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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Ageing effect of 3 temperatures and 4
SOC conditions is tested and simulated.

• P2D and qOCP models quantify 7 + 3
selected physical parameters along the
ageing test.

• Consistency between discharge test and
EIS is forced for physical soundness.

• Temperature and SOC promote loss of
lithium inventory and electrolyte
conductivity.

• Half-cell, SEM and EDS ex-situ analyses
demonstrate the growth of the SEI layer.
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A B S T R A C T

The estimation of the state of health of a lithium-ion battery is a topic of interest with the spread of battery
electric vehicles. According to the desired long lifetime, calendar ageing is a matter of concern due to the known
deterioration effect of mid-high environmental temperatures, even during parking periods. In this work, the
combined use of an optimised sequence of tests and physical models is applied to investigate degradation due to
calendar ageing on a commercial NMC + LMO|Graphite cell type. A calendar ageing campaign on 12 samples is
carried out with periodic interruptions for characterisation. This method, already applied to a low-temperature
charging campaign, proves its suitability in identifying ageing mechanisms and reproducing the performance of
aged cells. SEI layer growth with significant consumption of lithium and electrolyte material is the dominant
phenomenon, but mass-transport limitations arise from the positive electrode, too. Physical model parameter
identification is challenged with verification measurements like tests on coin cell configuration and microscopies,
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resulting in compatibility. This work further verifies the suitability of such a methodology for the degradation of
lithium-ion batteries.

1. Introduction

Electric vehicles are spreading worldwide thanks to the advantages
of lithium-ion batteries in terms of cost and energy density. Neverthe-
less, they suffer from capacity loss and resistance rise during their life-
time, which limit their suitability for the automotive sector. Moreover, it
is known that degradation occurs even when the battery is not under-
going any load, which is called “calendar ageing”.

As a result, the scientific literature is rich in publications dealing
with the effect of operating conditions on capacity loss and resistance
increase during simple storage. For instance, Keil et al. [1] investigated
the capacity loss and resistance increase of lithium-ion batteries of
different positive electrode chemistries at three temperatures and
sixteen state of charge (SoC) levels. They correlated capacity fade with
the potential of the negative electrode, which is responsible for
enhancing electrolyte degradation and loss of lithium inventory (LLI). In
contrast, no substantial effect of the positive electrode was observed
other than in a few extreme conditions. M. Ecker et al. [2] investigated
the effect of temperature and voltage during calendar ageing for
lithium-nickel-cobalt-manganese-oxide (NMC) cells, verifying Arrhe-
nius’s behaviour with temperature and the dominant role of graphite
potential. They observed a linear trend of capacity loss, different from
Ref. [3], which modelled capacity loss with a square root of time
dependence on lithium-iron-phosphate (LFP) batteries. In Ref. [3], the
authors investigated the dependence of capacity and resistance over
time. They identified an exponential relation with time to the power of
0.75 as the best fit due to the superposition of two ageing phenomena
with different time evolution. J. Schmitt et al. [4] studied calendar
ageing with electrochemical impedance spectroscopy (EIS) with the aid
of an equivalent circuit model (ECM). They related the growth of the
series resistance with the reduction of the electrolyte conductivity, but
they faced some issues in identifying the source of charge-transfer
resistance and diffusion limitations. They assumed a solid electrolyte
interphase (SEI)-dominant role on the charge-transfer resistance as
consistent with the significant series-resistance increase, namely elec-
trolyte reduction led to an increased SEI layer thickness. However, from
pulse tests with different timescales (1s vs 20s), they were able to state
that ohmic and charge-transfer losses arise with the same pace of
diffusion limitations due to ageing. This latter effect is seldom investi-
gated in the scientific literature. For instance, Stiasny et al. [5] identified
diffusional limitations in aged positive electrodes without focusing on
this topic to derive a solid interpretation. However, they investigated the
ageing of commercial lithium-manganese oxide (LMO) + NMC batteries
at 60 ◦C and high voltage with electrochemical tests and post-mortem
analysis, identifying loss of active electrode material (LAM) at the pos-
itive electrode and variation of its impedance.

Even though capacity loss and resistance rise are properly investi-
gated, it is quite uncommon to investigate the performance evolution in
a wider view. Indeed, although residual capacity and resistance increase
are of paramount importance, they are not enough to describe the
operation of an aged cell, e.g., overlooking diffusion limitations that
might arise. Also, capacity and resistance are seldom the only targets at
the modelling level. For instance, Montaru et al. [6] developed a
dual-tank model to reproduce the evolution of the open-circuit voltage
(OCV) curve of a battery during calendar ageing, exploiting three pa-
rameters (electrode capacities and an offset between them) by means of
empirical correlations and a physical description of the SEI growth, to
get a reasonable prediction of the residual capacity. It also enables the
prediction of the evolution of electrode capacities and SEI parasitic
current. Li et al. [7] proposed a framework to reproduce the OCV and
impedance spectrum during ageing by parameterising a hybrid model

with a cuckoo search algorithm. In another work, Zhu et al. [8] imple-
mented the irreversible SEI growth in the pseudo-two-dimensional
(P2D) model, which enabled the reproduction of the capacity loss and
C/3 charging profiles of some cells aged with calendar ageing at 55 ◦C at
some SoC conditions. However, they focused on understanding the role
of the SEI properties rather than simulating the operation of the cells.

However, physical models could provide a more comprehensive
description of the battery state, thanks to their physical consistency.
Even though it is not very common in scientific publications [9–12],
physical models can simulate the operation of the battery under
different conditions and loads reliably, also at aged state. By performing
the parameter identification for one cell at different ageing states, it is
possible to simulate its operation and infer the origin of this effect, e.g.
one or more degradation phenomena.

As an example, Zhang et al. [11] exploited the
pseudo-two-dimensional (P2D) model with a thermal model in this way.
They cycled some cells at 50 ◦C with constant-current cycles and after a
sequence of 20 cycles, they performed two dynamic profiles at two
temperature levels as check-up tests. They identified nine important
physical parameters by reproducing the check-up data at increasing
ageing states and showed how all evidence could be correlated with the
solid electrolyte interphase (SEI) growth. They provided very interesting
insights, even though the physical origin of some parameter trends re-
mains unclear and they did not perform a validation of the results. Uddin
et al. [9] also exploited the P2D model but for a calendar ageing
campaign. However, they selected the fitting parameters in agreement
with the most likely degradation mechanisms, with the aim of verifying
the suitability of the approach rather than applying the tool to investi-
gate the state of health.

Hence, as emerges from the analysis to the best of the authors’
knowledge, there are no works in the literature exploiting the P2D
model to understand calendar ageing mechanisms, linking them with
storage conditions in a physically consistent, holistic approach. Hence,
this paper develops and applies a novel methodology, which estimates a
high-sensitivity-selected broad set of physical parameters, to a calendar
ageing campaign on commercial lithium-ion batteries, performed by
combining 12 different storage conditions. Parameter estimation ex-
ploits a sensitivity-optimised experimental protocol combining both
discharge test and EIS to ensure broad physical consistency of the
identified solution. The performance of aged cells is reproduced by
periodically solving the parameter identification problem, associating
the parameters’ evolution with classes of degradation phenomena and to
the corresponding battery component.

