vs. Na/Na' at the end of charge,
a fitting factor of 1 for the anode half cell indicates either a high
risk of sodium plating or, alternatively, a systematic limitation in the
measurement methodology of the half cell voltage characterization.
Half cell voltage measurements provide insights into changes in entropy
coefficients, offering valuable perspectives for future research [28]. The
half-cell voltage profiles closely resemble those of hard carbon and
NaNi, ,3Fe; ,3Mn; 30, materials reported by Schiitte et al. [27] and
Rehm et al. [16].

4. Equivalent-circuit representation of a Na-ion cell

The internal resistance R; shown in Fig. 5 can be further expressed
as a complex impedance, which provides a valuable tool for assess-
ing the aging processes that affect the operation of a SIB. Following
the approach commonly adopted for lithium-ion batteries [21], the
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Fig. 7. Equivalent circuit model used to fit the impedance experimental data.

impedance of the cell is represented by an ohmic resistance (R,,,),
which accounts for the resistance of the electrolyte, separator, and
current collectors, together with parallel branches of resistances and
constant phase elements (CPEs) to capture the dynamic behavior of the
battery. Note that the impedance of a CPE is given by:

1
Zere = oGy
where ® is the angular frequency, QO and n are the characteristic
parameters of the CPE. The value of » is bounded between 0 and 1. The
time constant of the R; || C PE; circuit can be calculated as follows [29]:

3

o= (R0 @

The selected equivalent circuit model was chosen based on its ability
to accurately reproduce the experimental impedance response while
maintaining physical consistency and minimizing overparameteriza-
tion, as depicted in Fig. 7. The first branch, R, || CPE,, may account for
the influence of the SEI on the anode surface, with a differentiated small
semicircle in EIS curve at a higher characteristic frequency of around
800 Hz, as done for LIBs. Previous studies have shown that the SEI
formed on hard carbon in SIBs exhibits chemical composition and ionic
transport behavior analogous to that in LIBs [30-33]. This assignment
is supported by its short relaxation time and is consistent with previous
studies on SIBs [3,6,34].

At lower frequencies, within 0.15-300 Hz range, the R, || CPE,
and R; || CPE; branches describe the charge transfer reaction and
electrochemical double-layer phenomena occurring at the electrode/
electrolyte interfaces. The use of two R | CPE elements in this
frequency region was necessary to account for multiple electrochemical
processes with partially overlapping time constants, as indicated by the
depressed and asymmetric semicircle in the Nyquist plot through aging.
A single charge transfer element could not adequately reproduce this
behavior without compromising the fitting quality. The electrochemical
processes occurring at lower frequencies than 0.15 Hz typically corre-
sponds to ionic diffusion process and requires prolonged stabilization
periods, extended acquisition times, and highly stable experimental
conditions to accurately capture true low-frequency impedance [21,35,
36]. However, the accurate modeling of diffusion processes is out of
the scope of this study.

It should be highlighted that ECMs provide a simplified electrical
representation in which each element is assigned to the predominant
process within a given frequency range. However, due to these inher-
ent simplifications, each element may also account for secondary or
overlapping processes with similar time constants.

5. Electrical aging analysis of Na-ion cells
5.1. Capacity fade

The most typical variable to analyze aging is the state of health,
which can be defined by the following expression:

C
SOH = =% . 100% %)

ini
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where C;,; refers to the initial capacity and C, corresponds to the actual
capacity measured in each intermediate RPT between aging phases. The
SOH evolution of the six cells under cycle conditions is represented
in Fig. 8(a). All of them are fully cycled with same conditions, but
the SOH results obtained present certain dispersion, which increases
with aging. Considering average SOH and number of cycles values,
the cell loaded with full cycles degrades at speed of 0.043%/cycle in
first 300 cycles. After reaching a SOH of 80%, the curve tendency
changes to a steeper slope of 0.133%/cycle, and it only takes 110 cycles
more to reach a SOH of 65%. Therefore, the EOL criteria for Na-ion
cells should be placed at a SOH close to 80%, similar to Li-ion cells.
Fig. 8(b) illustrates the aging of the cells under calendar conditions.
After 628 days, the cells stored at SOC of 50% experience a capacity
loss of 4%, while the cells at 100% shows a 7.23% reduction. In first
check-up measurement, the capacity fade speed was greater, which is
associated to SEI formation and, afterwards, the calendar aging speed is
of 0.0026%/day for the cells stored at a SOC of 50% and 0.0072%/day
for the cells stored at full charge. The influence of SOC increases with
time, with a 80.75% more degradation at storage SOC of 100% than
the one suffered at 50%.

