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ARTICLE INFO ABSTRACT

Keywords: Despite its worldwide commercialisation, the degradation of lithium-ion battery technology is still a hot research
Lithium-ion batteries topic. Batteries are known to decrease in capacity and increase in internal resistance, but it is quite uncommon to
Df’gradat.i‘m further investigate the performance decay, distinguishing classes of ageing mechanisms (resistive, kinetic and
g:fi'r‘l‘;sz;zle mass-transport) and relating them with the operation. This work exploits the P2D model to understand the
Model performance decay of ageing cells from a physical perspective. A complex experimental campaign combining 13

different automotive-like cycles, applied to commercial battery samples to recreate the degradation of batteries
under realistic conditions, is analysed with such methodology. Along the ageing tests, physical models’ pa-
rameters are periodically identified by means of particle swarm optimisation applied over characterisation tests.
Parameter evolution is then correlated with specific degradation mechanisms, related operating conditions and
performance decay. A significant decrease in electrolyte conductivity and lithium solid-state diffusivity within
the positive electrode are detected, progressively inducing heterogeneous operation and worsening of both ef-
ficiency and capacity retention. Particularly, cycle depth appears to promote particle cracking and loss of positive
electrode material. Post-mortem analyses are then performed to support the interpretations on degradation
mechanisms, confirming the degradation of electrolyte and positive electrode.

1. Introduction mechanisms and 13 secondary mechanisms, all inducing 5 ageing

modes, observable at cell scale. These mechanisms superimpose and

Lithium-ion battery (LIB) is widely considered a key technology for
the decarbonisation of the transportation sector. However, a LIB is
known to age both over storage and operational time and, depending on
its utilization, to show a worsening in performance under different
perspectives, such as capacity reduction and resistance rise [1,2]. Bat-
tery degradation is a significant aspect to consider to evaluate the eco-
nomic and environmental feasibility of electric vehicles. Nevertheless,
the relation between the operating conditions and the effect on the
performance and lifetime is not fully consolidated in the scientific
literature due to the large variety of possible mechanisms taking place at
the same time, with the interplay among them leading to hardly
distinguishable effects on the performance [1,2]. As brilliantly sum-
marised in Ref. [1], degradation mechanisms can be classified as 5 main
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combine with each other, causing mixed performance worsening effects,
manifest in the form of capacity and power loss. In Ref. [3], a dedicated
review to the automotive application is provided, collecting results from
many scientific articles regarding common chemistries, driving and
charging schedules and the impact of different stressors on degradation.
This work provides valuable guidelines to prolong battery lifetime.
Many works in the literature investigate degradation under various
conditions [4-7], primarily concentrating on capacity loss and increased
internal resistances. For instance, in Ref. [4] a wide experimental
campaign was conducted to investigate degradation under different
conditions. The authors succeeded in gathering interesting insights on
the role of the operating conditions, providing formulas to estimate
capacity loss depending on temperature, time, charge throughput and
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applied current. However, they could provide only limited explanations
to the origin of losses. The use of low C-rate discharge as diagnostic tool
enabled to identify some thermodynamic trends, but regarding kinetics
and mass-transport limitations the insights were limited, related to the
trend of power decay. While these metrics are crucial indicators, they
alone are insufficient for accurately assessing battery health and com-
prehending cell performance across diverse operational scenarios.
Furthermore, these investigations frequently employ constant-current
cycles, which fail to mimic real-world dynamic usage patterns. Jalka-
nen et al. [8] investigated three different operating conditions, but with
a more comprehensive approach, including capacity loss, electro-
chemical impedance spectroscopy and a wide post-mortem analysis.
This solution is definitely interesting in a laboratory for deep in-
vestigations, but it is not feasible to investigate many operating condi-
tions, with different types of specific equipment and relying on
end-of-life and invasive measurements.

Physical models can be a suitable tool to reproduce the behaviour of
aged cells, saving on experimental time and avoiding destructive mea-
surements [7,9-11]. Since they include a proper description of the
complex phenomena occurring with the operation of a LIB cell, a satis-
factory capability of reproducing the experimental data can be achieved.
One possibility is by modelling aging mechanisms explicitly. For
instance, Luo et al. [7] implemented the equations to describe solid
electrolyte interphase (SEI) layer growth, lithium plating, particle
cracking, and loss of active material (LAM) in the
pseudo-two-dimensional (P2D) model. They provided great insights into
the role of the operating conditions (e.g. state of charge swing) on
degradation and on their mutual interplay. However, the only target for
their simulation was the capacity decay trend and the cycling experi-
ment included only constant-current cycles.

Another possibility is the usage of a performance model, without an
explicit description of degradation mechanisms. In this framework, by
comparing the values of relevant physical parameters between fresh and
aged states, it is possible to identify the most likely class of phenomena
inducing these effects and estimate the pace of their evolution. For
instance, L. Zhang et al. [11] proposed to trace the evolution of pa-
rameters of a P2D model with a thermal model along the battery lifetime
as a diagnostic tool. They applied the method by investigating nine key
parameters to identify the sources of overpotentials and link them to the
occurrence of SEI growth. They succeeded in providing a more
comprehensive description of the battery state of health, though the
evolution of some parameters was not linked to distinct degradation
mechanisms and the operating conditions (constant-current cycling at
50 °C) are not representative of a real-life usage. K. Uddin et al. [9]
followed the same approach with a P2D model and they applied it to a
calendar-aged cell. However, they reduced the number of fitting pa-
rameters to three, consistently with the expected degradation phenom-
ena as a demonstration, without exploiting it for diagnostic purposes.
Analogously, Kim et al. [12] identify effective parameters within the
P2D model that are suitable for accurate battery degradation diagnosis.
The study utilizes a genetic algorithm for the parameters identification
process and determines their confidence intervals, adopting multiple
operation profiles to prevent overfitting during the identification pro-
cess. Several Li-ion batteries are tested, demonstrating high confidence
in P2D model parameters identification: solid diffusion coefficients, re-
action rate constants, and stoichiometry limits exhibit clear trends as the
battery ages, making them valuable indicators for diagnosing battery
degradation. Despite the effectiveness of this study, it does not aim to a
comprehensive analysis, lacking an experimental campaign with various
aging cycles and of detailed discussion of aging mechanisms and their
correlation with physical parameters. Also, the work [13] focuses on
analysing the decay of parameters within the P2D model to gain insights
into lithium-ion battery degradation mechanisms. A novel approach is
proposed, utilizing the incremental capacity curve as a fitting target
alongside the discharge curve and incremental capacity analysis (ICA)
curve, as a direct indicator of battery aging. The researchers employ two
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algorithms, a non-dominated sorting genetic algorithm and a deep
neural network, to identify model parameters. Interestingly, strong
correlations are observed between battery state of health and specific
parameters, such as the initial lithium-ion concentration in the negative
electrode, but their significance as indicators of specific aging mecha-
nisms is not discussed.

Similar scope with a different modelling approach is proposed in the
work by Lyu et al. [14], where a simplified electrochemical model (EM)
is adopted for monitoring internal degradation in lithium-ion batteries.
The authors develop this EM by reorganizing the parameters of the
single particle model (SP) for easier identification and attributing a
specific physical meaning to each parameter. Model parameter identi-
fication is performed using a combined load profile for improved ac-
curacy and validated with cyclic aging experiments under various
conditions (25 °C/1C, 25 °C/2C, 50 °C/1C, and 50 °C/2C). The identi-
fied parameters, including internal resistance and parameters related to
solid-phase diffusion, double-layer capacitance, and reaction kinetics,
exhibit strong correlations with experimentally observed capacity
fading. The method reduces the gap between EMs and in situ investi-
gation of battery degradation, providing interesting insights into battery
performance loss, but the work does not stress the identifiability of
specific battery aging mechanisms and the representativity of real-life
operating conditions is overlooked. Also in Ref. [15], the authors pre-
sent a method for the quantitative analysis of battery aging modes by
identifying changes in physical parameters using an improved Single
Particle model. They investigate correlation of aging modes at various
conditions by tracking changes in physical parameters such as loss of
lithium inventory (LLI), effective porosity of electrodes, particle radius,
diffusion coefficient and reaction rate constants. While the study finds
interesting correlations between SOH and specific physical parameters
evolution, such as LLI and electrolyte diffusion coefficient, the study
focuses on very specific operating conditions, aging batteries at constant
rates of 1C and 2G, falling short in terms of representativeness of real-life
application. Concluding, the study [16] investigates non-destructive
diagnostics and quantifies battery aging under various degradation
paths. The researchers employ a reduced-order electro-
chemical-spatial-phase-model (ESPM) to identify aging-related param-
eters in commercial NCA||C 18650 lithium-ion cells. Experimental data
from four groups of cells, subjected to different cycling and calendar
aging conditions, are used in this study. The ESPM demonstrates its
effectiveness in predicting battery discharge voltage along the aging.
The analysis of identified parameters reveals distinct trends in thermo-
dynamic, mass transport, and kinetic parameters across the different
aging conditions, highlighting the model’s capability to capture various
degradation mechanisms. While very wide, including differentiation
between cycle and calendar aging effects and to quantify cell-to-cell
variations in degradation, the study does not provide any specific
conclusion regarding automotive related aging in real-life conditions
nor validates the interpretation with post-mortem analyses.