To avoid biasing the solution and ensure that it is eligible for ageing
diagnosis, the several points will be guaranteed:

• The number of fitting parameters should be large enough to simulate
the most relevant ageing effects on the performance;

• The selection of fitting parameters should not bias the interpretation
of the results, i.e. it should be independent of the ageing conditions;

• The results should be unique and repeatable, considering the un-
certainty of experiments and parameter identification method;

• The reliability should be verified, at least for some reference samples,
either with additional simulations or tests.

To demonstrate the validity of identified solutions, the model will
finally be applied to simulate experimental conditions outside of the
training dataset. Also, morpho-chemical ex-situ analyses will be per-
formed and combined with half-cell electrochemical measurements to
validate interpretation.

This work aims to investigate calendar ageing on commercial
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lithium-ion batteries that underwent calendar ageing. The performance
of aged cells is reproduced by solving the parameter identification
problem alongside the experimental campaign, and the parameter
evolution is associated with classes of degradation phenomena [14].

The outline of this document is as follows. First, the methodology is
described in Section 2. Then, Section 3 reports the experimental and
modelling results. In Section 4, ex-situ measurements are described, to
validate the estimation of some physical parameters.

2. Methodology

The methodology is here summarised, as schematised in Fig. 1. One
calendar ageing campaign is conducted under different conditions.
Characterisation tests are performed periodically to trace the residual
performances. Based on the data collected with characterisation tests,
the parameters of the P2D model are identified, exploiting an optimi-
sation algorithm. This procedure is followed progressively along the
degradation states, enabling drawing the evolution of the parameters.
These trends are then analysed to link them together and associate them
with likely degradation phenomena. A description of experimental ac-
tivities and modelling tools is provided in the following sections. For
additional information regarding the methodology, the reader is
referred to Ref. [13].

2.1. Experimental sample and testbench

The properties of the samples of the experimental campaigns are
listed in Table 1. The positive electrode is a blend of NMC and LMO. All
samples were brand-new. Electrolyte and binder compositions are
unknown.

The experimental testbench [16] is a custom-developed testing sta-
tion, including one power supply and two five-channel electronic loads,
resulting in eight independent testing channels, each capable of up to 80
A dynamic charge-discharge testing. The system can perform EIS. All
tests are performed in a Binder MKF 720 Eucar 6 climatic chamber. Test
temperature always refers to the setpoint of the climatic chamber.
Sample surface temperature is monitored through type K thermocou-
ples. The calendar ageing campaign is conducted in a Binder KT 53
climatic chamber. For a more detailed description, the reader is referred

to Ref. [15].

2.2. Test matrix

Three calendar ageing campaigns are carried out to investigate the
effect of storage conditions on performance fade [3,16]. In particular,
twelve cells are aged at controlled conditions, listed in Table 2. The
experimental matrix highlights the effect of the SoC and temperature.
After 150 days of storage, the campaign at 25 ◦C is stopped according to
the limited extent of degradation. On the contrary, 100 % SoC condition

Fig. 1. Logical scheme of the methodology.

Table 1
Characteristics of the experimental samples [14].

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

Table 2
Experimental matrix of the calendar ageing campaign.

Label Temperature
[◦C]

SoC [%] Duration of the campaign
[day]

Calendar 25-
100

25 100 150

Calendar 25-80 25 80 150
Calendar 25-50 25 50 150
Calendar 25-10 25 10 150
Calendar 45-
100

45 100 305

Calendar 45-80 45 80 445
Calendar 45-50 45 50 445
Calendar 45-10 45 10 445
Calendar 60-
100

60 100 70

Calendar 60-80 60 80 129
Calendar 60-50 60 50 129
Calendar 60-10 60 10 70
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at both 45 ◦C and 60 ◦C led to severe self-discharge, which forced them
to stop their tests earlier than the other SoC conditions. The campaigns
are periodically interrupted to perform characterisation tests. Two cells
underwent the same storage conditions for repeatability in the 25 ◦C and
45 ◦C cases.

2.3. Characterisation procedure

The characterisation procedure includes.

• One full discharge at 25 ◦C and C/10, considered as quasi-
equilibrium condition

• Two partial discharges performed at
o 10 ◦C, 2C, from 100 % to 50 % SoC (discharge D1)
o 25 ◦C, 1C, from 50 % SoC to the lowest voltage cut-off (discharge
D2)

• Two EISs performed at
o 10 ◦C, 100 % SoC, with 40 logarithmically-spaced frequencies
from 4 kHz to 10 mHz (EIS E1)

o 25 ◦C, 50 % SoC, with 40 logarithmically-spaced frequencies from
4 kHz to 10 mHz (EIS E2)

The full C/10 discharge is exploited to identify thermodynamic los-
ses, while the remaining tests allow for the identification of worsening of
kinetic and diffusive properties. These tests are required to identify the
physical parameters of the models, described in the next section. The
choice of this experimental protocol comes from combining limited
testing time with maximising the identifiability of the physical param-
eters [15].

2.4. Modelling tools

Two physical models are exploited to interpret experimental data,
namely an equilibrium model and P2D physical model. Parameters of
the two models are identified by means of a particle swarm optimisation
(PSO) algorithm, providing the best fit for the experimental data of the
tests of the characterisation procedure just described, in a stepwise
procedure detailed below [13]. PSO is an evolutionary algorithm with a
single objective function, which searches for the best solution to a
problem by quantifying the cost function, which is associated with
various combinations of parameters values and improving the solution
over different iterations [15,17].

The equilibrium model is applied for low C-rate discharges to iden-
tify the LLI and loss of active electrode material of the positive and
negative electrodes, namely LAMp and LAMn, by reproducing the dif-
ferential voltage curve at C/10 and 25 ◦C of the characterisation pro-
cedure described in Section 2.3. It includes open-circuit potential curves
(OCPs) of the electrodes as look-up tables as input information and
overpotentials are simulated with a single lumped resistance. LAMs are
implemented as purely delithiated. Stoichiometric operating boundaries
of the electrodes are estimated with half cell C/50 cycles in coin cell
format for a fresh sample. For an aged cell, these parameters implicitly
on the values of LLI and LAM, thus they are not included in the list of
fitting parameters. Indeed, a non-linear solver is exploited to match the
OCP curves for aged cells, taking into account the values of LAM, which
work as contraction factor for the curves, and the charge balance, which
varies with LLI. Operating boundaries are later defined as the unique
conditions which provide the maximum and minimum voltage cut-offs.

After the identification of thermodynamic parameters, a P2D
thermo-physical model [15] is applied to identify the value of a selected
set of kinetic and mass transport-related parameters, by reproducing
tests D1, D2, E1, E2 of the characterisation procedure described in
Section 2.3. The following parameters are identified along the campaign
(as described below): kinetic rate constant and solid-state lithium
diffusion of both electrodes, electrolyte conductivity, film resistance of
the negative electrode (simulating the resistance increase due to SEI

growth) and double layer capacitance of the positive electrode [19].
Double layer are implemented as an additional current density, in par-
allel to that of the electrochemical reaction, on the surface of electrode
particles, as in Ref. [18]. It depends on the capacitance (property of the
layer, constant and uniform) and the overpotential at the
electrode-electrolyte interphase. Film resistances are modelled as ohmic
0D resistance on the surface of the particles, inducing an ohmic drop at
the interphase electrode-electrolyte. EIS is modelled with the P2Dmodel
in the frequency domain to save computational time, though its simu-
lation in the time domain is possible, providing very similar results.