5.2. Impedance rise

In order to assess the degradation phenomena that dominate cell
aging along the lifetime of the cell, the experimental data obtained from
the EIS measurements are fitted to the ECM presented in Section 4. The
experimental data of three EIS experiments at SOH ranging from 100%
to 26% are shown in Fig. 9. As appreciated in the figure, the three arcs
corresponding to the three R || C PE branches are easier to distinguish
in the measured impedance of the aged cell, being superimposed for
the pristine cell. The main effect of the Na-ion cell aging is appreciated
in the R; || CPE; with the lower characteristic frequency.

To assess the robustness of the ECM fitting to experimental EIS
data, the Mean Relative Error (MRE) between the model-predicted
impedance, Z;, and the measured impedance, Z,, was computed
across all frequencies in the spectrum. This metric provides a relative,
frequency-resolved measure of the discrepancy between the ECM and
experimental data, allowing a quantitative evaluation of the fitting
performance under different SOH [37]. The MRE is defined as

N | Z il =12,
1Z,

exp,il

MRE = L -100% ©)
N

i=1 XD, |
where N denotes the total number of frequency points considered.
Fig. 10(c) presents the computed MRE for different SOH levels. It

is observed that all relative errors remain below 2.08% across all SOH
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Fig. 9. Impedance measurements via EIS and the impedance modeled with
the ECM.

levels, indicating that the ECM provides a high-fidelity representation
of the battery impedance and that the fitting procedure is robust
irrespective of the battery’s state of health.

Fig. 10(a) and (b) shows the evolution of the model resistances and
time constants along the battery degradation. The resulting values for
the four resistances show growing trend over the course of aging. R,
multiplies its value by 2.4 after a capacity loss of 74%, attributed to
corrosion of current collectors and changes in electrolyte as a result
of side reactions, which contributes to conductivity loss. The decrease
of ionic conductivity of the electrolyte is likely caused by its reaction
with plated sodium to regenerate the SEI layer. The formation of films
involving thickness and morphology changes leads to loss of sodium
inventory and is reflected in R; increase. Both resistance rises can
be used as indicators of sodium plating, as explained in [38] for
lithium plating detection techniques. In order to further investigate
the sodium plating, in Section 6, scanning electron microscopy and
energy-dispersive X-ray spectroscopy are used to analyze this aging
mechanism. The charge transfer resistances exhibit a more notable
increase that can be associated to the decrease of charge transfer during
sodium-ion de-/intercalation reaction. Aging mechanisms responsible
for the R, and R; increase are the continuous SEI regeneration due to
severe sodium plating creating a metallic cover layer [1], which leads
to loss of sodium inventory and loss of active material in the anode.
In the cathode, the combination of possible structural disorders and
the suggested particle cracking in similar cells in [1] can account for
the resistance increase. The increasing evolution of R; reveals a clear
monotonic and approximately linear relationship with the SOH. This
visual trend suggests that R; may serve as a potential indicator of the
evolution of SOH.

To quantitatively assess this relationship, the linear correlation
between R; and SOH was evaluated using the Pearson correlation
coefficient. The analysis yielded a correlation coefficient of R = —0.989,
indicating an extremely strong negative linear association between both
variables and the associated p-value (p = 3.65-107%) confirms that
the correlation is statistically significant. To further characterize the
relationship, a linear regression model was fitted using SOH as the
dependent variable and R; as the predictor. The resulting model can be
expressed as R; [mQ] = 859.19-8.37 - SOH[%], which exhibits a high
goodness of fit, with a coefficient of determination R> = 0.977 meaning
that approximately 97.7% of the variability in SOH can be explained
by the variation in R;. Therefore, R; serves as a SOH indicator.

