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ARTICLE INFO ABSTRACT

Keywords: The estimation of the state of health (SoH) of a lithium-ion battery is still a hot topic in the scientific research.
Lithium-ion battery This publication deals with the combined use of optimized tests, also involving impedance spectroscopy, and
Degradation

physical models to investigate lithium-ion batteries degradation. As a case study, this method is firstly applied on
a low-temperature charging degradation campaign, in order to expectedly generate a lithium plating-dominated
ageing state. Degradation tests, performed under previously selected combinations of operating conditions, are
performed down to 75 % SoH on commercial samples, determining severe ageing rate up to 1.5 % capacity loss
per equivalent full cycle. The proposed interpretation methodology identifies the ageing to be dominated by the
loss of lithium inventory, consistently with the expected degradation mechanism. Large electrolyte consumption
is also detected, which induces a strongly anisotropic utilization of the electrodes during discharge, as confirmed
by pseudo-two-dimensional (P2D) model simulations. This activity contributes to verify the reliability of the
methodology, elucidate the effect of lithium plating on the performance and underline the effect of the operating
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Lithium plating

Electrochemical Impedance Spectroscopy
Charging

conditions at low temperature, paving the way to the application on real-world conditions.

Introduction

Lithium-ion batteries are spreading thanks to their high energy
density and relatively low cost, especially in the field of electric vehicles
and stationary energy storage. Despite the technology is already on the
market, lithium-ion batteries degradation is still a hot topic at both the
research and industrial levels. Different experimental techniques and
modelling tools exist, all with specific pros and cons. A suitable meth-
odology for state of heath (SoH) evaluation is needed to quantify the
residual capabilities of a battery, like the driving range and maximum
power delivery of an electric vehicle (EV), and to evaluate his remaining
lifetime and possible re-use in a different application, such as a second-
life in stationary storage systems. As reviewed in [1], SoH estimation
methods are commonly divided into direct measurement, differential
analysis, model-based and data-driven methods. The first two classes are
more suitable for offline applications since they are time-consuming and
require specific conditions like constant current measurements. How-
ever, the direct measurement provides a relevant and accurate infor-
mation (usually residual capacity, sometimes residual resistance), but
do not allow to infer the origin for degradation. Differential analyses
enable to identify classes of mechanisms, but they do not take into
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account far from equilibrium behaviour (e.g. mild/high C-rate opera-
tion). Model-based methods spans from simple electrical circuit
modelling to physical models. In this wide family, the simpler the model,
the easier and faster the identification of its parameters and the simu-
lation of SoH. However, the accuracy and universality of the results
require complex models. For data-driven models, their limitation is the
need of large amount of data and complex implementation to increase
their reliability, especially for online application.

In the previous publications of the same authors [2-4], a diagnostic
methodology has been developed, combining the
pseudo-two-dimensional model (P2D) and an optimised sequence of
tests, which shortens testing times while easing the identification of
model parameters. This approach provided superior results when
applied to reproduce the operation of a fresh cell, resulting reliable over
a very wide set of operating conditions. The extensibility of this
approach to ageing investigation is of utter interest but requires to be
demonstrated. The strategy pursued for such scope is to apply the
methodology to an ideally known ageing condition to verify its suit-
ability and reliability. Lithium plating constitutes a good candidate
mechanism, due to its systematic and peculiar trigger conditions, to be
able to apply the methodology to an expectedly single ageing
mechanism-dominated state. In the following, the fundamentals of
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Nomenclature

Acronym Description

CC Constant current

(@Y Constant Voltage

D1 First discharge of the developed diagnostic protocol (see
Section 2.2.3)

D2 Second discharge of the developed diagnostic protocol (see
Section 2.2.3)

DC Direct Current

DoC Depth of Charge

DV Differential Voltage

El First EIS of the developed diagnostic protocol (see Section
2.2.3)

E2 Second EIS of the developed diagnostic protocol (see
Section 2.2.3)

EFC Equivalent Full Cycle

EIS Electrochemical Impedance Spectroscopy

EV Electric Vehicle

HFR High Frequency Resistance
ICP-OES Inductively Coupled Plasma — Optical Emission

Spectroscopy
LAM Loss of Active electrode Material
LFP Lithium iron phosphate battery
LLI Loss of Lithium Inventory
LMO Lithium-manganese-oxide battery

NMC Lithium-nickel-manganese-cobalt-oxide battery
OCP Open Circuit Potential
ocv Open Circuit Voltage

P2D Pseudo Two-Dimensional Model

PSO Particle Swarm Optimisation

R Relaxation of the developed diagnostic protocol (see
Section 2.2.3)

SEI Solid Electrolyte Interphase

SoC State of Charge

SoH State of Health

Latin

A [m2], Cross section area

c [mol x m~3], Lithium concentration

Ca [F x m~2], Double layer capacitance

D m? x s~!], Lithium diffusion coefficient

[
E [V], Equilibrium potential
[

F A x s x mol~!], Faraday constant

HFReyp  [Q], Experimental High Frequency Resistance

I [A], Total current

Ki —], Scaling factor for electrolyte resistance estimation
K; —], Scaling factor for film resistance estimation.