It is also worth reminding that kinetic and diffusion properties
depend on the battery temperature and that electrolyte conductivity and
diffusivity are linked by means of the Nernst-Einstein relation. More-
over, the P2D model is coupled with a 2D thermal model to include
battery self-heating during discharge. The domain reproduces the cross-
section of a cylindrical cell. The model includes the heat generation
inside te cell and the convection with surrounding ambient air. It draws
the temperature distribution inside the cell at each time-step, taking the
heat generation rate from the P2D model and providing back the
average temperature to the P2Dmodel. This average temperature is then
exploited to update the value of diffusive and kinetics properties. For
model details, the reader can consult [15].

The PSO-based parameters estimation procedure is a stepwise algo-
rithm, discussed in Refs. [13,15] which consists of the following steps:

1. Thermodynamic aging parameters (LLI, LAMp, LAMn) are estimated
fitting the full discharge at 25 ◦C C/10, under the assumption of
close-to-equilibrium.

2. Kinetic and mass transport parameters are estimated calibrating the
model against the two impedance spectra (E1) and (E2) simulta-
neously, by optimizing kinetic constants (kp,0, kn,0) and the double
layer capacitance of the positive electrode, Cdl,p. HFR value is
neglected, in order to only consider the charge transfer resistance.

3. Solid diffusivities (Ds,p,0,Ds,n,0) and electrolyte conductivity (σel) are
estimated calibrating the model against the partial discharges (D1)
and (D2). Being SEI layer expected to grow along the aging, its film
resistance Rfilm,n is estimated from HFR after subtracting internal
electrical circuit contributions and ionic resistance, ensuring con-
sistency beneath electrolyte conductivity and diffusivity, as already
mentioned.

4. Step 2 is slightly repeated to adjust kinetic parameters after the
estimation of mass transport and resistance parameters performed in
step 3, ensuring consistency of the identified solution.

The parameter value is reported as an optimal value and a confidence
interval. The first refers to the best fit of the parameter identification
process. In contrast, the second refers to a range of values that produce a
similar result on the characterisation tests. Role of the confidence in-
terval is thoroughly discussed in Section 3.3 under Trend of kinetic and
mass-transport parameters, where the results are presented and
commented.

2.5. Post-mortem analyses

One cell is opened at the end of the campaign for post-mortem an-
alyses in a glovebox under controlled oxygen and water vapour con-
centrations. One fresh cell is also opened to visualise the differences.
They were discharged at the minimum cut-off voltage with C/10 con-
stant current (CC) discharge and constant voltage (CV) phase down to 1
mA and left to relax at least overnight. Coin cells are fabricated with
harvested material after washing in dimethyl carbonate (DMC). Elec-
trodes of 16 mm diameter are punched from different positions of the
jelly roll. The separator is a Whatman GF/C 1822–849 of 260 μm
thickness. Separator coins are punched and let dry at 80 ◦C overnight
before being inserted in the glovebox. The electrolyte is BASF LP57,

G. Sordi et al.
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involving a 3:7 EC:EMC mixture with 1mol LiPF6 dissolved. 90 μl
electrolyte is inserted, not to limit the performance of the cell. Similarly,
lithium chips of large capacity are used.

After at least 12h after coin cell assembly, cycles are performed by
means of the Neware BTS4000-5V10mA battery testing system at 21 ◦C.
Nominal coin-cell capacity is computed by scaling the full cell capacity
over the active area. Accordingly, the C-rate is computed. The voltage
cut-off is chosen arbitrarily depending on the active material. In
particular, Graphite: between 0.01V and 1.6V, NMC + LMO (lithium-
manganese oxide): between 2.9V and 4.5V. One cycle at nominal C/20
and one at C/50 are performed, but only the latter is investigated in this
work.

EIS at 25 ◦C and different states of charge are performed for at least
one sample for each original full cell. They are performed either by
means of a Gamry Reference 3000 or Gamry Interface 5000E potentio-
stats. All cells are positioned in a thermal chamber (Binder MK 53) and
left at rest until thermal equilibrium at 25 ◦C is reached. Then, they
undergo a charge (delithiation) phase up to the maximum voltage
selected for the quasi-open circuit potential measurements. After 5h of
rest, they undergo a sequence of C/10 discharge for 30 min, relaxation
for 5h and EIS measurement until the lowest voltage cut-off is achieved.
EIS is performed at 5 % or 10 % SoC intervals. Preliminary tests are
performed to determine a suitable current amplitude. The frequency
range spans from 20 kHz to 10 mHz, with 20 points per decade.

SEM images are taken with different magnifications to identify the
size of solid particles and the presence of surficial layers. Moreover,
Energy Dispersive X-ray Spectroscopy (EDS) is applied to investigate
variations in chemical composition.

3. Results

The experimental and modelling results are described here. Due to
the large amount of data, this section is structured in this way:

• First, capacity loss evolution is shown as an overview of the effect of
the operating conditions.

• Second, an in-depth analysis of one sample is provided, in particular:
o Evolution of the quasi-equilibrium discharge upon cycles with
model simulations.

o Evolution of high C-rate discharges and EIS with model
simulations.

o Proposal of physical interpretation of results.
• Lastly, a comparison of physical parameters’ trends among different
samples is provided to highlight the effect of temperature and state of
charge.

3.1. Capacity loss

The capacity loss Qloss evolution of all the cells is displayed in Fig. 2a
(panel a: ageing at 60 ◦C and 25 ◦C, panel b: ageing at 45 ◦C), computed
as

Qloss =
QBOL − Qact

Qnom
(1)

where QBOL, Qact and Qnom are the measured capacity at begin of life
(BOL), the one at a certain ageing state and the nominal capacity from
the datasheet, respectively. Different colours identify different SoCs,
whereas different markers and line styles refer to different temperatures.
It is possible to state how both high temperatures and high SoCs trigger a
faster degradation, as expected [1,3]. To enable a quantitative analysis
of the aging trends and to identify the proper time dependence, three
fitting approaches were investigated: namely, a linear fit with zero
intercept, a square root of time with zero intercept and a linear fit
excluding the first point (null capacity loss at the beginning) and
considering the y-intercept as a fitting parameter. The charts with
measured data and fitting lines for the first two methods are reported for
brevity in Figure S1 of the Supplementary Materials associated with this

Fig. 2. Capacity loss evolution vs time of all cells. Solid lines for “linear fit neglecting the first point” fitting strategy, markers for experimental data. a) Ageing test at
25 ◦C (triangles) and 60 ◦C (squares), b) ageing test at 45 ◦C (circles).

G. Sordi et al.
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manuscript, while the third case is directly shown in Fig. 2 (solid lines).
The development of a capacity loss model is out of scope for this work.
The results of the fitting analysis are reported in Table 3. R2 is exploited
as an indicator of the reliability of the fitting method.