The increasing trend occurring in R; is well reflected in the higher
time constant 73, represented along with the other two time constants in
Fig. 10(b). Focusing on the time constants for a pristine cell, the average
values of 7|, 7, and 73 obtained are 0.04, 0.24 and 0.47 s, respectively.
Through aging, the charge transfer processes at lower characteristic
frequency slow down, while keeping similar kinetics for the others.
Broadly, Na-ion cell processes are slower than the analogous processes
in Li-ion cells [39-41].
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Fig. 10. ECM parameters evolution in aging: (a) resistances and (b) time
constants. The MRE at each SOH level is depicted in (c).

6. Post-mortem aging analysis of Na-ion cells

As detailed in Table 2, the post-mortem analysis is done with six
Na-ion cells, two of them are fresh pristine cells (Cells 11 and 12), two
are at SOH = 80% (Cells 9 and 10) and the other two have a SOH =
60% (Cells 5 and 6). The obtained results are summarized in this section
and have focused on characterizing the sodium plating in these Na-ion
cells. One cell at each SOH level is selected to showcase the results in
this contribution, which are Cells 11, 9 and 5.

The three figures presented in this section (Figs. 11-13) show the
material analysis of a new cell (Cell 11), a cell at 80% SOH (Cell 9) and
a cell at 60% SOH (Cell 5), respectively. The three figures are divided
similarly. The anode scans in the inner and outer radius of the jelly roll
are shown on the top part, the results of the EDX analysis and optical
microscope images are shown in the central part, while the bottom part
is used for SEM images.

The most remarkable characteristic detected in the scan of the anode
of the pristine cell, shown in Fig. 11, is a region in the outer radius
with apparent sodium plating as zoomed in Fig. 11. Given that the
cell has not been cycled after production, this plating is unexpected,
and a sample is taken from this area to be compared with a reference
non-plated area by means of EDX and SEM analyses.
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a) inner radius_,

area

Fig. 11. Anode of fresh Cell 11 (SOH 100%). Anode scans and photo (a, b and
¢), 500x-zoom 5 kV EDX-map of an area with plated Na (d) and a reference
area (e), and 2000x-zoom SEM image of a plating area (f) and a conductive
salt agglomeration (g).

Table 3
Atomic fractions of the elements detected by the EDX-sensor in selected
samples.

Cell Sample SOH (%) Area Atomic fraction (%)
Na P F C o
Plated Full 8.6 1.2 7.2 69.2 13.8
11 Fig. 11(d) 100 S1 20.2 3.5 22.6 26.5 26.8
& S2 44 05 30 864 55
Reference Full 4.0 1.0 6.9 83.6 4.6
11 Fig. 11(e) 100 S3 106 121 696 7.1 0.6
& S4 3.9 0.3 2.3 89.1 4.4
9 Fig. 12(e) 80 Full 153 2.7 17.0 41.1 23.8
9 Fig. 12(f) 80 Full 16.1 2.9 16.1 38.5 26.4
5 Fig. 13(d) 60 Full 17.4 2.4 12.4 346 33.2

Fig. 11(d) presents a 500x-zoom 5 kV EDX map of a region exhibit-
ing plating. Two local EDX spectra are performed in the areas S1 and
S2 to confirm that the green area is sodium plating. The results of the
EDX are presented in Table 3. The brown area S2 has 4.4% of Na and
5.5% of O, while the green area S1 has 20.2% of Na and 26.8% of O. By
contrast, the content of C of S2 is significantly higher than S1 (86.4%
vs. 26.5%). This is a clear indicator of sodium plating on the outer side
of the jelly roll, next to the anode overhang. Since the cell is new, we
postulate an unfavorable formation protocol in the production process.
The full area atomic fractions of this sample are in between S1 and S2.