In order to exploit physical parameter estimation as a diagnostic tool,
the selection of the parameters to be identified should not bias the so-
lution in any direction, the solution must be unique and the reliability of
the model must be verified. Moreover, the ideal method should not rely
on time-consuming measurements to speed up the procedure. Summa-
rizing, to the authors knowledge, no work in the literature compre-
hensively focuses on identifying and understanding from a physical
perspective the specific degradation mechanisms involved with
automotive-like operation as a function of different operating condi-
tions, nor aims at validating the findings with post-mortem analyses.
Demonstrating the P2D model to be able to progressively quantify a set
of key physical parameters by reproducing experimental diagnostic tests
would consolidate the understanding of performance decay.

Hence, in this work, we exploit physical models to elucidate on
degradation phenomena in lithium-ion cells under automotive-like
conditions, specifically focusing on the effect of operational parame-
ters. We perform 13 types of aging cycles on commercial cells and collect
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data from periodic check-ups. Based on these data and an optimisation
algorithm, the P2D model parameters are identified for fresh and
increasingly aged states. In this way, we are able to draw the evolution
of physical parameters over time and cycles for different combinations
of operating conditions. The P2D model provides a comprehensive
simulation of battery operation, resulting in reliability, and the param-
eters trend enables the physical interpretation of ageing, namely the
identification of the most likely degradation mechanisms ongoing in the
cells and their relation with the operating conditions that promote them.
Moreover, in the end, we attempt to verify the reliability of the in-
terpretations with post-mortem investigations, closing the loop and
strengthening the suitability of this methodology. The use of an opti-
mised sequence of tests shortens testing time, while the exploitation of
an optimisation algorithm aims at an objective and repeatable solution.
This work deepens the results collected in Ref. [17] to widen the un-
derstanding of the effects on the performance of each operating condi-
tion. Since the cycle conditions are selected to reproduce
close-to-real-world conditions that a battery experiences on a fully
electric vehicle, this work provides useful insights regarding realistic
degradation, making a step ahead towards real usage with respect to
other works with similar approaches [18,19], still resulting effective as
an investigation tool suitable for advanced diagnostic and scientific
environments.

This publication is organised as follows. First, the experimental and
modelling tools are summarised in Section 2. Section 3 is dedicated to
the results, and Section 4 reports a set of validation measurements to
verify the reliability of the model-based interpretation of ageing. Due to
the large amount of data, Section 3 focuses on one operating condition to
identify general trends, and then it details the effect of the operating
conditions. Finally, Section 4 reports on the results of the post-mortem
analyses, comparing the interpretations derived from the modelling
analyses with evidence of degradation from either a chemical compo-
sition, morphological or capacity retention point of view.

2. Methodology

An overview of the methodology is reported here, while the details
are provided in the following paragraphs.

e On commercial battery samples (see Section 2.1), an articulated
driving cycle aging campaign (see Section 2.2) is carried out under
different operating conditions. Characterisation tests (see Section
2.3) are performed periodically to evaluate the residual
performances.

The most important physical parameters of the P2D model are
quantified exploiting an optimisation algorithm (see Section 2.4)
aiming at reproducing the characterisation tests with the model. This
procedure is periodically repeated along the driving cycle campaign
for several degradation states, enabling the visualisation of the
variation trends of the parameters.

These trends are investigated to identify possible correlations among
parameters and propose a physical interpretation of degradation,
suggesting the most likely responsible degradation phenomena.

At the end of the campaign, a selected set of samples is disassembled
in an inert environment. The reliability of the interpretation of
degradation phenomena is then verified against post-mortem
analyses.

A detailed description of experimental activities and modelling tools
is provided in the following sections. For any further information
regarding the methodology, the reader is referred to Ref. [19].

2.1. Experimental sample and testbench

The experimental samples are commercial Li-ion battery cells with a
blended positive electrode of lithium-nickel-cobalt-manganese-oxide
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(NMCQ), lithium-manganese oxide (LMO), and graphitic negative elec-
trode. Cells are cylindrical 18650 type with 2.25 Ah of nominal capacity.
A summary of technical information is reported in Table 1.

As samples were acquired in different batches during the activity,
actual as-received performances were evaluated for each sample of in-
terest at the beginning of the campaign. These data are later referred to
as begin-of-life (BOL) performances.

The testing station is custom-developed. It includes one power sup-
ply (NI RMX-4124) and two five-channel electronic loads (Chroma UM
63640-80-80), resulting in eight independent testing channels with
impedance measurement, capable of 80 A maximum current each. A
Binder MKF 720 Eucar 6 climatic chamber hosts the samples during both
cycling and characterisation periods at known and controllable envi-
ronmental temperatures (in the range —40 °C/+120 °C). Cells’ tem-
perature is monitored through thermocouples attached to their surface
and acquired by means of dedicated acquisition board (NI 9201). For
additional information, the reader is referred to Ref. [19].

2.2. Test matrix

Three different load profiles are selected and applied in order to span
a reasonably wide and consistent range of combinations beneath
average C-rate and dynamicity of operation: the Worldwide harmonised
Light vehicles Test Procedure (referred to as WLTP), its modified version
“WLTP High-Speed” and the standard of the International Electro-
technical Commission (IEC) 62660-1 [21] (here referred to as IEC for
brevity). WLTP is characterised by relatively low C-rates, with frequent
regenerative braking events. WLTP High-Speed includes only the third
and fourth sections of the WLTP (corresponding to highway driving),
resulting in less regenerative events and higher average discharge C-rate
with respect to the standard WLTP profile. IEC, finally, is a stepped
profile designed to test the durability of batteries for battery electric
vehicles, with relatively higher discharge and charge C-rate with respect
to WLTP. For additional information regarding the load profiles, the
reader is referred to Ref. [17].

The three load profiles have been investigated under different con-
ditions of environmental temperature, state of charge (SoC) window and
charge C-rate, overall resulting in 13 different combinations of opera-
tional conditions, whose literature-based selection has been discussed in
Ref. [17] and are hereby listed in Table 2 (where EFC indicates Equiv-
alent Full Cycles, pointing out the duration of the aging campaign before
stopping the operation).The duration of the aging test of each cycle was
arbitrarily set by the authors, aiming at representativeness of
longer-term degradation while ensuring manageability of the aging
campaign. Capacity loss at the end of the campaign is also reported in
Table 2, while the full capacity loss vs EFC trend of each tested cycle,
dedicatedly discussed in Ref. [17], is reported in Figure S1 of the Sup-
plementary Materials to ease its consultation.

2.3. Characterisation procedure

The characterisation procedure involves an optimised sequence of
tests to enable the identification of physical parameters with a limited
set of experimental data and so limited testing time. As described in
detail in Ref. [19], it includes:

Table 1

Characteristics of the experimental samples [20].
Property Value
Manufacturer SONY
Model US18650V3
Nominal capacity 2.25 Ah
Voltage cut-offs 2.5V-4.2V

Electrode materials Graphite/NMC + LMO
Continuous max charge C-rate 1C
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Table 2
List of tested driving cycles with corresponding operating conditions and aging test duration.
# Label Temperature Load Maximum Minimum Charging C- Aging test Cycles at end- Capacity loss at #
[°C] profile SoC [%] SoC [%] rate [—] duration [day] of-test [EFC] end-of-test [%]
1 WLTP 100%-— 45 WLTP 100 % 0% C/3 99 260 10.8 % 1
0% 45 °C
2 WLTP 100%-— 45 WLTP 100 % 50 % C/3 148 395 20.2 % 2
50 % 45 °C
3 WLTP High- 45 WLTP 100 % 0 % C/3 148 500 16.1 % 3
Speed High-Speed
4 IECC/345°C 45 IEC 62660- 100 % 0 % C/3 121 530 17.7 % 4
1
5 IEC C/6 45 °C 45 IEC 62660- 100 % 0 % C/6 109 357 15.6 % 5
1
6 WLTP 100%-— 25 WLTP 100 % 0% C/3 162 448 9.4 % 6
0% 25 °C
7 WLTP 100%-— 25 WLTP 100 % 50 % C/3 161 419 10.7 % 7
50 % 25 °C
8 WLTP 100%-— 25 WLTP 100 % 75 % C/3 159 382 7.0 % 8
75 % 25 °C
9 WLTP 75%-— 25 WLTP 75 % 50 % C/3 114 301 4.9 % 9
50 % 25 °C
10 WLTP 50%— 25 WLTP 50 % 0% C/3 92 282 2.7 % 10
0% 25 °C
11 IEC C/3 25 °C 25 IEC 62660- 100 % 0% C/3 109 455 9.5 % 11
1
12 IEC C/6 25 °C 25 IEC 62660- 100 % 0 % C/6 160 458 9.5 % 12
1
13 IEC1C 25°C 25 IEC 62660- 100 % 0% 1C 92 449 10.1 % 13

1

e A complete discharge at 25 °C and C/10, approximating a close-to-
equilibrium condition.

e Two partial discharges at:
o0 10 °C, 2C, from 100 % to 50 % SoC;
0 25 °C, 1C, from 50 % SoC to the lowest voltage cut-off.

e Two electrochemical impedance spectroscopy (EIS) measurements
performed at:
0 10 °C, 100 % SoC, with 40 frequencies in the [4 kHz; 10 mHz]

range with logarithmic distribution;

o 25 °C, 50 % SoC, same frequency interval as above.