The first two approaches are inspired by literature [3,4,16]. The
linear function provides superior performance (i.e. larger R2) at 60 ◦C,
where the trends look linear (see Figure S1a of the Supplementary Ma-
terials), while the square root function works better at 45 ◦C, where
there is a clear flattening after the steep loss at the beginning of the
campaign (Figure S1b of the Supplementary Materials). On the contrary,
the third way looks universal and outperforms in all the conditions. At
60 ◦C, the improvement for R2 is limited with respect to the linear fit
since the slope varies little between the two cases. Anyway, the degree of
freedom of the intercept provides more flexibility, especially at extreme
SoCs where the linear function shows a low R2. It is also comparable to
or better than the square root function at 45 ◦C, where the initial step is
absorbed in the intercept value. The last approach the best fit and is
considered in the following section. A possible explanation for the
meaning of the intercept will be provided in the next section, exploiting
physical models. Regarding the slopes, there is a proportionality be-
tween the SoC and the magnitude of the coefficient. Similarly, higher
temperatures lead to larger coefficients at a prescribed SoC, as expected.
Nevertheless, it is not possible to identify a single scaling factor due to
neither SoC nor temperature dependence. In general, it is possible to
state that at high SoC, the capacity loss rate at least doubles between
45 ◦C and 60 ◦C.

In the next sections, a more in-depth analysis is conducted by
exploiting data from check-up procedures and physical models, covering
thermodynamic, kinetic and mass-transport phenomena.

3.2. Thermodynamic analysis

Evolution of DV The analysis of the thermodynamic behaviour is
presented here through the differential voltage (DV) over a full C/10
discharge. The nomenclature of the main peaks and valleys is reported in
Figure S1 of the Supplementary Materials for the fresh state. In the
following, the data regarding the sample that was stored at 45 ◦C and 80
% SoC are presented as an example. Indeed, this sample experienced
significant degradation and was included in the validation campaign
(Section 4). Moreover, all the cells show similar trends, though at
different rates; thus, they are representative of a general calendar-aged
cell.

Fig. 3a shows the discharge curve at C/10 and 25 ◦C at various ageing

states in dashed lines, reflecting the capacity loss trend already dis-
cussed. For a deeper view, Fig. 3b refers to the corresponding differential
voltage curve. Three main trends are identified:

• The low SoC peak (F3) related to graphite shifts to the left.
• Peak F2 shifts to the left, too, almost splitting into two peaks in the
last measurements. However, its movement looks slower than that of
peak F3.

• The valley at 0.25Ah and the following peak F1 shrinks a bit.

The PSO algorithm is applied to identify the set of thermodynamic
parameters that best reproduce the experimental data. The simulations
are reported in full lines in Fig. 3a–b, and root-mean squared errors
(RMSEs) between experimental and simulated discharge curves are re-
ported in Table 4. The model shows satisfactory agreement with the
experiments, aligning the relevant peaks and valleys properly, resulting
in RMSE values always within 1 mV and 8 mV. Thus, it is worth inves-
tigating the trends of physical parameters that are associated with this
result.

Thermodynamic parameters evolution Evolution of the physical
parameters over time is showed in Fig. 4a. First, clear trends emerge
despite confidence bands (explained in Section 2.4). There is a clear
growth of LLI, which is almost linear in time after an initial large growth
in the first 35 days. A steep growth of LAMn is estimated in the first 100
days, which then stabilises at ⁓8 %. Lastly, LAMp also grows linearly.

LAMn is characterised by a similar trend in all the tested cells in all
the operating conditions, as already discussed in the low-temperature
charging campaign on the same cell type. This trend is verified with a
charge-based method in Section S3 of the Supplementary Materials. This
fast increase followed by a flattening is interpreted as a stabilisation
process of the material, which might have needed some further activa-
tion cycles which were not part of the initial characterisation procedure.

On the other hand, LAMp in a calendar ageing campaign can be
associated with transition metal dissolution, cathode electrolyte inter-
phase growth (CEI) or cation mixing, promoted by long storage time at
high temperature and voltage [20–23]. Lastly, LLI can be linked to at
least two terms: the loss of cyclable lithium due to side reactions with the
electrolyte, which may form surface layers like SEI, and the lithium loss
due to active site loss in the electrodes [1,23–26]. Indeed, as explained
in Section 2.4, LAMs are implemented as purely delithiated in the model
and lithiated LAM is considered a suitable superposition of LLI and
delithiated LAM. In calendar ageing, a reasonable assumption is allowed
regarding the lithiation level in the electrodes when LAM occurs, related
to the condition of storage.

Fig. 4b reports the bar chart with the share of lithium loss due to
lithiated positive and negative LAM (blue and red bars, respectively) and
the remaining amount, which can be associated with side reactions with
the electrolyte. Lithiation levels in the electrodes are estimated for the
fresh cell and kept equal for the aged cell. For simplicity, a storage SoC
equal to 5 % lower than the nominal one is considered to take the
electrode slippage due to lithium loss into account. Lithiated LAMn is
almost constant due to a constant LAMn. The cell stored at 80 % SoC has
a significant lithiation level in graphite, inducing a 5 % lithium loss. Its
relative share is significant at the beginning, while it decreases along the
campaign. The contribution of the positive electrode is linear over time
as LAMp, and it becomes the largest part of the last stages. The sum of
both terms always exceeds 50 % of the total lithium loss. The portion
that is associated with the electrolyte side reactions has a linear trend,
but in the first stages, it is negative. This is unphysical and can be
associated with a few reasons. The lithiation level in the positive elec-
trode was assumed since positive electrode half-cells are not cycled until
the fully delithiated condition. A lower lithiation degree can be
reasonable. Second, the estimation of LAMs is uncertain. For instance,
LAMn after 34 days of calendar ageing is lower than after 22 days, which
is also unphysical. This variability translates into uncertainty regarding
the corresponding lithium loss contribution. Lastly, phenomena like

Table 3
Fitting of capacity loss trends for the calendar ageing campaign. “Coeff” for
coefficient, “Interc” refers to the intercept with the y-axis. Coefficients in day− 1

and day− 0.5for linear and square root fits, respectively.

Cell Linear fit Square root fit Linear (neglect the first
point)

Coeff R2 Coeff R2 Coeff Interc R2

45 ◦C, 100 %
SoC

0.061 0.945 0.598 0.750 0.056 0.177 0.963

45 ◦C, 80 %
SoC

0.044 0.839 0.702 0.965 0.033 2.788 0.964

45 ◦C, 50 %
SoC

0.034 0.875 0.550 0.953 0.026 2.010 0.979

45 ◦C, 10 %
SoC

0.015 0.663 0.250 0.896 0.011 1.176 0.808

60 ◦C, 100 %
SoC

0.101 0.922 0.689 0.703 0.137 − 1.843 0.978

60 ◦C, 80 %
SoC

0.123 0.985 1.081 0.910 0.112 0.876 0.989

60 ◦C, 50 %
SoC

0.075 0.897 0.668 0.912 0.060 1.167 0.896

60 ◦C, 10 %
SoC

0.010 0.807 0.071 0.633 0.015 − 0.218 0.842
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anode overhang cannot be excluded from this analysis. Overall, this
analysis is not exactly quantitative, but it highlights the significant role
of LAMs. Moreover, the lithiated LAMp trend is not as steep as the term
associated with electrolyte consumption. Thus, it is possible to predict a
larger share of side reactions, e.g. SEI growth, over the total lithium loss
if the campaign is further pursued. Lastly, it is possible to associate the
initial large capacity loss, observed in Section 3.1, with the contribution
of lithiated LAMn.