Fig. 11(e) shows a 500x-zoom 5 kV EDX map of a reference area
that shows no visible sodium plating. Some small depositions are also
visible on the anode. Two areas, S3 and S4, are selected for EDX
spectra. Table 3 compiles the results of these measurements. S3 has
a substantially higher fraction of F compared to S4 (69.6% vs. 2.3%),
which, in combination with approximately 1/6 F fraction in P, confirms
the presence of large conductive salt agglomerations and rules out the
hypothesis of sodium plating in this anode region.
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a) inner radius

o R

Fig. 12. Anode of Cell 9 (SOH 80%). Anode scans and photo (a, b, ¢ and
d), 500x-zoom 5 kV EDX-map of two areas (e and f), and 2000x-zoom SEM
images (g and h).

Fig. 11(f and g) display 2000x-zoom SEM images of the areas shown
in Fig. 11(d and e). A significant difference in the surface characteristics
between sodium plating and conductive salt agglomeration is observed.
The hard carbon structure observed in the SEM differs from the spher-
ical structure shown in Mikitisin et al. [42] and is more similar to that
in Laufen et al. [17].

The first aging phenomena that occur in a Na-ion cell are studied
in Fig. 12, which presents the post-mortem analysis of the anode from
Cell 9, with a SOH of 80%. A comparative analysis of the anode scans
presented in Fig. 12(a and b), with those of the new cell depicted in
Fig. 11 shows a significant increase in sodium plating along the whole
surface of the anode, both in the inner and outer radius of the jelly roll.
Two samples are taken for a closer SEM analysis, as highlighted with
red circles in Fig. 12(c and d). In Fig. 12(c) the sodium plating appears
to be migrating towards the direction of the anode overhang.

Fig. 12(e and f) display 500x-zoom 5 kV EDX map of the samples
from (c and d), respectively. The sample taken from the surrounding
of the anode overhang has a flat and even sodium plating, while the
plating on the sample taken from the center of the anode resembles
spider-web structures. Table 3 compiles the results of the EDX spectra.
In this case, the samples shown in the figure are homogeneous enough
to be fully analyzed with no area division. The atomic fractions of
the materials found in these two samples are very similar, revealing
that, regardless of the plating shape, the aging mechanisms have been
homogeneous along the anode. Comparing the elements found in Cell 9
(SOH 80%) with those of the pristine Cell 11, the share of Na has been
significantly increased to around 16%, which indicates the importance
of sodium plating during this SOH range from 100% to 80%. The share
of F and O have been also increased, while C has been reduced, which
indicates that the plated Na has been passivated by means of reactions
with F and O, thereby reducing the share of hard carbon, which is the
actual anode electrode material.

Fig. 12(g and h) present 2000x-zoom SEM images corresponding to
the EDX maps illustrated (e and f), respectively. The different surface
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inner radius

outer radius

Fig. 13. Anode of Cell 5 (SOH 60%). Anode scans and photo (a, b and c),
500x-zoom 5 kV EDX-map of an area with plated Na (d), 50x-zoom optical
microscopy image (e), and 500x-zoom (f) and 2000x-zoom (g) SEM images of
a plating area.

characteristics of the flat sodium plating close to the anode overhang
and the uneven sodium plating on a regular part of the anode.

The post-mortem analysis of Cell 5 (SOH 60%) is presented in Fig.
13. The anode scans presented in Fig. 13(a and b) are quite similar to
those of Fig. 12, which indicates that it is difficult to detect additional
sodium plating in the SOH range from 80% to 60%. The sample for the
SEM analysis is taken from the opposite site of the area occupied by
the cathode current collector, as shown in Fig. 13.