EIS is performed galvanodinamically (imposing a current oscillation
amplitude small enough to ensure linearity of voltage response) after at
least 1 h of relaxation after the preceding charge/discharge event. The
complete C/10 discharge was performed in Ref. [17] to draw the evo-
lution of thermodynamic parameters, namely loss of lithium inventory
and loss of active electrode materials. The remaining tests allow us to
identify the worsening of kinetic and diffusive properties. These tests are
required to identify the physical parameters of the P2D model.

The choice of this set of experimental measurements aims to shorten
testing time while maximising the identifiability of the physical pa-
rameters as a result of sensitivity-based selection performed in Ref. [22].

2.4. P2D model

The P2D model is selected as a trade-off between physical consis-
tency and computational effort to reproduce the operation of experi-
mental samples. The model is implemented in COMSOL Multiphysics®.

A summary of the model is here presented, while all equations are
listed in Section S2 of the Supplementary Materials attached to this
publication. One battery cell is represented as three layers: negative
electrode, separator and positive electrode. All layers are divided into
solid (solid phase) and liquid (electrolyte phase) portions. The model
solves partial differential equations along the main direction (i.e.
orthogonal to the layers) and in the pseudo-direction, i.e. the radial
direction in solid spherical electrode particles. The model includes
lithium-ion transport in the electrolyte phase, lithium diffusion in solid
electrodes and electron conduction in the electrodes. On the surface of

the electrode particle there are three phenomena: electrochemical re-
action through Butler-Volmer equation, double layer charging and film
resistances (e.g. SEI). The contribution of current collectors and internal
connections is included in the cell voltage through Ohm’s Law. Kinetic
constants of the reactions and lithium diffusivity in electrode and elec-
trolyte phase depend on the cell temperature. Electrolyte conductivity
and diffusivity constitute a single physical parameter since they are
related through the Nernst-Einstein relation. Open-circuit potential
(OCP) curves of the electrodes are recorded experimentally with half-
cells and implemented as look-up tables.

The model is coupled with a 2D thermal model (equations in Section
S2.7 of the Supplementary Materials). It computes the temperature
distribution inside the cell for all the time-steps. The cell is modelled as
the cross section of a cylindrical cell, with three layers: mandrel, active
material and external case. Heat is produced in the active material re-
gion according to the output of the P2D model simulation. It is
exchanged by conduction in the layers and by convection with ambient
air at the edges. The averaged temperature of the active area is then
considered by the P2D model to update the value of temperature-
dependent properties, following an Arrhenius relation. For more infor-
mation, the reader is referred to Ref. [22].

EIS is simulated with the P2D model both in time or frequency
domain. As in the experiment, a sinusoidal current is applied at the
edges of the cell and the corresponding voltage response is recorded, at
different frequencies. The impedance is then computed from the ratio
between voltage and current.

2.5. Parameter identification procedure

Apart from the identification of thermodynamic parameters (dis-
cussed in Ref. [17]), a selection of kinetic and mass-transport properties
is estimated through a particle swarm optimisation algorithm (PSO),
following a stepwise procedure. The goal of the algorithm is the mini-
misation of a cost function, expressed as the difference between exper-
imental and modelled curves corresponding to the sequence of
measurements described in Section 2.3, i.e. the experimental data
referring to the test sequence of Section 2.3 are the input information to
the algorithm (training dataset) and the algorithm aims at making
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models simulation in agreement with this set of measurements. The al-
gorithm spans a very broad solution space. It starts with random
initialization and along iterations it progressively approaches the min-
imum. Along the iterations, some logics are implemented to guide the
algorithm towards the minimum, exploiting all the explored solutions of
all particles at all previous iterations depending on their level of reli-
ability (i.e. the value of the associated cost function). The parameters to
be identified are kinetic rate constant and solid-state lithium diffusivity
for positive and negative electrodes, ionic conductivity of the electro-
lyte, SEI resistance and double-layer capacitance of the positive
electrode.

The process involves four steps. In the first, LLI and LAMs are iden-
tified by simulating a complete C/10 discharge. LLI and LAM affect the
amount of cyclable lithium and the electrode volume to host lithium,
respectively. Thus, in turn, the stoichiometry at beginning and end of
discharge [19]. For the purpose of this work, LAM is considered as
purely delithiated, thus a loss like LAM of one electrode does not induce
a reduction of cyclable lithium. This solution ensures more flexibility,
since LAM can occur at different SoCs and so it can induce a different
amount of lithium loss. The effect of a lithiated LAM can be suitably
reproduced by the superposition of LLI and delithiated LAM [19]. On the
other hand, LLI is associated only with a loss of cyclable lithium, without
altering the electrode structure. To shorten simulation time, LLI and
LAM are identified exploiting a simplified model. Since their identifi-
cation is part of a previous publication [17], the model is not described
here, but the equations are made available in Section S3 of the Sup-
plementary Materials.

In step 2, kinetic properties are identified by reproducing the EIS
spectra reported in the procedure of Section 2.3 at best. Similarly,
diffusive properties are estimated in step 3 from partial discharge curves
of Section 2.3 and, finally, step 4 consists in a refinement phase, by
repeating step 2. The algorithm is applied in each of these steps,
exploiting different cost functions. In all steps, the number of particles
was 25 times or 50 times the number of fitting parameters and iterations
were at least 10. One full parameter identification procedure requires
60h on average on a standard desktop computer.

The selection of the characterisation procedure, algorithm logics and
of the fitting parameters was performed in previous publications [19,
22]. The analysis started from a one-factor-at-a-time sensitivity analysis,
where 28 model parameters were investigated by analysing the varia-
tion of the model response due to each parameter change. This change,
in turn, was evaluated at different operating conditions (e.g. tempera-
ture, C-rate, frequency of EIS excitation, ...) and different test type
(discharge, EIS and relaxation after discharge). This work enabled to
identify a reasonable solution to:

shorten testing time (few tests, easy to combine experimentally);
select useful fitting parameters (parameters which poorly affect the
model response are considered constant and equal to a literature
value);

select meaningful fitting parameters (all the most important phe-
nomena are considered, not to bias the solution and keep the tool
flexible);

increase model parameters identifiability (choice of suitable oper-
ating conditions);

ease the optimisation problem (by understanding the interplay and
possible mis-interpretation due to different parameters providing
similar model response).

The reader is referred to Refs. [19,22] for more details.

The algorithm estimates single effective properties. Indeed, the
operation is characterised by gradients of performance along the
through-plane direction and the jelly roll direction already at the fresh
state, with possible additional heterogeneities due to heterogeneous
degradation. However, this complex behaviour is reproduced by the P2D
model with single effective properties due to its 1D nature. As a
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consequence, parameter evolution is not representative of the variation
of the parameter itself but of the tendency towards the worsening of
classes of phenomena. For instance, a reduction of the electrolyte con-
ductivity of 50 % can be associated with local spots, characterised by
strong degradation, while the average loss is lower than 50 %. Moreover,
since only a subset of parameters is identified, the variation of one
parameter can be the result of different sources. In the case of electrolyte
conductivity, a variation of local porosity can result in an apparent
worsening of the electrolyte properties since the path for ion transport in
the electrolyte phase becomes more resistive.

The parameter identification results are provided as a “best fit” with
a confidence interval for each parameter. “Best fit” values correspond to
the solution which minimises the cost function of the algorithm. How-
ever, since many solutions can provide very similar results in the
simulation of training measurements, a confidence interval is added to
consider this variability. Confidence bands are not related to the
experimental uncertainty of the measurements, even though it could
further increase the uncertainty of the results.

All solutions, whose cost function is up to 5 % larger than the “best
fit” value (e.g. the lowest cost function value), are considered as “best
solutions”. 5 % is arbitrarily selected after a preliminary analysis: below
5 % the differences in the model simulations are so limited that the
solutions can be reasonably considered as equal. As a consequence, they
are considered able to reproduce the experimental trends with equal
reliability. Therefore, confidence bands of a prescribed parameter A
include all the values the A takes in the “best solutions”. The lowest
value of A in its confidence band refers to the lowest value of A within
the best solutions population. The same reasoning holds true for the
maximum value.