3.3. Kinetics and mass transport

Experimental trends The operation of the cell in the different
characterisation tests is reported at various ageing states in Fig. 5. As
described in Section 0, the measurements include two EIS measurements
and two partial discharges. Fig. 4a shows a significant increase in the
high-frequency intercept with the x-axis (or high-frequency resistance,
HFR). In the last stages, a variation of around 30 % is detected. More-
over, an increase in the kinetic loop is also present. Fig. 5b shows that at
least one reaction is shifting towards a lower frequency, thus widening
the magnitude of the semicircle. No difference is present for frequencies
larger than 100Hz and lower than 1Hz.

These trends become more significant in Fig. 5c–d (i.e. at lower
temperatures and higher SoC). The evolution of the spectrum is much
stronger. The minimum after the kinetic loop is not present anymore,
and the value of the impedance steadily increases with the calendar’s
time. The separation between kinetic and diffusive regions becomes
indistinguishable. Moreover, the frequency of the phenomenon is lower
and affects the diffusive area, too.

Fig. 5e–f shows the behaviour during discharge. In Fig. 5f, the ca-
pacity reduction and an increase of the overpotentials are detected.
Furthermore, Fig. 5e shows a particular profile. In the first seconds, a
linear decrease of voltage is observed until it forms a plateau. A model is
required to understand the physics behind this phenomenon. However,
the plateau may be associated with a large temperature increase inside
the cell, which counterbalances the large overpotentials of the first part.
The losses are so large that the voltage approaches the minimum voltage

cut-off at SoC 50 %.
Modelling results The parameter identification procedure

explained in Section 2.4 is applied here to identify the set of parameters
reproducing the experimental trends. The simulations of the tests
belonging to the characterisation procedure are reported in full lines in
Fig. 5. To quantify the reliability of the simulations, RMSE values are
reported in Table 5. The simulations of both impedance spectra
(Fig. 5a–b for EIS measurement E1, Fig. 5c–d for E2) are consistent. The
shift of the HFR, the growth of the loop and the decrease of its charac-
teristic frequency are well reproduced. In the last stages, the model
underestimates the further shift towards low frequency, but there is a
general and strong agreement both in frequency and magnitude. In the
2C 10 ◦C discharge (Fig. 5e, discharge D1), the model follows the main
trends, with the increasing losses and the flattening of the curve. How-
ever, in the last stage of degradation, the losses are underestimated. This
is a consequence of the multiple constraints of the parameter identifi-
cation procedure. Indeed, the 1C 25 ◦C (Fig. 5f, discharge D2) is
reproduced in a satisfactory way. Additional losses in Fig. 5e would
translate into excessive losses in this case. The model simulates both the
reduction of the extractable capacity and the increase in losses. Results
are considered satisfactorily under both a qualitative and quantitative
point of view.

Trend of kinetic and mass-transport parameters The simulations
of the characterisation tests are satisfactory. Therefore, the corre-
sponding evolution of physical parameters is exploited to derive the
interpretation. Trends of physical parameters are reported in Fig. 6.
Electrolyte conductivity (Fig. 6a) decreases almost linearly over time. Its
trend is responsible for a relevant portion of losses in the discharge, as
well as an increase of the HFR value and of the impedance around 10Hz.
Its trend is quite defined (little confidence band). This trend is consistent
with a decomposition of the electrolyte, driven by high voltage and
temperature, forming either gasses or SEI [1,4]. In this regard, it is worth
noting that the negative film resistance (Fig. 6g) also linearly increases
over time, but this trend is not so clear for all the cells that underwent
calendar ageing.

Positive electrode kinetic parameters are slightly affected by storage.
The kinetic rate constant (Fig. 6e) decreases linearly, while the capaci-
tance of the double layer (Fig. 6b) shows a noisy trend, slightly growing
on average. These parameters mimic the evolution of EIS. Indeed, the
kinetics of the negative electrode is quite constant (Fig. 6f). Its value lies
always in the confidence band of the fresh cell. Moreover, due to the
separation of the kinetic loop into two separate entities, its value be-
comes more defined (lower width of the confidence band) along the
campaign. The algorithm associates the mid-high frequency loop to the
negative electrode charge transfer and the mid-low to the positive
electrode. This situation comes from the assumption of constant double-
layer capacitance on the surface of graphite, which is discussed in Sec-
tion S3 of the Supplementary Materials, taking into account the

Fig. 3. Experimental (dashed lines) and modelled (full lines). a) Discharge curve and b) differential voltage of the cell stored at 45 ◦C and 80 % SoC at various
check-ups.

Table 4
RMSE values for C/10 discharge curves simulations.

Ageing RMSE [mV]

Begin-of-life 2.7
22 days 3.1
49 days 7.6
133 days 2.9
247 days 4.1
358 days 5.2
455 days 1.9
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impedance of half cells of fresh and aged materials. Here, it is clear that
the impedance of the negative electrode is almost unchanged despite
calendar ageing, while the positive electrode impedance has some dif-
ferences. This assumption induces the constant trend of the kinetic
constant since the mid-high frequency part of the experimental EIS is
constant.

Lastly, lithium solid-state diffusivity into the positive electrode
(Fig. 6c) has a decreasing trend. The algorithm identifies this parameter
as responsible for the flattening of the voltage of the 2C discharge at
10 ◦C. Its evolution is stronger at the beginning and then stabilises.

On the contrary, the property of the negative electrode has a growing
trend (Fig. 6d), by more than one order of magnitude. This trend is not
discussed in the literature to the best of the authors’ knowledge. One
possibility refers to a lower dimension of the particles. For instance,
particle cracking occurs, improving lithium diffusion in the solid state,
thus reducing the mass transport limitations and the corresponding
overpotentials, which are important in the final stage of the discharge,
where graphite is almost delithiated. This trend was already discussed in
Ref. [14], linking its trend with the evolution of LAMn and of the re-
sidual capacity at 1C. The reader is referred to this work for additional
information.

Before the physical interpretation of the parameters trend, it is worth
discussing the confidence bands, which result quite large in some

conditions. It is meaningful to trace this range to assess the relevance of
a parameter variation due to ageing. If there is a clear evolution of the
range, it means that degradation and this parameter are linked.

However, the capability of the P2Dmodel to reproduce experimental
curves are challenged at more and more aged states, and so the identi-
fication of physical parameters, resulting in a broad band. Moreover, it is
worth underlying how the input data are relatively little to save on
testing time, but negatively affecting the parameter identification pro-
cess which would benefit from additional data.