L m], Cell component length

ocv V], Open Circuit Voltage

Q mAh], Capacity

[
[
[
|
Reg [Q], Lumped battery resistance
(€],
[
[
[

Reue ], Current collectors resistance
Ryiim Q x m?], Film resistance
Xri —], Lithium molar fraction
AV V], Cell voltage
Greek
€ [ -], Material fraction
Ol [Sxm™1], Electrolyte ionic conductivity
Subscript and Superscript
max maximum
n negative
p positive
s solid
tot total
aged Aged
BoL Begin of life

lithium plating and its detection techniques are reviewed to assess its
interesting features considering the scope of this work.

Lithium plating mechanism

Lithium plating is the deposition of lithium in metal phase on the
surface of graphitic electrodes. It can occur in parallel to the usual
lithium intercalation into graphite, due to specific operating conditions.
There are two possible paths, which can occur at the same time [5-8].

The first is the charge-transfer limitation: during a charge, lithium-
ions can undergo the following reaction

Lit +e —>Li (€D

because the potential at the negative electrode falls below 0 V vs Li*/Li,
triggering the reaction [7,9,10]. Both lithium intercalation and lithium
deposition can take place and they are in competition, resulting in a
mixed potential case. The relationships between plating and operating
conditions have been investigated in [11,12]. In general terms, it is
favoured by low temperature, high charging current and high volta-
ge/state of charge [5,7,13,14]. As a matter of fact,

e low temperatures worsen the kinetics of the reactions and the
conductive properties of the materials, increasing the overpotentials
and, thus, lowering the electrode potential, which can reach 0 V vs
Li/Lit;

e similarly, high charging currents induce large overpotentials,
while aged cells can have worse conductive properties or lower
active surface due to degradation, which favour high overpotentials,
too;

e lastly, high state of charge (SoC) is associated with low equilibrium
potential at the negative electrode, which is close to 0 V. Therefore,
lower overpotentials are enough to trigger lithium plating at high
SoC.

In addition to the charge-transfer limitation, the second mechanism
is the solid-diffusion limitation. During a charge, lithium concentration
on the surface of the graphite can approach the maximum value. If the
lithium diffusion rate in the solid electrode, from surface to bulk, is
lower than the rate of lithium transport in the electrolyte, lithium starts
to deposit on the surface as plated lithium [7,9]. Also for this path:

e since solid diffusivity is well-known to follow an Arrhenius relation
[15], low temperature favours lithium plating due to a further
reduced intercalation rate;

e high charging current induce heterogeneous utilization of the
electrode up to a mass-transport limited condition, so that lithium
can saturate the active sites locally;

e high SoC are characterized by high lithiation degrees in graphite,
thus the occurrence of saturation of particle surface is facilitated in
presence of lithium diffusion limitations;
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e aged cells are more prone to this condition, too [6], likely featuring
a decrease of transport properties of active materials;

e Moreover, the presence of local defects, ill-connected particles or
non-uniformity in the electrode structure can lead to lithium plating
locally [6,7].

Lithium plating is in principle a reversible process. As it forms
electrochemically, during the subsequent discharge process lithium can
react with electrons and become ion again, taking part in the normal
cycling operation. The backward reaction Li/Li*" is named lithium
stripping. However, during the discharge process a portion of plated
lithium typically loses the electric contact with the conductive electrode
matrix, becoming electrically isolated, resulting in capacity loss [5,6].

Lithium metal deposition is the most notable degradation mecha-
nism at low temperatures. However, due to degradation plating can
manifest also at mild operating conditions and even becoming the
dominant ageing mechanism, inducing an acceleration of the degrada-
tion rate of the battery, switching from linear to nonlinear [13]. More-
over, it is the limiting phenomenon to fast charging, forcing the research
towards optimised plating-free charging profiles [16]. Lithium plating
leads to severe performance degradation and safety issues. The plated
lithium favours the growth of lithium dendrites, especially at high cur-
rent densities: the dendrites grow rapidly and, if they pierce the sepa-
rator and connect the electrodes electrically, it results in an internal
short circuit [5,17]. The plated lithium may also react with the elec-
trolyte, causing the solid electrolyte interphase (SEI) layer to grow [14]:
as a result, SEI resistance and cell impedance increase [6,18]. Deposited
Li metal can also intercalate, both electrochemically and chemically
[14].