This interval enables to assess whether the variation of one param-
eter due to degradation is meaningful. In case of a clear trend, it is
possible to state that there is a connection between this parameter and
ageing, due to one or more degradation phenomena. It is worth noting
some complexities of this representation, like:

o The capability of the P2D of simulating aged cells performance, also
considering the limited amount of input data (see Section 2.3) to save
testing time. The more challenging the experimental data, the larger
the uncertainty on the parameters value.

The identifiability of each parameter. If one parameter is poorly
affecting the model response (e.g. voltage value along a discharge),
its estimation shows a large confidence band.

Confidence bands do not show the distribution of the solutions. One
solution with one extreme value is enough to add this value in the
tolerance, even though it could appear like an outlier.

The tool works in this way for the sake of simplicity and universality.
The results for its application on the fresh cell are reported in Tables S1
and S2 of the Supplementary Materials.

For additional information on the methodology, the reader is
referred to Ref. [19].

2.6. Post-mortem analyses

One fresh and two cycled cells are opened in an inert environment at
the end of life to undergo post-mortem analyses. Coin cells are built with
material harvested at several positions along the roll, to perform C/50 g-
OCP cycles through a Neware BTS4000-5V10mA (10 mA maximum
current per each channel) battery testing system at 21 °C and EIS by
means of either Gamry Reference 3000 or Gamry Interface 5000E
potentiostats at 25 °C and every 5 % or 10 % SoC levels, consistently as
performed in Ref. [18]. Moreover, Scanning Electron Microscope (SEM)
is performed with different magnifications to visualise the size and
shape of electrode particles and the presence of layers on the surface.
Lastly, possible variations in chemical composition are investigated by
means of Energy Dispersive X-ray Spectroscopy (EDS).
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3. Results

The IEC cycle at 25 °C with C/3 recharge C-rate is selected as a
reference case to identify the general evolution of the physical param-
eters. Its cell capacity loss vs EFC is reported in Figure Sla of the Sup-
plementary Materials (blue curve). Thermodynamic parameters decay
was already identified in Ref. [18] and is reported here for comparison
when needed.

3.1. Experimental trends

The dashed lines in Fig. 1 show the evolution of EIS and high C-rate
discharges as part of the periodic characterisation procedure (see Sec-
tion 2.3).

e EIS: Nyquist plots (reported in Fig. 1a and c) show how the spectra
undergo notable changes throughout the campaign. Initially, the
fresh cell exhibits a single elongated semicircle, whereas degradation
leads to the emergence of two distinct features. Bode plots of imag-
inary component of the impedance (Fig. 1b-d) allow to further
investigate such changes: within the frequency range of
30Hz-1000Hz, a sudden alteration occurs already at early aging
stages, followed by a stabilisation. Additionally, a new low-
frequency kinetic loop emerges and steadily increases with ageing.
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Comparison between EIS1 (100 % SoC, 10 °Cin Fig. 1a and b) against
EIS2 (50 % SoC, 25 °C in Fig. 1c¢ and d) permits to further correlate
this variations with test conditions. Indeed, in Fig. 1a and b imped-
ance remains relatively unchanged in the last stages, contrasting
with the variations observed in Fig. 1c and d, where the additional
feature at low frequencies is still progressively shifting towards a
frequency lower than 1Hz at the end of the campaign. Hence, at the
characteristic frequency of the phenomenon increases with
increasing temperature, as discussed further in Section 4.1.
DISCHARGE: From the 10 °C 2C discharge (Fig. 1e) test emerges a
marked transient at the beginning of discharge, with a quite steep
profile which then stabilises into a linear trend. This change pro-
gressively strengthens with ageing and, after ~200 equivalent full
cycles (EFCs) tends to flatten. Overall, there is a growth of the
polarisation losses, growing up to 200 mV between the fresh sample
and the last ageing stages. Lastly, the low SoC discharge at 25 °C and
1C (Fig. 1f) highlights with ageing the capacity reduction and voltage
losses growth. Moreover, the last part of the discharge becomes less
steep, which could be related to a diffusive limitation.

3.2. Modelling results

The model is exploited to perform PSO-based parameters estimation

on the tests presented in Section 2.3 and to understand the ageing
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Fig. 1. Experimental (dashed lines) and corresponding simulations (full lines) of the characterisation procedure tests for the cell cycled at 25 °C with IEC profile:
Nyquist and Bode plot of the imaginary component of the impedance at 100 % SoC and 10 °C (a-b) and at 50 % SoC and 25 °C (c-d); discharge from 100 % to 50 %

SoC at 10 °C 2C (e) and from 50 % SoC to the minimum voltage level (f).
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behaviour. The resulting simulations are reported in full lines in Fig. 1. the kinetic loops match in a satisfactory way at all ageing states. Simi-
Simulated EIS reproduce the experiments reliably at both 100 % SoC larly, the relevant variations of both the simulated discharges (Fig. 1d
25 °C (Fig. 1a and b) and 50 % SoC 10 °C (Fig. 1c and d). The error in and e) are satisfyingly reproduced, especially for the discharge 100 %-—
high-frequency intercept (or high-frequency resistance, HFR) simulation 50 % SoC at 10 °C and 2C, where the evolution of initial transient fol-
is lower than 1 mQ and both magnitude and characteristic frequencies of lowed by the flattening of the is well captured. Regarding the discharge
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from 50 % to 0 % at 25 °C and 1C, the voltage profile and capacity
reduction trends show good agreement with the experimental.

A decrease of model reliability at increasing aging state is noticeable
especially at lower SOC, as common in the literature [23]. The quality of
the results has to be evaluated considering the framework and objective
of the work. First, the set of free parameters to be identified is restricted
in order to reduce the computational effort on one side, while preserving
physical consistency and ensuring the model the capability of repro-
ducing major aging trends. Increasing parameters number would in-
crease the capability of the model as well as computational burden.
Moreover, the amount of input experimental data is also limited to two
partial discharges and two EIS, to optimise the process. More input in-
formation would improve the parameter identification problem. Lastly,
despite the little input information, the operating conditions are wide in
terms of C-rate, temperature, state of charge, resulting challenging.
Further improvements may be obtained, e.g. considering a variable solid
diffusivity with respect to lithiation of the electrodes. These solutions,
however, would affect the compactness of the method and would be out
of the scope of the present work. All in all, this result is considered well
satisfying.

Therefore, an investigation of the trend of identified parameters is
performed. The results of the algorithm are reported in Fig. 2 and hereby
discussed.

3.2.1. Trend of kinetic parameters

An almost linear drop in electrolyte conductivity is estimated
(Fig. 2a). This parameter is of primary importance during discharge and
is responsible for most of the voltage drop. Its effect is detectable in the
high-frequency intercept and in the charge-transfer region of the
impedance [8]. Then, the algorithm associates the high-frequency loop
of the impedance with the charge transfer phenomenon of the negative
electrode. Since this loop is unchanged during the campaign, the cor-
responding kinetic rate (Fig. 2d) remains constant. (This stability arises
from the assumption on the double-layer capacitance discussed in Sec-
tion S5 of the Supplementary Materials). On the contrary, the double--
layer capacitance of the positive electrode follows the frequency shift of
the loop. Indeed, there is a rapid growth of capacitance, lowering the
characteristic frequency of the charge transfer mechanism, which then
almost stabilises. The rate constant has a steady decrease, resembling
the trend of the magnitude of the low-frequency feature, which con-
tinues to increase (as noticeable in Fig. 1¢). Similar impedance evolution
was already observed in the literature and was already consistently
attributed to the positive electrode charge transfer [8,24-26].

3.2.2. Trend of mass-transport parameters

Lithium solid-state diffusivity into graphite (Fig. 2f) has a slightly
growing trend. This parameter is closely related to capacity retention at
different C-rates. The extractable capacity in a full discharge at 1C is less
affected by degradation than the C/10 one (see Figure S.6 of the Sup-
plementary Materials). This experimental fact forces the diffusivity to
grow. This trend stabilises, as LAMn does (see Figure S.7 of the Sup-
plementary Materials). These parameters might be correlated, suggest-
ing a form of stabilisation of the material. One interpretation for this
trend could be found in a progressively smaller solid particle radii,
favouring lithium diffusion. Since particle radii are kept constant in the
parameter identification process, this effect translates into a variation of
the effective diffusion property. Consistently, as the active area is also
affected by the particles size, a similar effect should be expected to occur
on the kinetic constant. As a matter of fact, the characteristic time of
diffusion is proportional to the radius, while the active area grows with
the inverse of the radius.