Anyway, large bands appear when the parameter has a relatively
high value and this does not affect the reliability of the analysis signif-
icantly. This is the case of solid diffusivities. Indeed, in the P2D model
the effect of solid diffusivities becomes relevant when they assume
relatively low values, meaning that, taking into account the character-
istic radius of the solid particles, their value is low enough to induce
concentration gradients in the electrode particles, which turn into po-
tential gradients. When solid diffusivity value is relatively high, solid-
state diffusion is not slow enough to affect the discharge curve at a
significant extent. In this condition, the exact determination of solid
diffusivities become more challenging, since their effect is poorly
detectable. This is the reason why its confidence band becomes so wide
at increasingly aged states: even a variation by one order of magnitude
or more is not affecting the solution.

Fig. 4. a) Trend of the thermodynamic parameters and b) shares of lithium loss of the cell stored at 45 ◦C and 80 % SoC.
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Lastly, the representation with tolerance bands do not show the
distribution of the solutions. It is enough that only one solution (out of
tens in the 5 % tolerance window) shows one extreme value so that the
tolerance band must include that value, even though it looks like an
outlier. The tool works in this way for the sake of simplicity and
universality.

3.4. Physical interpretation of the modelling results

The analysis of the experimental trends with the support of the model
identifies unexpected trends for the parameters of the negative elec-
trode, namely a steep increase of LAMn followed by a plateau and a

strong increase of its solid-state diffusivity. These trends, shared by all
the cells disregarding the operating conditions, are associated with a
stabilisation of the electrode-like particle cracking, which involves the
loss of part of the active material on one side and the reduction of the
characteristic length for lithium diffusion on the other.

DV analysis highlighted a significant LLI. Its chart shows an initial
step, followed by a linear increase in storage time. The first drop might
be associated with a lithiated LAMn, while the following evolution is a
combination of lithiated LAMp and lithium loss due to side reactions
with the electrolyte. A relevant fraction can be associated with the loss
of the positive electrode, which is also linear in time. The remaining part
of lithium loss is assumed to have undergone side reactions, increasing
the thickness of the SEI [1,23–26].

Applying the parameter identification procedure on high C-rate
discharge and EIS allows a linear decrease of the electrolyte and a
simultaneous increase of the film resistance. Both trends can be corre-
lated with the LLI and the electrolyte’s decomposition forming SEI [3,4,
23].

The formation of a second kinetic loop in the EIS spectrum is
reproduced with a worsening of the kinetics of the positive electrode
reaction. At the same time, an important decrease in the solid-state
diffusivity of the same electrode is estimated. The combined evolution
of these parameters is not commonly discussed in the literature. Stiasny
et al. [5] identified diffusional limitations in aged positive electrodes
without providing a solid interpretation. Worsening of the kinetics of the

Fig. 5. Experimental (dashed lines) and corresponding simulations (full lines) measurements belonging to the check-up procedure for the cell stored at 45 ◦C and 80
% SoC: (a–b) Nyquist and Bode plot of the imaginary component of the impedance E1, recorded at 50 % SoC and 25 ◦C; (c–d) Nyquist and Bode plot of the imaginary
component of the impedance E2, recorded at 100 % SoC and 10 ◦C; (e) discharge D1 at 10 ◦C 2C, from 100 % to 50 % SoC; (f) discharge D2 at 25 ◦C 1C, from 50 %
SoC to the minimum voltage level. Legend in subfigure (e).

Table 5
RMSE values for EIS and high C-rate discharge simulations, belonging to the
characterisation procedure.

Ageing state E1 [mΩ] E2 [mΩ] D1 [mV] D2 [mV]

Real Imag Real Imag

BOL 0.5 1.3 1.5 1.6 29.4 5.9
49 days 0.7 1.3 1.7 1.3 17.5 62.6
94 days 0.9 1.1 2.0 1.6 33.8 15.1
191 days 0.6 0.7 4.2 1.7 26.6 42.9
247 days 0.7 0.9 4.8 2.7 55.4 53.6
358 days 0.8 1.0 3.9 2.4 63.5 40.9
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electrode was also observed in previous works, providing different
classes of phenomena without a clear validation [20,23]. Possible
degradation mechanisms are transition metal dissolution and CEI
growth.

3.5. Effect of storage temperature and SoC

The role of storage conditions, e.g. temperature and SoC, are now
investigated by comparing these results (storage at 45 ◦C and 85 % SoC)
with that of the other two cells, namely:

• The cell that was stored at 60 ◦C and 80 % SoC, to highlight the role
of temperature.

• The cell that was stored at 45 ◦C and 50 % SoC, to highlight the role
of SoC.

We avoided 10 % SoC since the degradation rate is much lower and
the cells seem close to a fresh state. On the contrary, all cells stored at
100 % at both temperatures experienced a significant self-discharge,
which inhibits their extensive investigation.

Effect of storage temperature The most important trends are re-
ported in Fig. 7. LLI is larger for higher temperatures, consistently with
SEI growth and the formation of gases, which are promoted by high
temperatures [1,23]. Its trend is similar to the capacity loss. The increase
of LAMp (Fig. 7a) is favoured by high temperature, too. The voltage
threshold of stability of layered oxides decreases as ambient tempera-
ture increases. Thus, this trend is consistent [23]. Furthermore, elec-
trolyte conductivity (Fig. 7b) is observed to decrease faster at high
temperatures. This trend is again consistent with a faster consumption of
electrolytes [1,23]. The last two trends are less straightforward. The rate

Fig. 6. Trend of the physical parameters over time with uncertainty bands: a) electrolyte conductivity factor, b) positive electrode double layer capacitance, kinetic
rate constant of c) positive and d) negative electrodes, solid-state diffusivity of e) positive and f) negative electrodes, g) negative electrode film resistance.
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of decrease of the kinetic constant of the positive electrode is slightly
larger at 60 ◦C than at 45 ◦C (Fig. 7c). This is consistent with the evo-
lution of EIS, which appears to be poorly affected by storage in general.
Lastly, film resistance shows some noise (Fig. 7d). It appears to be larger
than the corresponding value for 45 ◦C storage, but its trend is not
clearly defined.

All these trends are confirmed if the comparison is performed

between storage at 50% SoC at 45 ◦C and 60 ◦C. In particular, the kinetic
rate constants are separated and the evolution of film resistance is
monotonic, with a larger drop at 60 ◦C. Overall, temperature affects the
growth of the SEI, with multiple effects on the lithium inventory, the
electrolyte conductivity and the film resistance. Moreover, the degra-
dation of the positive electrode is accelerated, too.