Analysis of voltage relaxation after a charge

The investigation of lithium plating has been performed in different
ways:

e starting from the mixed potential of lithium stripping during relax-
ation or slow discharge right after a charging process both in half cell
[19] or full cell [20] configuration,

e by means of electrochemical impedance spectroscopy (EIS) [20],

e on the discharge curve [21] as loss of active graphite material at
delithiated state or from peak-to-peak distance change [11],

e as an additional peak on the incremental capacity during high C-rate
charge [22],

e with a C-rate plateau during the constant-voltage (CV) phase during
charge [23]

e by means of post-mortem analysis [24,25].

A summary of several relevant scientific researches is reported in
Table 1. Lithium plating is usually promoted by low temperature and
high C-rate/SoC during charge phase, inducing relevant loss of lithium
inventory and increase of impedance.

Among all the techniques, the analysis of the voltage evolution after
a charge is one diagnostic technique for lithium plating [8,14,27].
Among its pros, it does not require particular and expensive equipment
and it is non-destructive. In the literature, it is usually applied on lithium
iron phosphate (LFP) cells, because the evolution of the cathode during
low-temperature operation can be considered negligible [5] and the
open-circuit potential (OCP) of the material is so flat that it can be
considered as a reference electrode [28]. This technique is a modifica-
tion of the usual differential voltage (DV) analysis applied on discharges
at low C-rates. In this case, it exploits the derivative of voltage with
respect to time during the relaxation transient after a charge step [27]. It
is an indirect measure of plating, since it traces back the lithium that has
plated previously, by analysing the voltage trend related to the following
lithium stripping process. Indeed, when plating occurs, lithium is
deposited over the surface of graphite. At the end of the charge step,

Future Batteries 4 (2024) 100006

plated lithium is electrochemically active. Since no load is applied to the
ends of the battery, the system tends to an equilibrium state and all the
gradients tend to zero, with the relative time constants of the phenom-
ena. Plated lithium undergoes the stripping reaction in parallel to the
normal deintercalation, that is a mixed potential condition [14]. The
occurrence of the mixed potential condition is associated with a specific
voltage trend over time (Fig. 3a). Indeed, the most common trend of
relaxation is a decreasing exponential, while the mixed potential con-
dition involves the formation of a voltage plateau [8]. When the mixed
potential condition is over, there is an evident change of derivative over
time, which can be magnified by performing the derivative of voltage
over time or vice versa, highlighting a peak or valley (Fig. 3b-c). It is
known in the literature that lithium stripping reaction is favoured over
lithium deintercalation [29], thus it is expected to stop earlier than
lithium deintercalation reaction. As a result, the end of the mixed po-
tential area is associated with the end of the stripping process.

Furthermore, the time duration of this voltage plateau is correlated
to the magnitude of the stripped lithium, which, in turn, is related to the
amount of plated lithium in the preceding charge [14]. Indeed, Von
Liiders, Zinth et al. investigated lithium plating at —20 °C [26] and
—2°C [14] on lithium-nickel-manganese-cobalt oxide (NMC)|Graphite
cells with in-situ neutron diffraction. They monitored lithium plating
indirectly through the reflections of the lithium graphite phases. They
observed that the amount of plated lithium correlates nonlinearly with
the charging C-rate. Moreover, they compared the diffraction data with
the voltage relaxation and found a good agreement. They observed that
the rate of intercalation of reversibly deposited lithium seems inde-
pendent of the amount of deposited lithium itself, which allows to state
that the duration of the mixed potential plateau is an indicator of the
amount of plated lithium in the preceding charge.

As emerges from this brief literature review, lithium plating appears
an optimal candidate for this work, since it proves to be always the
dominant mechanism at sub-zero temperatures. Moreover, to the au-
thors knowledge, literature on lithium plating lacks holistic methodol-
ogies aiming to its physical-based investigation, which could be
performed by quantifying physical parameters evolution.

In this work, the diagnostic methodology outlined in [2], combining
experimental and physical modelling approach, is extended to aged cells
to demonstrate a novel SoH estimation tool, enabling a physically-sound
distinction and quantification of the several degradation mechanisms
involved with battery operation, with a holistic approach. Such a tool is
lacking in the literature and very much needed for the sake of degra-
dation understanding and durability optimization of the technology. It is
hereby demonstrated by applying it to plating-dominated ageing, which
is appositely promoted through low-temperature charging stress tests.

The methodology relies on exploiting a selected combination of
several high-sensitivity measurement techniques performed at specific
operating conditions, to maximize P2D model sensitivity over a set of
meaningful physical parameters. Such a wide combination of conditions
and techniques, which enables to reach a physically consistent solution,
will be challenged against the expected ageing mechanism. Also, it will
be adopted to identify the impact of operating stressors (such as depth of
charge, temperature, average soc, charging C-rate) to characterize the
impact of such parameters in a physically-sound perspective.

The structure of this paper is as follows. Section 2 describes the
samples, the experimental campaigns and the diagnostic tools. In
Section 3, the results of the pulses campaign are reported, while Section
4 discusses the results of the cycling campaign with the support of the
models.