On the other hand, Lithium diffusivity in the positive electrode
strongly decreases (Fig. 2e). This effect becomes particularly relevant in
the 10 °C and 2C discharge (Fig. 1e), where it is suspected to cause the
occurrence of the voltage plateau, which is now discussed in detail.

eTransportation 24 (2025) 100410

3.2.3. Heterogeneous electrode utilization due to aging

The decay of physical properties sensibly impacts the performance
also from an heterogeneous materials utilization perspective. In the
following, a deepening of the dynamics of the 2C 10 °C discharge is
performed to discuss this effect and demonstrate the capability of the
model to reproduce and explain the complex operation of an aged cell.
The simulation refers to the end-of-campaign state of the cell cycled with
IEC at 45 °C. Fig. 3a shows the voltage profile in time, while Fig. 3b—c
show the evolution of both local reaction rate and lithium concentration
against the through-plane direction at several time instants (from 0 to
900 s) along the discharge.

As noticeable, at the beginning of discharge most of the reaction is
localised in the area close to the separator (see Fig. 3b at 18s and 135s)
of both electrodes because of the low electrolyte conductivity. Conse-
quently, there is a progressive shift of the local reaction rate towards the
current collector area (Fig. 3b). As soon as graphite is locally delithiated
(Fig. 3c), the equilibrium potential and reaction overpotentials force the
reaction to occur elsewhere electrode utilization to increase.

Both electrolyte conductivity and lithium solid-state diffusivity in
positive electrode are very low, while solid-state diffusion in graphite is
not limiting. This is very clear in the evolution of local gradients: lithium
concentration on the surface (full lines in Fig. 3c) and in the center
(dashed lines in Fig. 3c) is almost the same for graphitic particles (left-
end side in Fig. 3c), while significant gradients exist in the positive
electrode (right-end side in Fig. 3c), especially at the interface with the
separator. At 900s (e.g. at a nominal 50 % SoC, red curve in Fig. 3c),
lithium concentration in the electrode becomes saturated close to the
separator, forcing lithium ions to reach the middle of the electrode
thickness to intercalate, further increasing transport losses.

The low diffusivity in the positive electrode plays a key role in
defining the shape of the voltage curve, as reported in Fig. 3a. In the first
2 min, there is an initial drop related to ohmic and kinetic losses, fol-
lowed by a linear trend. This loss is due to the heterogeneous utilization
of the positive electrode: the local lithium concentration (Fig. 3c) varies
fast and, correspondingly, analogous behaviour is found for the equi-
librium potential (Fig. 3a). After that, lithium starts to diffuse in the solid
phase (Fig. 3c, between 135s and 360s) and the OCP associated with the
local concentration in the area close to the separator approaches a flat
region. This combined effect leads to the flattening of the curve.

No major role of self-heating is taking place because the time scale is
relatively short. This consideration was verified by a dedicated experi-
ment (reported in Section S7 of the Supplementary Materials), per-
forming the same discharge three times with different heat convection
fluxes on the surface of the cell: temperature is important to define the
property of the material at the beginning of discharge while self-heating
becomes relevant only after few minutes.

3.3. Degradation interpretation

Electrolyte conductivity is found to decrease linearly with cycles. It is
possible to derive that relevant consumption of the electrolyte is evident,
either to form SEI or release gases [1,8,26-28]. SEI is expected to grow
in all the cells, though with different rates and properties. Electrolyte
decomposition is also responsible for a significant share of impedance
rise [1,26] and of overpotentials in the discharge [11,29].

At positive electrode, the kinetics of the reaction and its solid-state
diffusivity are estimated to be worsening.

o Diffusion limitations are seldomly investigated [30], but X. Zhou
et al. [29] combined the distribution of the relaxation time method
and physics-based modelling to analyse the EIS of an NMC|Graphite
cell and they identified a significant decrease of diffusion coefficients
in both solid and, mainly, electrolyte phases due to ageing at 45 °C,
without providing a clear explanation. V. J. Ovejas et al. [31]
observed a solid-state diffusive limitation on the positive electrode
half-cell due to ageing and related it to the occurrence of phase
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transitions, but they did not provide a physical explanation for its
worsening due to ageing. L. Zhang et al. [11] with a modelling
analysis, estimated the worsening of solid-state diffusive properties
of both electrodes without explaining the physical origin of this
trend.

Different mechanisms might be in play regarding kinetics. In general,
a worsening of cathode charge transfer has been observed in the
literature on layered NMC electrodes [6,8,24-26], but a physical
interpretation is only seldom provided. P. S. Sabet et al. [24] iden-
tified the following list of possible mechanisms: cathode electrolyte
interphase (CEI) formation, cathode dissolution, cation mixing and
particle cracking, which is in agreement with [1]. V. J. Ovejas et al.

[25] observed an increase in the double-layer capacitance of the
positive electrode of cycled cells coupled with an increase in its
charge-transfer resistance. They proposed that particle cracking and
corresponding film formation caused the resistance increase and that
the increase of the double layer capacitance was due to a slower
reaction kinetics, which caused an accumulation of ions and salt at
the electrode-electrolyte interface, compressing the double layer
which, in turn, had a larger capacitance. Moreover, G. Liu et al. [32]
demonstrated how the interaction between active material,
conductive additives and binder significantly affects the electrode
impedance. Later, J. M. Foster et al. [33] showed how cycling can
lead to binder delamination and H. Liu et al. [34] revealed how
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detachment between active material and binder can lead to loss of
conductivity, which can partially justify the capacity loss trend.

At negative electrode, although lithium plating might take place on
very aged cells [8,35], no tests suggest its occurrence in any cell of this
campaign.

Overall, the results are in line with the literature and the model
proved to be a valuable tool to inspect and understand the behaviour of
aged cells. However, it is hard to sort out the most likely phenomena
related to the positive electrode due to little knowledge on one side and
many different phenomena on the other. Consistently, all the measure-
ments show a progressive evolution.

3.4. Effect of operating conditions

To identify the impact that different automotive-related operating
conditions may determine on battery degradation, subsets of the
different aging cycles are selected to enable meaningful comparisons.
Such subsets, each sharing specific operating parameters, are singularly
discussed in the following sections. To recall capacity loss vs EFC of each
tested cycle, dedicatedly discussed in Ref. [17], reader is again
addressed to Figure S1 of the Supplementary Materials.

3.4.1. Effect of recharge current

First, the effect of the recharge current is investigated by comparing
the aging of the cycles that share all the operating conditions but the
recharge C-rate, namely:

e IEC cycle at 25 °C, between 100 % and 0 % SoC, with 1C recharge C-
rate;

e IEC cycle at 25 °C, between 100 % and 0 % SoC, with C/3 recharge C-
rate;

e IEC cycle at 25 °C, between 100 % and 0 % SoC, with C/6 recharge C-
rate.

The same approach is then applied in the following sections.

In [17], the evolution of capacity loss and thermodynamic parame-
ters was the same for all three cycles cells. Similarly, mass-transport and
kinetic parameters appear to vary in the same way (Fig. 4b and c). All
considered cycles exhibit a relevant, yet comparable, reduction of con-
ductivity and their evolution over EFC is very similar. Such decrease in
electrolyte conductivity, as visible from Fig. 4a, can be considered a
proxy for side reactions like SEI growth. Similarly, mass-transport and
kinetic parameters appear to vary analogously in the same way as visible
from Fig. 4b and c, where the evolution of the kinetic rate constant and
lithium solid-state diffusivity of the positive electrode are depicted.

Summarizing, also for these parameters, the evolution is not affected
by the recharge C-rate at a significant level.

Hence, this analysis further supports the observations in Ref. [17],
suggesting that the recharge C-rate was identified as almost irrelevant to
the ageing trajectory in the investigated range [C/6; 1C] and for the
battery type under investigation. It is worth highlighting that 1C is the
maximum continuous charge C-rate recommended by the manufacturer
and that 25 °C is reasonably high enough to ensure that no lithium
plating is taking place. Increasing the value beyond operational limits
would have led to operational misuse, whose effects evaluation is of the
scope of the present work.

3.4.2. Effect of load profile
This section highlights the effect of the load profile, comparing the
following cycling conditions:

e the IEC cycle at 25 °C, with C/3 recharge and 100%-0% SoC
window;

e the WLTP cycle at 25 °C, with C/3 recharge and 100%-0% SoC
window.
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The differences between the profiles were summarised in Section 2.2.
In Ref. [17], the load profile did not provide significant effects on ca-
pacity loss (as visible from Figure S1 of the Supplementary material) nor
on q-OCP degradation.

Analogously, the EIS of both cells shows the evolution of same fea-
tures at the same pace. As a result, kinetic properties follow the same
evolution: Fig. 5b reports the kinetic rate constant of the positive elec-
trode, as an example. In the last stages, a slight difference occurs in mass
transport parameters: with respect to WLTP, IEC cycle apparently leads
to a slower decay for lithium diffusivity in the positive electrode (Fig. 5c)
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and to a slightly faster decay for electrolyte conductivity (Fig. 5a).
However, it is worth underlying how on very aged cells the effect of
these two parameters on cell operation is similar enough to be mistaken
on for the other up to a certain extent, as one can partially counterbal-
ance the effect of the other. In our case, indeed, only a slight difference
exists in the experimental data collected through the characterisation
procedure; thus, it is reasonable to assume there is little difference be-
tween the effects of the two cycles when very aged. IEC is characterised
by sensibly higher currents, both in discharge and in regenerative
events, which may trigger gas evolution, consuming additional
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electrolyte material while lithium loss is unaffected, however it is
impacting cell performance roughly as the WLTP cycle. No clear
explanation is proposed for the solid-state diffusivity trend.