Fig. 13(d) displays the 500x-zoom 5 kV EDX map of the SEM
sample, indicating that the sodium plating has increased in the SOH
range from 80% to 60%, since there is no hard carbon visible and all
of the anode is covered by the plated sodium. The material analysis
shown in Table 3 shows a slight increase in the atomic fraction of Na
from SOH 80% to 60% coupled with a corresponding decrease in C
atomic fraction. Therefore, most of anode surface is already plated from
SOH 100% to 80%. This phenomena continues, until the whole surface
is covered, from SOH 80% to 60%, when most of the anode surface is
covered by plated Na. This could explain the continuous impedance rise
observed in Section 5.2, as passivated sodium plating increases both
charge transfer and ohmic resistance. Fig. 13(e) presents a 50x-zoom
optical microscopy image of the transition area between unused hard
carbon and cycled hard carbon, with a clear gradient of plated sodium.

The texture of the plated sodium at SOH 60% is detailed in Fig.
13(f and g), showing 500x and 2000x SEM images, respectively, of
the sample shown in (d). The surface characteristics of the fully plated
anode are similar to those reported in Fig. 12 for the sodium plated
at SOH 80%. The spider-web structure reappears in Fig. 13(g) with
localized areas of flattened surface morphology. This may be attributed
to pressure constraints within the cylindrical cell geometry, leading to
densification of sodium plating in specific regions. Future investigations
should examine the influence of pressure, housing conditions, tem-
perature, and C-rate on sodium plating morphology in commercially
relevant cell formats.
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7. Conclusions

The main contribution of this work lies in the development of a
comprehensive aging analysis methodology that combines impedance
analysis using an ECM and post-mortem analysis. This integrated ap-
proach enables the identification of the evolution of the physical phe-
nomena responsible for SIBs degradation and their potential to serve
as aging indicators. Beyond providing a deeper understanding of aging
mechanisms in commercial SIBs, the proposed methodology offers a
transferable framework for the assessment of other emerging battery
technologies.

A prior characterization of the commercial 18 650 SIB is carried out
before the aging analysis. The nominal capacity of fresh cells deviates
from the manufacturer’s specification by an average of 7.7%. Post-
mortem observations on pristine cells revealed local sodium plating on
portions of the anode surface, indicating an incomplete or non-optimal
SEI formation protocol during manufacturing. Salt agglomerations were
also detected, a feature commonly reported in lithium-ion batteries.
Moreover, the cell-to-cell variations regarding the internal resistance
during discharge and during charge are presented. The open-circuit
voltage curve displayed a monotonic trend without extended plateau
regions, which facilitates state of charge estimation. The dynamic
response of the cells throughout their lifetime was well captured by
an ECM comprising three R || C PE branches.

Regarding the aging analysis, capacity fade observed during cycling
tests indicates a relatively short cycle life, reaching 80% of the initial
capacity after approximately 300 cycles. In contrast, cells subjected
to calendar aging conditions remained stable for more than 600 days,
exhibiting a capacity loss of 4-7.23%, depending on storage SOC. The
evolution of the impedance, analyzed through ECM, reveals that each
resistance rise can be associated to different aging mechanisms. Charge
transfer resistances increases account for different aging processes oc-
curring in the electrodes and serve as valuable early indicator of the
drastic SOH drop. At 80% SOH, sodium plating is already present
and exhibits various morphologies — from flat layers to spider-web
structures — yet with similar elemental composition. Below 80% SOH,
further sodium deposition progressively covers the entire electrode
surface and the deposited layer thickens, further exacerbating perfor-
mance losses. Elemental mapping by EDX of Na, C, P and F in plated
versus reference areas has provided insights into how the distribution of
these elements evolves with aging. Along with other aging mechanisms,
the progressive increase in sodium plating with aging can explain
the continuous rise in ECM-derived resistances, as passivated sodium
deposits contribute to charge transfer, SEI and ohmic resistances rise.

By combining in situ ECM analysis with post-mortem characteri-
zation, this study complements and extends the insights available in
current literature, providing a deeper understanding of the degrada-
tion mechanisms governing early-stage commercial Na-ion systems.
Future work should be focused on the application of this aging analysis
methodology on further commercial SIBs with different formats and
materials to compare their behaviors, which may be different. The
results presented in this work serve as a reference for future SIB gen-
erations. Moreover, the observed correlation between ECM parameters
and aging phenomena opens the door for the construction of advanced
SOH indicators.
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