Methodology

In this section, the methodology of the analysis is described. First, the
main information regarding the battery sample and testing equipment is
summarized. Then, the experimental campaigns are outlined, together
with the characterization procedure to quantify the residual capabilities
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of the cells. Two experimental campaigns are performed: one charging
pulses campaign and a cycling campaign. Lastly, physical models are
described and the method for the identification of their parameters is
reported. Two models are exploited: the P2D model and one equilibrium
model. The equilibrium model is reported in detail since it is appositely
developed for the purpose of this analysis.

With respect to previous works of the same authors, the approach is
here extended to aged cells. The parameter identification procedure was
originally developed to reproduce the operation of a fresh cell and it is
here applied successfully for the first time to simulate the behavior of
increasingly aged cells. At the same time, the choice of the fitting pa-
rameters has been updated to include the thermodynamic parameters of
the equilibrium model and to take into account degradation mecha-
nisms. Regarding the characterization procedure, the combined use of
discharges and EIS is in common with previous works, but a C/10
discharge is here added to enable the estimation of thermodynamic
parameters. More detailed information is available in the next sections.

Battery samples and testbench

The characteristics of the tested samples are listed in Table 2. The
positive electrode is a blend of NMC and lithium-manganese oxide
(LMO). All samples were pristine. No information regarding electrolyte
and binder composition is available.

The experimental setup consists of a custom-developed testing sta-
tion, which includes a single power supply (NI RMX-4124) and a five-
channels electronic load (Chroma UM 63640-80-80) with high-speed
acquisition. The system results in four independent testing channels
with EIS capabilities. All tests are performed in a Binder MKF 720 Eucar
6 climatic chamber, capable of —40 °C / + 180 °C testing. Test tem-
perature always refers to the thermal chamber setpoint. Moreover, cell
experiences self-heating, which is monitored by means of type K ther-
mocouples, attached to the surface of each sample, in order to acquire its
temperature by way of a NI CDAQ-9211 temperature acquisition board.
The test bench is connected controlled with a custom LabView©-coded
workspace, recording voltage, current and temperature data with a 2 Hz
frequency and monitoring the batteries operating conditions to be
within the safety limits.

For any further detail, the reader is addressed to [4].

Experimental campaigns

Low temperature pulses

This campaign aims at understanding the role of the operating con-
ditions at very low temperature, where the lithium plating phenomenon
is expected to be promoted. This campaign tries to verify the occurrence
of lithium plating exploiting the analysis of the voltage trend in the
relaxation that follows a low temperature charge, explained in Section 1.
This technique is suitable for the purpose, since it is non-destructive,
easy to implement, relatively fast and it is very sensitive and specific
to lithium plating.

The complete experimental procedure is reported in Fig. 1. Starting
from 100 %, cells are discharged down to the prescribed SoC level. After
a 5 h resting period to reach equilibrium, a pulse with conditions listed
in Table 3 is applied and, when the charge phase is over, relaxation is

Table 2

Characteristics of the experimental samples [30].
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

Future Batteries 4 (2024) 100006

~
Test sample is prepared at 25°C

WAIT >1h \ Reference

conditions

* CHARGE: CC @C/10 up to 4.2V
CV @4.2down to 0.05 A 7

* DISCHARGE: CC @C/3 down to min SOC

WAIT >5h

> Test

conditions
Set temperature at test T

WAIT >1h

PULSE: charge CC @test C-RATE
up to max SOC

< l RELAXATION
Monitor voltage trend 5h

Fig. 1. Flowchart of experimental procedure to perform pulses.

Test
g )
execution

monitored for 5 h. If voltage hits the maximum voltage limit, CV phase is
performed until the desired depth of charge (DoC) is achieved.

Preliminary tests were conducted to identify a meaningful selection
of operating conditions, hereby only the final results are showed.
Different cells at pristine conditions are employed, since these condi-
tions are so severe that few repetitions induce significant ageing, as
discussed in the next sections.

Low temperature cycling campaign

After the study of the operating conditions performed through pul-
ses, a degradation campaign is conducted to identify their effect on
ageing and performance. The operating conditions are reported in
Table 4, which are a subset of the ones of the pulses campaign. Each
cycling condition was applied on a different cell. All the cells are dis-
charged at C/5: the equal C-rate enables to state that all the differences
between the cycles are due to the charge phase, where lithium plating is
expected. Moreover, C/5 is a low C-rate, which is not believed to induce
significant degradation. A total of 8 cells are tested. Test A10 (50 %—
80 % SoC, 1C charge, —10 °C) is usually considered as reference cycle.

Table 3
Experimental matrix of the low temperature pulses campaign. Colours ease the
comparability of operating conditions.