An additional comparison is reported between WLTP, IEC and WLTP
High-Speed profiles at 45 °C (Figure S.9 of the Supplementary Mate-
rials). Their parametrisation is not performed since their strong simi-
larity is very clear from the experimental data. As an example, the
differential voltage and 10 °C 2C discharge are depicted, as part of
characterisation procedure. The curves overlap if considered at similar
EFC values. This result further supports the limited effect of this variable
on degradation.

In conclusion, there is no large difference in degradation due to the
investigated loads, despite ageing being known to be path-dependent
[36,37]. Additional electrolyte degradation is observed for the IEC
cycle, possibly related to gas release. This analysis interestingly supports
the use of IEC as representative of real-world degradation, providing a
beneficial effect for laboratory tests since it enables faster experimental
campaigns with respect to the WLTP profile.

3.4.3. Effect of state of charge window

To highlight the effect of this variable on degradation, Fig. 6 shows
the evolution of several physical parameters for three different cycles at
25 °C with C/3 recharge current, namely:

e WLTP within the 100%—-0% SoC window (red curve);
e WLTP within 100%-50 % SoC window (orange curve);
e WLTP within the 100%-75 % SoC window (yellow curve).

In [17], both LAMp and LLI were found to vary with average state of
charge and with depth of discharge (DoD) of the cycle. In particular,
LAMp grows with DoD, suggesting the occurrence of particle cracking,
while LLI, proportional to average SoC, was associated with SEI growth.

In Fig. 6a, the evolution of the electrolyte conductivity is reported,
demonstrating no significant difference among the effects of the three
cycles, as the uncertainty bands almost overlap. This result is unex-
pected, since high SoC is usually associated with promoted side re-
actions such as SEI growth. However, this fact might be related to the
maximum SoC of the cycle (SoC 100 %), which is shared by all the cy-
cles. Due to the narrow level of degradation of the low SoC cycle (not
reported in Fig. 6), no further verifications are allowed.

Nevertheless, Fig. 6d shows the trend of SEI film resistance: its value
is close to zero at the beginning, while afterwards it grows linearly with
EFCs. It is interesting to observe how the onset and magnitude of this
parameter’s growth are proportional with the DoD of the cycle. In the
selected cycles, since all start at SoC 100 %, having low DoD implies
cycling at a higher average SoC, which is known to promote SEL
Decoupling these variables would require additional testing conditions
and is out of the scope of the present investigation, focusing on
automotive-relevant operation, so a following work is suggested to
investigate the missing combinations of operating conditions. However,
it is worth underlying how the 100%-50 % at 45 °C shows a steeper loss
of electrolyte conductivity and faster growth of the film resistance with
respect to the behaviour of 100%-0% SoC cycles. Therefore, it is
possible to state that the dependence of these parameters on DoD and
SoC is significant.

Lastly, Fig. 6b and c reports the parameters of the positive electrode
(kinetic rate constant and lithium bulk diffusivity). Their decrease seems
promoted by the DoD, as it was identified for LAMp [17], hence they
might be related to particle cracking or additional degradation
phenomena.

To summarize, depth of discharge and state of charge are inter-
connected and further combinations of conditions would be necessary to
identify their effects with more confidence. However, following inter-
pretation is proposed: deteriorated kinetics and sluggish diffusion could
be dependent on the DoD and SEI resistance could be dependent on the
average/maximum SoC or DoD.
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3.4.4. Effect of temperature

In [17], it was observed that the superposition principle holds true at
the thermodynamic level, meaning that the evolution of one parameter
of a high-temperature cycling campaign was suitably reproduced by the
superposition of the trends of the same cycle but performed at 25 °C, and
the calendar-aged cell at high-temperature, stored at the intermediate
SoC swept by the cycle. The investigation of kinetic and mass-transport
parameters is reported here.

Fig. 7 reports the evolution over time of parameters which are
related to kinetics and mass transport phenomena for the same set of
cells. Charts are restricted up to 120 days to improve readability. In
general, it is clear how calendar ageing induces lower degradation rates
than cycling. For instance, the electrolyte conductivity (Fig. 7a)
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decreases sensibly for the calendar-aged cell but over roughly three
times the period of the cycled cells. In the time span of the cycles, the
evolution of the calendar campaign is slower. On the contrary, degra-
dation seems poorly affected by the cycling temperature. The trend of
electrolyte conductivity is similar, and the same observation holds true
for the positive electrode properties (Fig. 7b and c for kinetic rate con-
stant and solid state diffusivity, respectively). While the solid state
diffusivity will decrease at a similar extent for longer periods, the kinetic
constant is quite stable for the calendar cell, as already noticed in
Ref. [17]. The only difference is related to the film resistance (Fig. 7d). It
comes from the quite different value of the HFR, measured through EIS.
As already mentioned, it can be related to the growth of the SEI Its
stronger growth at 45 °C is consistent with the theory. It is also present
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Fig. 7. Effect of the temperature: trend of selected physical parameters over EFC for cells cycled with IEC cycle at 25 °C and 45 °C and calendar aged cell at 45 °C and
50 % SoC, with uncertainty bands: a) electrolyte conductivity factor, b) kinetic rate constant and c) solid-state diffusivity of positive electrode, d) negative

film resistance.
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in the calendar cell, but a direct superposition of the effect is not allowed
for this parameter.

A second comparison is reported for the sake of the universality of
the analysis. Indeed, the cycled cells with WLTP in the 100%-50 % SoC
window at 25 °C and 45 °C are compared in Figure S.10 of the Sup-
plementary Materials. The main difference refers to the electrolyte
conductivity, where WLTP at 45 °C shows a steeper profile. It might be
related to a larger side reaction rate. However, it is not coupled with a
thicker SEI since the film resistance is similar.

This analysis shows the prevailing role of cycling in the evolution of
kinetic and mass transport-related parameters. The only difference is in
the trend of the negative electrode film resistance, which is consistent
with a temperature-driven SEI growth. This trend is also consistent with
the larger LLI that is experienced by the 45 °C cycled cell [17]. The
thermodynamic analysis holds true for all the tested couplings, while the
trends in electrolyte conductivity and film resistance seem
cycle-dependent. Therefore, no generalisation is allowed on the degra-
dation of the electrolyte.

3.4.5. Final remarks on the role of the operating conditions

An extensive campaign is conducted under varying operating con-
ditions, and the models are applied to understand the experimental
trends. After the analysis of an example, a deepening of the effect of the
operating conditions is performed. In particular, after the detailed dis-
cussion on degradation effects of different operating conditions, few
interesting points can be summarised:

e The analysis of kinetic and mass-transport parameters confirms that,
unexpectedly, there is no significant difference in ageing between C/
6, C/3 and 1C recharge C-rate cycles in any of the investigated
parameters.

Minor differences are associated with the choice of the load profile.
In this activity, the IEC cycle, characterised by higher C-rates, is
related to additional electrolyte degradation with respect to the
WLTP cycle, which shows a larger worsening of solid-state diffusion
of the positive electrode. IEC appears as a consistent cycle to accel-
erate automotive-related degradation.

eTransportation 24 (2025) 100410

e DoD and SoC might be detrimental to kinetic and diffusive properties
of the positive electrode, as already observed for LAMp. SEI resis-
tance is also affected, but additional cycle conditions are required to
decouple the DoD and SoC effects.

In general, calendar ageing proved to be much slower than cycle
ageing, whose dependence on the cycling temperature is limited. The
evolution of the kinetic and mass-transport parameters is poorly
affected by the cycling temperature, apart from the film resistance of
the SEI promoted by high temperatures.

4. Validation of the results

Additional measurements are performed at the end of the aging
campaign to verify the meaningfulness of the analysis. This set of in-
formation is exploited as a validation, i.e. no data are exploited to
perform the parameter identification. Only EIS is exploited to state that
the double-layer capacitance at the negative electrode could be kept
constant, as explained in Section S5 of the Supplementary Materials. As
a consequence, modifications on the surface of the positive electrode
might have taken place.

4.1. Simulations of the validation dataset

The first verification method is the simulation of a wide set of con-
ditions outside the training dataset to verify the reliability of the cali-
brated model. Fig. 8 reports the results of the discharges and EIS under
several operating conditions (in terms of temperature, C-rate and state-
of-charge) for the cell cycled at 25 °C with IEC profile, already discussed
in Section 3.1 and 3.2) at 455 EFC aging.