Effect of storage SoC The most interesting parameter evolution

Fig. 7. Effect of temperature (a–d) and SoC (e–h) on storage. Trend of some physical parameters over time for storage 80 % SoC at 45 ◦C (blue curves), 80 % SoC at
60 ◦C (yellow) and 50 % SoC and 45 ◦C (red), with uncertainty bands: a) and e) loss of active positive electrode material; b) and f) electrolyte conductivity factor; c)
and g) kinetic rate constant of the positive electrode; d) and h) film resistance of the negative electrode. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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related to the effect of the SoC is depicted in Fig. 7e–h. It is worth un-
derstanding how LAMp does not vary if the storage SoC is changed be-
tween 80 % and 50 % (Fig. 7e). This result is unexpected, but the same
conclusion is derived if the same comparison is performed between 80%
and 50 % at 60 ◦C (not shown for brevity). Similarly, electrolyte con-
ductivity follows the same linear trend despite graphite being expected
to operate on two different stages: the first plateau for the cell at 80 %
SoC and the second for 50 % SoC. Again, the same result is derived for
the couple at 60 ◦C. The effect of SoC is also negligible on the kinetics of
the positive electrode reaction, whose kinetic constant is reported as an
example in Fig. 7g. The only difference occurs in film resistance
(Fig. 7h). However, the cells share the same trend at the beginning,
while they differ at the end, where the electrolyte conductivity slightly
changes. As already stated in Section 3.3, the model underestimated the
losses in the last stages of the cell at 80 % SoC. As a result, this difference
in film resistance is likely to be negligible since the experimental
impedance is quite similar between the two samples. At 60 ◦C, this trend
is noisy, but the values are quite close.

In conclusion, there is no significant difference between storage at
50 % or 80%, neither at 45 ◦C nor at 60 ◦C, other than additional lithium
loss. However, it is noteworthy that 100% of SoC leads to self-discharge,
while 10 % shows very little degradation. It is, therefore, possible to
state that there is a beneficial effect in exploiting a low SoC of storage,
although this effect is not linear with SoC.

4. Validation of the results

One fresh cell and one aged cell (aged at 45 ◦C, 80 % SoC) were
opened in the inert environment as described in Section 2.5 to perform
ex-situ analyses that can verify the interpretation of degradation. Pic-
tures of portions of the jelly roll are reported in Figure S.5 of the Sup-
plementary Materials. In particular, the separator looks yellowish,
suggesting degradation of the electrolyte. Harvested materials are then
exploited to perform post-mortem analyses.

4.1. Validation of thermodynamic parameters with half-cells

Half-cell Quasi-OCP Half-cells of harvested materials are cycled to

validate the value of thermodynamic parameters. First, the investigation
of half-cell cycles is performed. Fig. 8 shows the DV plots of both lith-
iation and delithiation phases of positive (leften sub-figures) and nega-
tive (righten) electrodes for harvested material from the fresh and aged
samples. Some half-cells are reported for all the cases. 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. Interme-
diate intensity is needed for intermediate positions along the role. DV is
chosen because it magnifies the voltage trend while showing capacity
variations. From left to right, voltage decreases (i.e., lithium concen-
tration in the material increases): lithiation and delithiation processes
are reported in red and blue, respectively.

First, the two phases have different capacity values, possibly related
to a slight self-discharge. This difference is in the order of 3–4%. The
cell-to-cell variability in the same phase has a maximum of 5 % and 5.5
% of capacity retention in discharge and charge, respectively. If plotted
against a normalised charge value, all curves overlap, showing a good
reproducibility of the measurement. The shape of the curves highlights
the phase transitions of LMO and NMC materials, as reported in
Figure S.1 of the Supplementary Materials.

The same data are presented for five coin-cells of graphite. The cell-
to-cell variability of capacity is 7 % at maximum for both phases, but all
the curves almost overlap if they are represented against the normalised
charge. No significant difference between the discharge and charge
phase is evident, consistent with a self-discharge mechanism, since
NMC + LMO cells work at significantly higher voltage levels with
respect to graphite ones. The curves show a hysteresis (e.g. the shape of
the peak around 3.5mAh and around 6.5mAh). The staging behaviour of
graphite is easily identified.

For the aged positive electrode, the shape is preserved, but the
amount of exchanged charge is variable. The cell-to-cell variability of
exchanged capacity is estimated to be within 7 %, exploiting eight coin
cells each. Regarding negative electrodes, the shape is preserved,
together with the hysteresis between lithiation and delithiation phases.
The variability of exchanged charge between half-cells of the same
original cell is estimated within 14.4 % over 11 half-cells each. 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

Fig. 8. C/50 lithiation (red curves) and delithiation (blue) DV curves of positive (leften subfigures) and negative electrodes (righten subfigures) of the fresh cell (a–b)
and aged cell (c–d), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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comparable with that of the fresh cell, indicating a narrow level of
degradation of the electrodes.

These charts can be represented in relative terms, scaling the DV to
the extractable capacity of the half cell. Such manipulation enables the
verification of the stability of the OCP curve towards ageing, which is a
paramount assumption of the equilibrium model: OCP curves can be
stretched and shifted with respect to the other electrode, but the shape
(i.e. the relation between the lithium content in the material and the
corresponding electric potential) does not change due to degradation.
Moreover, it is of particular interest for the positive electrode: if the OCP
curve has little variation, the degradation that LMO and NMC experience
is similar. Thus, it enables the model of the blended electrode to be a
single equivalent material. The normalised plot for one half-cell of
positive and negative electrode is reported in Figure S.6 of the Supple-
mentary Materials.

Estimation of half-cell LAM LAM can be estimated from the ca-
pacity retention of half-cells. As a matter of fact, coin cells of harvested
aged material have the same geometrical dimensions as a coin cell with
fresh material. Considering the large excess of lithium corresponding to
the lithium counter electrode, a variation of capacity can be related to a
decreased acceptability of lithium in the host structure. However, the
variability between coin cells is taken into account to avoid mistaking,
including this effect in the estimation of LAM. To overcome this prob-
lem, the specific capacity is computed. The weight of the single-coated
current collector (i.e. one layer of electrode over the total thickness of
the current collector foil) is measured experimentally before coin cell
assembly. The current collector alone is measured, too, at the uncoated
parts at the edges of the roll. The following formula is later applied to
estimate the electrode-only mass mel.

mel =mel+cuc − Acoin • Lcuc • ρcuc (2)

where mel+cuc is the measured weight of electrode coating and current
collector together, Acoin the area of the coin cell, Lcuc the thickness of the
uncoated current collector and ρcuc the density of current collectors
material (copper and aluminium, respectively, at negative and positive
electrodes). The half-cell capacities are plotted against the electrode
mass in Figure S.7 of the Supplementary Materials. The scattered data
can be ordered with a linear fit (dashed lines), passing through the origin
of the axes. The slope of the fitting line is the specific capacity. Finally,
the LAM of the electrode i (positive or negative) of the cell j is estimated
by comparing the slopes of the fitting line with that of the fresh cell as

LAMi,j =1 −
Qms,i,j

Qms,i,fresh
(3)

where Qms,i,j is the specific capacity of the aged electrode and Qms,i,fresh
the corresponding value for the fresh cell.

The results are provided in Table 6. For the results of the algorithm,
the extreme values of the confidence bands are also reported. Interest-
ingly, the estimation of LAMp lies within the interval that is identified by
the algorithm. On the contrary, LAMn has a variability, where the al-
gorithm overestimates the loss. However, considering the experimental
datum’s accuracy and possible variations due to the cleaning procedure
before coin cell assembly (Section 2.5), the results are considered
satisfactory.