Min SoC Max SoC
[%] [%]

Depth of Charge

# Label charge [%] C-rate[-]

TI°C]

1 A5+
50 80
2 B5+
3 C5+ 60
4 D5+
5 A0 80
50
6 B0 0
7 co 60
8 DO
9 A5 80
10 BS
5
1 C5 60
12 D5
13 A0 80
14 B10 10
15 C10 : 60
16 D10 80
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Table 4
Experimental matrix of the low temperature cycling campaign.

o Min SoC Max SoC Depth of Charge
# Label  T[C] [%] [%] charge [%] C-rate[-]
1 A0
2 BO 8

0
3 co 60
4 DO
5 A10 80
6 B10

-10
7 c10 60
8 D10 80

The experimental matrix is structured so that the effect of four operating
conditions is analysed, as highlighted by the coloured table, with two
values for each variable:

Temperature: —10 °C and 0 °C

Charging C-rate: 1C and C/2

Depth of charge: 30 % and 50 %

State of charge window: minimum SoC 50 % or 30 %, maximum SoC
80 % or 60 %.

As for the pulses campaign, before cycling; the cell is firstly charged
to SoC 100 % at 25 °C with constant current (CC) of C/10 up to 4.2V,
followed by a CV phase until the current drops below 0.05 A (Fig. 1).
After that, it is discharged with coulomb-counting at C/3 down to the
minimum SoC swept by the cycle. The SoC is defined with respect to the
nominal case, also for an aged cell (e.g. SoC 30 % requires a 70 %
discharge after the full charge step, which corresponds to 1.575 Ah
discharge capacity). The chamber temperature is then brought to the
desired temperature and, after at least 1 h of attempering, the cycles
start again with the charge phase.

Fig. 2 shows how cycles are performed. The first two cycles are
performed, with coulomb counting to guarantee the desired DoC. If the
voltage hits the upper cut-off limit, the cycle proceeds with CV phase
until the charge throughput achieves the desired value. After the second
cycle, the following ones are voltage-controlled: the same voltage and
current thresholds that were obtained for cycle 2 are applied to all the
following cycles. As a result, after cycle 2 the DoC might be different

| BolL sample is prepared the prescribed SOCmin and T

|

*« CHARGE: CC @C-RATE up to SOCmax
(CV hold if necessary to guarantee DOC)

A FIRST x2 cycles
(charge controlled)

CX2

CYCLES

* DISCHARGE: CC @C/2 down to SOCmin
Identify values of
l AVmax (SOCmax)
AVmin (SOCmin)
for NEXT cycles

*« CHARGE: CC @C-RATE up to AVmax

* DISCHARGE: CC @C/2 down to AVmin

NEXT cycles — from 3
onwards
(voltage controlled)

Completed a
multiple of

3EFC?

Characterization
Q procedure

(see 2.2.3)
CCONT\NUE

CYCLING

Completed
an overall
NO of 15 EFC?

END OF CYCLES

Fig. 2. Flowchart of experimental procedure to perform cycles.
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from the nominal one due to degradation. The campaign is interrupted
every 3 equivalent full cycles (EFCs) to perform the periodic charac-
terization procedure. A total of 15 EFC is carried out for each cell. The
campaign was performed as a continued sequence of cycles and char-
acterization procedures until 12 EFC. After that, an interruption of
around one month occurred. The last 3 EFC were later performed.

Characterization procedure

Cycled cells undergo a characterization procedure every 3 EFC. It
consists of one full discharge at C/10 and 25 °C and an optimized
sequence of tests, whose development was described in [2], constituted
by:

e (E1) EIS test on the battery at 10 °C and 100 % SoC with 40 loga-
rithmically spaced frequencies in the range 4000Hz-0.01 Hz;

e (D1) discharge at 10 °C and 2C from 100 % SoC to 50 % SoC;

e (R) a relaxation of 1000 s. After that, the climate chamber temper-
ature is set equal to 25 °C and, when the thermal transient is over, an
(E2) EIS within the same frequency interval of the first one is
performed;

e (D2) the battery is discharged at 25 °C and 1C from 50 % SoC until
the lower voltage limit is reached (theoretical depth of discharge is
50 %).

State of charge is always computed in nominal terms, without
rescaling to the residual capacity. These curves are later fed as input
information to identify the physical parameters of the model through a
parameters identification procedure described in Section 2.5.

P2D model

The P2D model [3], implemented in COMSOL Multiphysics®, is
exploited to support the interpretation by identifying the value of a
selected set of kinetic and mass transport-related parameters, listed in
Section 2.5, by reproducing tests D1, D2, E1, E2 of the characterisation
procedure described in Section 2.2.3. The model accounts for lithium
transport in the electrolyte and in the electrodes-bulk phase (which is
represented as a sequence of spherical particles), the electrochemical
reaction on the surface of the electrodes by means of the Butler-Volmer
equation and electron conduction in the electrode. Moreover, it solves
double layer (dis/)charging on the surface of both electrodes, the
resistance of current collectors and other internal connections [2] and
surface layers like SEI are modelled as lumped resistances. Double layers
are implemented as an additional current density, in parallel to that of
the electrochemical reaction, on the surface of electrode particles, as in
[31]. 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 electrode-electrolyte
interphase.