Regarding the discharge (Fig. 8a), the model provides a consistent
simulation in the mid-high SoC part. The effect of C-rate and tempera-
ture is properly reproduced. However, the knee and the losses appearing
at end of discharge are generally underestimated. This feature might
come from different reasons. For instance, large concentration gradients
in space (along the jelly roll direction and the through-plane direction)
are expected at end of discharge, cumulated over discharge, especially at
low temperatures and high C-rate. Second, at low SoC local
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Fig. 8. Simulations of the validation dataset: a) set of discharge and EIS at various operating conditions in b) Nyquist and c¢) Bode of the imaginary component

representations.
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heterogeneities in graphite affect the equilibrium potential sensibly.
This effect is stressed by low temperature and high C-rate, too. More-
over, slight mis-estimation of electrode balancing could result in larger
error at low SoC.

It is worth to remind that this work prioritizes obtaining a general
physically-consistent reproduction of performance effects of aging,
rather than optimizing the simulation quality for a single, specific
operating condition or test. Nevertheless, one possible improvement is
the inclusion of a SoC dependence into solid-state lithium diffusivities,
which was out of scope for this work. Since the check-up procedure
(Section 2.3) includes a high C-rate and low-temperature discharge in
the high SoC part, the model provides better results in the first part of the
discharge at the expense of a lower accuracy in the low SoC part. As a
confirmation, root-mean-square errors are listed in Table 3. The reli-
ability of the simulations is lower with respect to the fresh-cell model
[38], but the error becomes much lower if the last portion of the curve is
omitted.

Lastly, only some EISs are reported for clarity (Fig. 8b and c). As
anticipated, despite the stabilisation of the double layer capacitance, the
reaction frequency decreases in the last aging stages, but its detectability
was limited by the frequency range of the characterisation procedure (i.
e. in Fig. 8, blue curve, the peak occurs for frequencies lower than 1Hz,
which is the minimum value that is considered by the optimisation al-
gorithm). The model reproduces the general shape and trends despite
being not quantitatively representative. For future works, implementing
surface layers in the model and possibly including the activity depen-
dence in the Butler-Volmer formulation of kinetics instead of the linear
proportionality with lithium content might improve the reliability and
the relation with SoC. Indeed, for instance, V. J. Ovejas et al. [31]
observed how overvoltages of graphite show local maxima when the
electrode passes from a pure phase to a phase transition, stressing the
variability of solid-state diffusivities with lithium concentration.

To summarize, considering the novelty and the complexity in
reproducing in a wide range of conditions the physical detrimental effect
on performance of an aged cell which underwent complex cycling pro-
file, while ensuring physical consistency between discharge test and EIS,
the model-based validation is considered well satisfying.

4.2. Visual inspection after cell opening

Two cells, namely the IEC cycle at 25 °C and 45 °C, are opened in an
inert environment at the end of the campaign to perform ex-situ analyses
that can verify the interpretation of degradation. First, a visual inspec-
tion is carried out. Figure S.11 of the Supplementary Materials reports
some scans of the electrodes right after cell opening. The fresh cell
properties were already reported in Ref. [18] and they are summarised
for clarity.

For both cells, most of the positive electrode coating on the inner side
quickly detached from the current collector right during the unrolling of
the jelly roll. Only a thin coating layer still adhered to the current col-
lector, which appeared as a matt grey rather than a shiny silver
aluminium current collector. This feature has been associated with a
mechanical effect in the literature [8]. Pressure lines are evident,

Table 3

Root-mean square errors of the simulation of the validation dataset of discharges
for the IEC cycle at 25 °C. In bold are highlighted conditions (partially) covered
by the calibration dataset. Values in mV. The first column refers to the estima-
tion over the complete discharge, the second neglecting the last 5 % of the curve
at low SoC.

Temperature C-rate

0.5C 1C 2C
10°C - - 85.8 49.9 51.7 25.4
25°C 66.9 28.3 86.1 40.3 52.4 52.3
45°C 59.3 12.9 46.4 44.9 81.8 83.6
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especially for the 45 °C cycle, in particular in the areas close to the
mandrel. A significant amount of electrode material remained attached
on the separator on both sides. Overall, this mechanical brittleness of the
positive electrode is related to cycling and pressure lines are a consistent
symptom. It is likely that the electrodes had a fragile electrical
connection already during operations, and they completely detached as
soon as the pressure between adjacent windings was relieved due to cell
opening.

4.3. Validation of LAM with half-cell cycling

The first verification involves the estimation of LAMs, which were
investigated in the previous publication [17]. Half-cells of harvested
materials are exploited. This method can verify the reliability of the
estimation at the time of cell opening, thus at the end of the campaign.

Differential voltage (DV) is chosen because it magnifies the voltage
trend while showing capacity variations. Fig. 9 shows the DV plots of
both lithiation and delithiation phases of positive (leften sub-figures)
and negative (righten sub-figures) electrodes for harvested material
from the fresh and the two aged samples. Some half-cells are reported for
all the cases. From left to right, voltage decreases (i.e., lithium con-
centration in the material increases). The analysis of fresh materials has
already been reported in Ref. [18]. Here, only the differences between
fresh and aged cases are investigated. Shades identify different positions
along the roll: light colour for coin cells that were punched close to the
mandrel, dark colour for the outer edge. Intermediate intensity is needed
for intermediate positions along the role. In Fig. 9e, no pink curve is
depicted since the material was very brittle. The exchanged capacity is
significantly lower due to the very small amount of active material that
remained attached to the current collector. They are considered in
relative terms but not for this analysis.

Fig. 9c—e shows the DV of positive electrodes for the IEC cycle at
25 °C and the IEC cycle at 45 °C, respectively. Similarly, Fig. 9d—f refer
to the same chart for negative electrodes. For positive electrodes, the
shape is preserved, but the amount of exchanged charge is variable. The
cell-to-cell variability of exchanged capacity is estimated within 8 % and
26 %, exploiting 6 and 8 coin cells each for the IEC cycle at 25 °C and the
IEC cycle at 45 °C, respectively. The datum states that 45 °C cycle is
strongly heterogeneous, but no clear pattern is identified regarding the
position along the roll, other than the strong material detachment close
to the mandrel. Moreover, a decrease with respect to the fresh cells is
evident.

Regarding negative electrodes, the shape of aged curves is similar to
that of the fresh sample and they show the same hysteresis between
lithiation and delithiation phases. The variability of exchanged charge
between half-cells of the same original cell is estimated within 7.5 % and
10.9 % over 13 and 13 half-cells each, respectively, for the IEC cycle at
25 °C and at 45 °C. There is a slight general tendency to provide lower
performance for cells that were punched close to the mandrel. Overall,
the value of capacity is comparable with that of the fresh cell, indicating
a narrow level of degradation.

These charts can be scaled to the extractable capacity of the half cell
in order to verify the stability of the OCP curve towards ageing, which is
a paramount assumption of the equilibrium model that has been
exploited for the estimation of LAMs [17]. As in Ref. [18], this verifi-
cation is achieved for both samples, as reported in Figure S.12 of the
Supplementary Materials.

With the same procedure described in Ref. [18], the estimation of
LAM can be performed experimentally by quantifying the ratio between
specific capacities of aged and fresh half-cells. Specific capacities are
reported in Figure S.13 of the Supplementary Materials, as fitting lines
over coin-cell capacities. The estimations of LAMs are provided in
Table 4. For the results of the algorithm, the extreme of the confidence
bands are also present. Interestingly, the estimations of the 45 °C cycle
lie within the interval that is identified by the algorithm. On the con-
trary, the algorithm overestimates the value of LAMn of the 25 °C cycle.
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Fig. 9. C/50 lithiation (red curves) and delithiation (blue) DV curves of positive (leften subfigures) and negative (righten subfigures) electrodes of the fresh cell
(a-b), IEC cycle at 25 °C (c—d), IEC cycle at 45 °C (e-f), respectively, in half cell configuration.

Table 4

Comparison between the estimation of LAM from half-cell cycling (Exp) and the
results of the parameter identification procedure with PSO in terms of optimal

value and range.

Cell Property Exp Min Optimal Max

IEC cycle at 25 °C LAMp 8.6 % 8.3 % 11.2% 12.9 %
LAMn 2.9 % 52 % 7.7 % 10.2 %

IEC cycle at 45 °C LAMp 21.4% 17.6 % 19.4 % 21.9%
LAMn 10.0 % 7.2% 9.7 % 12.1 %
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Taking into account the accuracy of the experimental datum and
possible variations due to the cleaning procedure before coin cell as-
sembly [18], the results are considered satisfactory.