4.2. Validation of the interpretation through imaging and EDS

Negative electrode Lastly, SEM images and compositional analyses
are performed using the techniques described in Section 2.5. Two SEM
magnifications (1000x and 5000x) are reported for both fresh and aged
samples for comparison in Fig. 9. In Fig. 9a–b, the electrode structure
looks quite rich in solid bulky particles in the order of 10 μm of radius.
This is consistent with the high-energy design, which aims at max-
imising the solid material part. Fig. 9c does not show major effects on
particle size and shape for the aged cell, but an interesting semi-
transparent layer covering all the particles and some white spots.
These features are further magnified in Fig. 9d. EDS analysis is carried
out in parallel (Table 7). The fresh sample shows a large presence of
carbon, with a 5 % fraction of oxygen, as expected. Differently, the aged
sample is associated with a lower relative share of graphite, which is
replaced by a significantly larger oxygen content (19.5 % vs 5.6 % of the
fresh cell in Table 7) and a slightly higher fluorine share. Comparing this
result with the literature [8,27], these features can be reliably associated
with the growth of SEI, which grows widely and uniformly thanks to the
simple storage ageing that is undergone [9,23]. This finding supports the
trends of LLI and electrolyte conductivity factor and their interpretation.

The white spots are investigated with a dedicated chemical analysis
that is restricted to the surrounding area. The results are reported as
“Aged negative (white spot)” in Table 7. With respect to the average
analysis, there is a great drop in carbon content and a growth of oxygen,
together with the transition metal of the positive electrode, namely Ni,
Co, Mn, in a similar atomic ratio as observed in the positive electrode
composition (discussed in the following paragraphs). It is very clear that
this spot is an agglomerate of NMC powder. It would appear that some
crossover of positive electrode material has occurred. However, this
characteristic is not considered reliable since it is not possible to ensure
that no contamination between samples has occurred during the posi-
tioning of the instrument.

Positive electrode Two SEM magnifications are reported for each
sample. Fig. 9e–f highlights the presence of two types of microstructures:
one bulky particle in the order of 8 μm by diameter and one of ⁓1 μm.
However, a deeper view (Figure S.8b) in the Supplementary Materials
indicates that the first class is composed of a dense cluster of particles of
the second type. We can conclude that there are large secondary parti-
cles and small primary particles of the same type. Moreover, chemical
analysis underlines that there is no difference in composition between
bigger and smaller particles since the manganese content (Figure S.8c of
the Supplementary Materials) does not show inhomogeneities between
the big particles and the surrounding smaller ones. This finding is of
particular interest since it suggests that modelling the blended electrode
with only one characteristic dimension can be a viable approach.

Neither in the large view (Fig. 9g) nor in the zoomed one (Fig. 9h) the
material of the aged cell shows major differences with respect to the
fresh electrode. Neither surface modifications nor surface layers are
visible. The chemical composition is outlined in Table 7. The chemistry
seems to be a blend of NMC 532 together with LMO. The carbon share
can be associated with conductive additives like acetylene black. The
chemical analysis of the aged sample confirms that similar elements
were shared with respect to the fresh material. We can conclude that
chemical degradation is negligible.

4.3. Final remarks of the validation activity

The interpretation of degradation is verified through some tech-
niques 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 enabled the verification of the LAM value at the end of the
campaign by estimating the specific capacity of the aged material and
scaling it to the value of the fresh cell. Considering the uncertainty, the
experimental value is close enough to the model value, supporting the

Table 6
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.

Property Exp Min Optimal Max

LAMp 7.0 % 6.8 % 7.8 % 9.9 %
LAMn 6.6 % 8.2 % 9.1 % 10.9 %
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thermodynamic analysis. The flattening of LAMn is further investigated
by means of a charge-based method on the differential voltage curve,
and the results show a good agreement. Lastly, morphological and
chemical analyses are reported. Aged cells show a surficial layer and
excess oxygen, which can be related to a thick SEI. Moreover, the
separator is yellowish, suggesting a significant decomposition of the

electrolyte. This evidence supports the occurrence of SEI growth and the
trends of LLI, electrolyte conductivity and film resistance. No deterio-
ration of the positive electrode is detected at a significant extent, rather
than a moderate LAM and a variation of its impedance.

Fig. 9. SEM images of fresh and aged electrodes at 1000x (leften subfigures) and 5000x (righten) magnifications. Lens type in the legend under the subfigures.
Negative fresh (subfigures a-b), negative aged (c–d), positive fresh (e–f) and positive aged (g–h).

Table 7
Chemical composition by atomic mass. If not specified, quantities are averages over ⁓1mm2 areas. Elements associated with very low shares are neglected to improve
readability.

Original cells Element atomic fraction [%]

C O F Al P Mn Co Ni Cu

Fresh negative 91.12 5.65 2.67 0 0.35 0 0 0 0.16
Aged negative 75.99 19.51 3.38 0.03 0.71 0.06 0 0.03 0.17
Aged negative (white spot) 28.76 49.82 0 0.25 0.1 6.11 3.99 10.3 0.68
Fresh positive 42.04 31.43 14.27 0.12 0.33 4.45 2.1 5.26 0
Aged positive 41 28.5 16.4 0.1 0.5 5.02 2.41 6 0
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5. Conclusions

In our experimental campaign exploring calendar ageing, we inves-
tigated the impact of temperature and state of charge on the battery
performance during operation. This investigation, focusing on a key
reference case, has underscored the significant role of high temperature
and state of charge in accelerating lithium inventory loss. Additionally,
we observed substantial electrolyte consumption across various condi-
tions, directly correlating with low battery efficiency under high C-rate
operations. This phenomenon is predominantly attributed to gas release
or SEI growth, further complicating battery longevity.

Our analysis reveals that SEI formation is notably exacerbated at
high temperatures, leading to a faster lithium loss, a rapid decline in
conductivity, and an increase in film resistance. Similarly, degradation
of the positive electrode is significantly accelerated under these condi-
tions, primarily due to loss of active material, diffusion limitations, and
slightly compromised kinetics, all of which contribute to overall battery
inefficiency. Despite minor variations observed between 50 % and 80 %
SoC during storage, our subsequent verification through additional
measurements and post-mortem analyses solidified our initial findings:

• The determination of thermodynamic parameters was consistent
with predictions made from half-cell cycling, affirming the reliability
of our methodological approach.

• SEM and EDS analyses confirmed the formation of a uniform and
thick SEI layer, corroborating with observed reductions in lithium
inventory loss and electrolyte conductivity, further validating our
findings.

• Impedance spectroscopy variations were attributed to the positive
electrode. Considering that minimal changes are detected in the
chemical composition of the positive electrode, it suggests that
chemical mechanisms like transition metal dissolution or cation
mixing occurred to a limited extent. CEI growth could explain these
effects.

Our research conclusively demonstrates the robustness and reli-
ability of our methodology in analysing and interpreting battery
degradation mechanisms. The application of physical models proved to
be a suitable tool for diagnostic purposes, being able to simulate the
most important degradation effects on performance and relate them to
the most likely degradation phenomena. The consistency of the results
has been verified against post-mortem analyses with successful results.

This study not only provides insightful revelations into the complex
interplay between operational conditions and battery longevity but also
establishes a solid foundation for future explorations aimed at
enhancing battery performance and lifespan.
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