The model embeds a 2D thermal model [4] to account for internal
heat generation and the convection with surrounding ambient air. It
calculates the internal temperature distribution at each time-step
resulting from the P2D model heat generation. The averaged internal
temperature is then adopted to correct the value of diffusive and kinetics
properties, following an Arrhenius relation.

EIS is also modelled with the P2D model in the time domain or fre-
quency domain, by simulating the voltage response of the cell conse-
quent to a sinusoidal perturbation of current, at varying frequency.

Equilibrium model

Additionally, a quasi-equilibrium model is hereby developed in
Matlab® environment to support the interpretation of state of health
and it is included in the modelling framework. The purpose is the
simulation of C/10 discharge curves, considered as close-to-equilibrium
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Fig. 3. Example of cell voltage evolution during experimental relaxation test after one charge pulse. (a) Voltage over time, (b) derivative of time with respect to

voltage and (c) derivative of voltage with respect to time.

conditions. Therefore, the model is a 0D, equilibrium model. No kinetic
or mass transport losses are included, other than a lumped ohmic
resistance R,. Indeed, battery voltage AV is computed as

AV= E,—E,— IRy 2
where E), is the positive electrode open circuit potential, E, the negative
electrode OCP and I the total applied current. OCP curves are taken as
look-up tables as function of the lithium molar fraction and were directly
measured in coin cell setup. In the present case, R4 is estimated equal to
0.151mQ with a pulse test.

Battery ageing at equilibrium condition is described through three
degradation parameters, namely loss of lithium inventory (LLI) and loss
of active electrode material (LAM) of both electrodes, as common
practice in the literature. LLI describes all the degradation phenomena
involving a loss of cyclable lithium, without affecting the structure of the
electrodes. On the other hand, LAM refers to the degradation of the
electrodes, so that their capability of accepting charge decreases. In this
model, LAM is considered as purely delithiated, meaning that no loss of
lithium is induced by the degradation of the electrodes. Despite the
positive electrode is a blend, one LAM,, parameter and a single OCP
curve are present.

Indeed, the total charge inside the battery Q’l in a general ageing
state j is computed as the sum of the charge which is stored in the
electrodes:

Qu=Q+Q, ®

The amount of charge in the electrode i is computed as the multi-
plication of its value at fresh state Q®" and the remaining usable
fraction:

Q= @*(1-1aM)) @

The fresh quantity is quantified depending on the geometry and the
lithiation level, as follows:

Q?OL = A FF*(Li* €% Co max.i *X1ii) 5)

where A, is the cross-section area, F is the Faraday constant, L; is the
electrode thickness, ¢;; the solid volume fraction of the electrode and

X34 lithium molar fraction hosted in the electrode. This equation is valid
at all battery SoCs. Due to a LLI degradation mechanism, the total bat-
tery charge decreases, so that the following equation holds true:

Qe = Qi *(1 — LLF) 6

As aresult, the lithium molar fractions in the electrodes at SoC 100 %
and 0 % would change. In order to define the SoC 100 % conditions of
the electrodes for an aged cell, a nonlinear problem is solved through
fsolve function in Matlab®, giving the following set of constrains:

E,—E,=0CV (7)
Q;ged (XLi.p) + nged (XLi.n) = a(,)g[ed (8)
E, =E, (XLLP) 9
E, =E, (xLi,n) (10)

Where Qgged and Qﬁged depend on LAMp and LAMn as in Eq. 4 and Qt“ffd
on LLI as in Eq. 6. Therefore, the target cell voltage at rest OCV is ach-
ieved by splitting the charge between the electrodes so that both the
desired voltage value, which depends on the lithium content in the
electrodes, is obtained and the conservation of the total amount of
charge in the battery is ensured.

The same equations are present in the P2D model, but this simplified
model is developed to simulate low C-rate discharge, to save computa-
tion time. A sensitivity analysis of the parameters effect is reported in
Section S1 of the Supplementary Materials.

The lithium molar fraction at battery SoC 100 % and 0 % for the cells
under investigation at fresh state are reported in Table 5. Other than
these parameters, the model requires electrodes thickness and solid
fractions as well as the cross-section area as input parameters.

Table 5
Lithium molar fractions at SoC 100 % and 0 % for a fresh cell, estimating from
the best fit OCPs derived in coin cell configuration.