4.4. Validation of the interpretation through SEM and EDS

Morphology and chemical composition are investigated here
through SEM and EDS, respectively. Negative electrodes are first
compared with the fresh sample, described in Ref. [11] and reported
here to ease the comparisons.
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4.4.1. Negative electrode

SEM of the negative electrode of IEC 25 °C is depicted in Fig. 10c and
d, while the corresponding images of the fresh material are shown in
Fig. 10a and b. No strong variation in particle size and shape is detected.
Nevertheless, Fig. 10d shows a large exfoliation of graphite with respect
to the fresh sample. Even though the image is restricted to a small area,
the occurrence of this characteristic is quite widespread in the SEM
sample. Exfoliation can explain the trend of LAMn, suggesting the uti-
lization of a lower amount of active sites. Moreover, exfoliation provides
a fresh surface in contact with the electrolyte, thus enhancing SEI
growth and the associated lithium loss. Differently from the calendar-
aged sample that was investigated in Ref. [18], SEI is not observed,
which can be related to the mechanical stresses induced by cycling that
broke it down. SEI growth is likely to have taken place, but it has not
created a uniform covering layer.

However, by investigating the chemical composition (Table 5), a
larger oxygen and fluorine content is detected with respect to the fresh
sample. This is consistent with electrolyte degradation, forming SEI [6,
39].

SEM images of the cell that has been cycled at 45 °C are reported in
Fig. 10Fig. 10e-f. Again, no strong variation in particle size and shape is
evident. However, the figure looks blurred, and white spots are present.
With a large magnification (Fig. 10f), the nature of particles is revealed
as significantly affected by exfoliation. Also, this feature is quite wide-
spread in this sample and may reflect the whitish appearance of Fig. 10e.
Chemical analyses are similar to the cycle at 25 °C, with the growth of
oxygen and fluorine contents, which suggest the development of SEI due
to electrolyte degradation. White spots in Fig. 10e show the composition
of the positive electrode, but they are neglected since the contamination
of the samples might have occurred.

4.4.2. Positive electrode
The same analysis is conducted for the positive electrode materials.

FRESH CELL

AGED CELL (IEC 45°C) AGED CELL (IEC 25°C)
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The 1000x magnified image of the cycle at 25 °C (Fig. 11c) resembles
that of the fresh material (Fig. 11a). In the zoomed view (Fig. 11d), some
cracks are identified in the secondary particles (one is highlighted with a
red circle), which may reflect the mechanical stresses due to cycling. No
evidence of surface layers is present. Unfortunately, the chemical anal-
ysis is not available.

Also, for the cycle at 45 °C, no sign of degradation on a large scale is
detected (Fig. 11e). However, it is very clear how some particle cracking
has occurred in Fig. 11f. Its occurrence is seldom in the investigated
sample, but a larger spread is expected inside the coating thickness. It
supports the role of cycling and depth of discharge in triggering a me-
chanical degradation of the electrode at the micron scale. Lastly, no sign
of strong transition metal dissolution is recorded since the chemical
composition is similar to that of the fresh electrode (Table 6). No con-
siderations regarding CEI growth can be made.

4.5. Final remarks of the validation activity

First, simulations of validation conditions of the aged sample are in
qualitative agreement with the experiments, though possible improve-
ments can increase the quantitative consistency. Overall, the modelling
tool provides satisfactory results, considering the relatively wide range
of conditions and the aged state.

The interpretation of degradation is then verified through different
techniques to validate the suitability of the diagnostic methodology in
identifying the degradation phenomena according to the evolution of
physical parameters. First, the cycling of half-cells with harvested ma-
terial enables the estimate of the LAM value at the end of the campaign
by estimating the specific capacity of the aged material. Considering the
uncertainty of the experimental measurements and the modelling ana-
lyses, the experimental value is close enough to the model value, sup-
porting the results of thermodynamic analysis.

Lastly, morphological and chemical analyses are reported. Cycled

Fig. 10. SEM images of fresh and aged electrodes at 1000x (leften subfigures) and 5000x (righten) magnifications. Lens type in the legend under the subfigures. Fresh

(subfigures a-b), cycle at 25 °C (c—d) and cycle at 45 °C (e-f).
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Table 5
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Chemical composition by atomic mass of negative electrodes. If not specified, quantities are averages over ~1 mm? areas.

Original cells Element atomic fraction in negative electrode [%]

C o F Al P Mn Co Ni Cu
Fresh 91.12 5.65 2.67 0 0.35 0 0 0 0.16
Cycle 25 °C 83.07 12.05 4.11 0 0.52 0.02 0 0 0.2
Cycle 45 °C 81.1 13.4 4.79 0 0.5 0.03 0 0 0.2
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Fig. 11. SEM images of fresh and aged electrodes at 1000x (leften subfigures) and 5000x (righten) magnifications. Lens type in the legend under the subfigures. Fresh

(subfigures a-b), cycle at 25 °C (c-d) and cycle at 45 °C (e-f).

Table 6

Chemical composition by atomic mass of positive electrodes. Quantities are averages over ~1 mm? areas.

Original cells Element atomic fraction in positive electrode [%]

C (0] F Al P Mn Co Ni Cu
Fresh 42.04 31.43 14.27 0.12 0.33 4.45 2.1 5.26 0
Cycle 45 °C 42.1 29.6 15 0.1 0.4 4.81 2.28 5.6 0

positive electrodes appear brittle at the macro scale, showing particle
cracking on the micron scale. Both observations agree with the me-
chanical origin of active electrode loss. Differently, cycled graphites are
exfoliated, which might justify the value of LAMn, and the increase of
oxygen and fluorine content supports that SEI growth has taken place.

5. Conclusions

This work investigated the degradation of commercial lithium-ion
batteries under realistic conditions and highly dynamic loads, typical
of automotive application, exploiting a physical model.

Performance decay is traced with periodic non-invasive check-up
procedures, combining partial discharges and EIS measurements,
exploited to perform the parameter identification of P2D physical
models. In this way, we demonstrate a physical-based interpretation of
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aging which goes beyond the quantification of capacity fade and resis-
tance increase, on which state-of-health is typically based. The method
is applied on the distinction of the aging effects of different meaningful
operating conditions, close to automotive application, paving the way
for physics-informed prognostic methods.

The following are the most important outcomes:

Electrolyte decay is identified to be one of the main responsible of
resistance increase. Its conductivity loss is found to decrease strongly
and linearly over cycles, possibly due to gas release or SEI growth,
and looks correlated with LLI mechanism and consistently increased
by operating temperature.

e The positive electrode is also crucially impacting battery durability.
It is identified to be affected by particle cracking proportional to
number of cycles and with DoD. Also, significant diffusion
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limitations and worsening of the kinetics of the reaction are identi-
fied, whose effects are yet hard to be deconvolved without dedicated
investigations. However, this approach can advance the discussion
on these topics in the scientific community, especially regarding
diffusive limitations.
e Apart from being detrimental for battery performance, P2D simula-
tions reveal that the reduction of electrolyte conductivity and solid-
state diffusivity in positive electrodes is responsible for progressively
heterogeneous operation of the aged cells.
Interestingly, no effect is detected due to different charging C-rates,
while the IEC profile induces a similar degradation with respect to
the WLTP load, apart from a faster electrolyte consumption, which
might be related to the high C-rates. IEC 62660-1 seems an inter-
esting solution for laboratory testing, providing a realistic degrada-
tion with respect to a real application while saving testing time.

The results have been verified with additional measurements and
post-mortem analyses. In particular,

e The identification of thermodynamic parameters agrees with the
estimations from half-cell cycling, confirming loss of active material
especially at positive electrode. Occurrence of particle cracking,
most likely leading to such LAM, is confirmed with SEM on cycled
cells, supporting the interpretation of the DoD effect.
Electrochemical testing on half-cells also confirms that modifications
of the impedance spectra are associated with the positive electrode.
e Variations of the chemical composition of the positive electrodes are
few, suggesting that if any chemical mechanism like transition metal
dissolution or cation mixing has occurred, its extent is limited.

Overall, the methodology proved its strength in interpreting degra-
dation and its reliability against verification measurements. It is a step
forward both from a methodological perspective, providing a robust
physics-based approach strategy to consolidate degradation studies, and
also from an application perspective, proposing a widely-applicable
diagnostic tool and relating real-world operating conditions with

Appendix A. Supplementary data
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specific degradation mechanisms and the involved components.
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List of acronyms

Acronym Description

BOL Begin of life

CEI Cathode Electrolyte Interphase

DoD Depth of Discharge

DV Differential Voltage

EDS Energy Dispersive X-ray Spectroscopy

EFC Equivalent Full Cycles

EIS Electrochemical Impedance Spectroscopy
HFR High-Frequency Resistance

IEC International Electrotechnical Commission
LAM Loss of Active electrode Material

LIB Lithium-ion Battery

LLI Loss of Lithium Inventory

LMO Lithium-manganese-oxide battery

NCA Lithium-nickel-cobalt-aluminum-oxide battery
NMC Lithium-nickel-manganese-cobalt-oxide battery
OCP Open-Circuit Potential

P2D Pseudo-two Dimensional model

PSO Particle Swarm Optimisation

SEI Solid Electrolyte Interphase

SEM Scanning Electron Microscope

SoC State of Charge

WLTP Worldwide harmonised Light vehicles Test Procedure
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