Battery SoC Negative electrode Positive electrode

100 % 0.9050
0% 0.0158

0.4213
0.9674
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Parameter identification procedure

In this section, the parameter identification procedure is outlined
(with reference to the characterization procedure of Section 2.2.3).

e Step 1: first, the thermodynamic parameters are estimated through
the full discharge at 25 °C C/10, under the assumption of close-to-
equilibrium. The description of the algorithm is reported in Section
S2 of the Supplementary Materials. The equilibrium model
(described in Section 2.4) is exploited in this step, while the fol-
lowings refer to the P2D model.

Step 2: after that, the kinetic and mass transport parameters are
computed with a stepwise procedure, similar to the one described in
[2] for fresh cells. The model is calibrated against the two impedance
spectra (E1) and (E2) simultaneously, by optimizing kinetic con-
stants (kpo, kno) and the double layer capacitance of the positive
electrode, Cq;p. 8 frequencies in the 4000Hz-1Hz frequency range are
selected. Other parameters are fixed to an intermediate value in the
literature range as first guess. Since solid diffusivities and, at a
certain extent, electrolyte properties have a minor effect on EIS, this
solution is viable and will be corroborated with Step 4. In this step,
the high frequency resistance (HFR) value, e.g. the first intercept of
the spectra with the Real(Z) axis with null imaginary part, is sub-
tracted to the real part of the impedance at all frequencies. In this
way, only the charge transfer resistance is considered.

Step 3: solid diffusivities (D;p0, D;sno) and electrolyte conductivity
(0¢) are identified through the minimization of differences between
model and experimental partial discharges (D1) and (D2). The cur-
rent collector resistance is assumed to be constant and equal to the
BOL value. This hypothesis is equivalent to neglect their corrosion,
which is assumed to be limited according to the safe operating
conditions at which the cells are operated. On the contrary, SEI layer
is expected to grow throughout the campaigns. Therefore, its resis-
tance Ry, is estimated according to the following equation:

Rﬁlm,n = (HFRexp - Rcuc - RD - Rel)*KZ (1 1)

where HFR;, is the HFR value measured at 25 °C, 50 % SoC of the aged
cell. Current collector resistance, R, and the sum of other resistances,
like electronic resistance of the electrodes, Ry, are equal to the value of
the fresh cell. In practice, R is the modelled cell resistance at the same
operating conditions, but with the electrolyte conductivity o, equal to
1000 S/m and R, equal to zero, thus negligible contributions of elec-
trolyte and current collectors. R is the contribution of the electrolyte
conductivity to the cell resistance, computed as

K;
Oel

Rg = 12

the ratio between a constant K; and the electrolyte conductivity. Lastly,
the Ky parameter is a scaling factor, which takes into account the active
area of the electrode and the current distribution inside the thickness of
the negative electrode. It is estimated equal to 0.3664.

e Step 4: finally, Step 2 is repeated employing solid diffusivities and
electrolyte conductivity values that were identified in Step 3. In this
step, the interval of variability of the kinetic rate constants is slightly
shrunk and centred on the solution of Step 2, in order to better
investigate the solution space.

For all the steps, parameters value is identified by means of a particle
swarm optimisation (PSO) algorithm. The algorithm attempts at mini-
mising a cost function, different for each step. The identified solution is
the set of optimal values for each investigated parameter with a
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confidence band. This confidence band is the interval of variation for
each parameter. It is derived by all the solutions leading to an increased
cost function up to 5 % with respect to the optimal one. Indeed, since
model simulations never perfectly overlap with experimental data, a
confidence band is here added to provide a more realistic estimation of
physical parameters and to identify whether the trend of one parameter
due to battery ageing is meaningful or not. If confidence band is little,
the value of the parameter is well defined. On the contrary, wide con-
fidence bands refer to parameters which are hardly identifiable, and so
usually less relevant for the analysis because they affect model simula-
tions at a limited extent. More details on this representation are reported
in Section S2.4 of the Supplementary Materials.

Results of the pulses campaign

One example of relaxation recorded during an experiment after a
charge step is reported in Fig. 3a for pulse A10 (50 %—80 % SoC, 1C
charge, —10 °C). Time zero is the instant of end of charge. As already
explained in Section 1, it shows an initial quick drop, followed by a
plateau, which then proceeds with the usual exponential decay, down to
a stabilization value equal to the open-circuit voltage (OCV). This profile
is believed to be associated to the mixed potential condition, due to
concurrent occurrence of lithium intercalation and plating [14]. Fig. 3b
and Fig. 3c show the derivative analysis of time with respect to voltage
and vice versa, respectively. Data are processed with a Gaussian filter
[32] as for the DV analysis of low-rate discharge, filtering raw data to
obtain the derivatives. Coloured areas enable to highlight that the first
approach magnifies the plateau region, where lithium stripping is taking
place: the more time spent in the mixed potential condition, the more
intense the peak is. Differently, the second approach magnifies the end
condition, when all the lithium has been stripped. In the following, the
second method is extensively exploited, since it is easier to visualize the
amount of plated lithium as the peak position rather than as its integral.

Effect of temperature

Operating conditions are investigated one at a time. Temperature is
first taken into account in Fig. 4. All pulses of type A (50 %—80 % SoC,
1C charge) are reported. Due to a technical problem in setting the SoC
before performing the pulse, some tests were not executed at the exact
SoC (-5 °C in the case of Fig. 4). The depth of charge is preserved, and
this minor error is assumed not to bias the results at a significant extent.
However, this is evident in the stabilization value of voltage in Fig. 4, a
where the relaxation at —5 °C approaches a lower OCV.

The onset of a plateau is easily detectable at subzero temperatures,
while it appears only slightly at higher ones. By performing the deriv-
ative, a clear peak is showed in Fig. 4b. This method highlights the
presence of a mixed potential region also at 0 °C and 5 °C, hardly visible
from the simple voltage curve. There is no major difference between
these two temperatures, suggesting that the phenomenon might occur
only in few spots, possibly close to the tab where the local current
density is high [7]. Moving to lower temperatures, the peak become
more evident and shifts to longer timescales. This trend is in agreement
with the expectations from the literature review, where lower temper-
atures enhance the probability of plating, which can be present in
different areas of the roll and in larger quantities [6,7]. The larger
amount is translated into a longer duration of the mixed potential con-
dition, thus a later occurrence of the peak [14]. This trend is shared by
all the four combinations of pulses. As a proof, one further example is
reported in Fig. 4c-d for pulse D (30 %—80 % SoC, 1C charge). The
differences due to C-rate, SoC and DoC are investigated in the following
paragraphs.
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Fig. 4. Temperature effect for type A pulses (50 %—80 % SoC, 1C charge): (a) measured cell voltage evolution and (b) corresponding DV.

Effect of charging C-rate

The charging C-rate is now investigated. Type A (1C charge pulse)
and B (C/2 charge pulse) at 0 °C and —10 °C are considered and re-
ported in Fig. 5a-b. There is a clear difference between the selected C-
rates, as expected from the literature review [14]. No peak is detected at
0 °C for C/2 charge, while it was distinguishable already at 5 °C for 1C
charge. Indeed, the voltage shows the usual exponential decay over
time, indicating that if any plating is occurring, it is at a very limited
extent. At —10 °C the peak is sharp and the mixed potential region lasts
for 45 min after the end of charge. Though the phenomenon increases, it
is still limited with respect to the 1C case, where lithium stripping lasts
for 75 min

Temperature effect for type D pulses (30 %—80 % SoC, 1C charge):
(c) measured cell voltage evolution and (d) corresponding DV.

Effect of SoC and DoC

Similar analyses are briefly summarized for maximum SoC and depth
of charge. The first is reported in Fig. 5c-d. No peak is detected at 0 °C
for the pulse type C (30 %—60 % SoC), while at —10 °C a sharp peak
appears, associated to a large plated amount, but lower than the refer-
ence case.

The peculiar characteristic of the 30 %—60 % SoC, —10 °C pulse is
the appearance of a second smaller peak around 75 min. No literature
was found regarding this feature, which is shared only by the same pulse
carried out at —5 °C. It is assumed that this condition is due to the
staging behaviour of graphite: at SoC 60 %, with large gradients origi-
nated during the pulse, the graphitic electrode is partially lithiated in the

first and partially in the second stage of graphite. Therefore, the mixed
condition has two timescales: during the first period, plated lithium is
likely to intercalate into stage 1 of graphite, whose OCP is around
80 mV, promoting lithium reduction. When this condition is over, there
is a potential drop of around 50 mV, then the mixed potential condition
continues with the competition with lithium stripping and intercalation
into stage 2. This feature is not observed in all the other pulses since the
electrode lithiation is beyond 50 % (i.e. first stage of graphite) also
locally at SoC 80 %. In this perspective, the relative position in time of
both peaks is an indirect measure of the heterogeneous lithiation of the
electrode. As a result, the duration of the mixed potential of pulse A and
C are comparable, so they are expected to induce a similar extent of
lithium plating.

Lastly, 50 % DoC shows a larger amount of plated lithium at both
temperatures with respect to the 30 % case (Fig. 5e-f), consistent with
larger gradients that have established during the pulse, as expected.

Mixed potential region vs temperature

As a final observation, Fig. 6 reports the position of the peak of the
DV against the chamber temperature for all the pulses. A value equal to
0 is reported for pulses which do not show any peak, while for pulses of
type C the time corresponding to the second, small peak is selected. Even
though the number of tested conditions is limited, from 0 °C downwards
it seems that the duration of the mixed potential increases linearly with
decreasing temperature. This result is also in agreement with the liter-
ature [14] and it enables to assume that the amount of plated lithium has
also a linear trend, which suggests a possible linear trend of capacity
loss.
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Fig