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Abstract

Lithium-ion batteries are gaining increasing interest, advocated by the recent blooming in the electri-
fication of transportation industries. Consequently, issues such as boosting the efficiency and perfor-
mance of lithium-ion batteries have been addressed. Nevertheless, the ageing of lithium-ion batteries
is still inevitable, and battery scientists still need to discover countermeasures against battery ageing.

A regular battery check-up is essential to keep track of its health status and to identify early signs of
premature death of lithium-ion batteries. Among all diagnosis methods in battery research, electro-
chemical impedance spectroscopy emerges as a promising approach that can distinguish the kinetic
and transport losses at different time constants. Nevertheless, this method only probes the linear
system behaviour. It does not characterise the inherent nonlinear behaviour of lithium-ion batteries.
Thus, nonlinear frequency response analysis (NFRA) was introduced in recent years as an extension
to the classical electrochemical impedance spectroscopy.

The application of NFRA has led to some successful use cases in prior studies. In this work, NFRA is
further extended to study and quantify the ageing behaviour of lithium-ion batteries. In particular, the
following research questions are highlighted in this work: How do the nonlinear signals or harmonics
respond to battery ageing? Can harmonics be used to quantify battery ageing or predict the remaining
useful life of the battery? What kind of additional information can be gained as compared to other
conventional methods? It is found that harmonics are sensitive and positively correlated to battery
ageing. An empirical model that is developed for the state-of-health estimation based on NFRA can
achieve a promising accuracy with a root mean square error of about 1 %. Furthermore, parameter
identification that includes NFRA characterisation improves the identifiability of kinetic parameters
in the battery model. Specifically, the charge transfer coefficient can be identified via the second
harmonic, which is shown to be not equal to 0.50 as assumed in most of the simulation works.
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1 Introduction

“Energiewende” is the essence of the European energy policy, which aims to liberate the dependency
of the European energy sector from the fossil-based energy market. To combat the aggravating cli-
mate change, the European Union sets out a few strategies: cut down greenhouse gas emissions by at
least 55 % by 2030 compared to the 1990 level [1], increase the fraction of renewable energy by 42.5
% [2] and reduce the primary energy consumption by 32.5 % [3].

Greenhouse gas Renewable energy Primary energy

55 {3 2030 42n.ew5b:/:ing cénznipgno/o

target for 2030 by 2030

« restrict first-generation
biofuels from food crops.

+ real savings of 0.8% a year

* climate neutrality by 2050
* limit the rise in global * Doubling the existing 23%
temperature to 1.5°C share of renewable in 2022

Figure 1.1: Roadmap of the EU energy policy.

From the legislated goals above, one could realise that renewable energy plays an essential role as
a substitute for fossil-based energy sources. Nonetheless, renewable energy is intermittent, which
serves as one of the key challenges that impedes the “Energiewende”. To solve this issue, energy
storage is planned to not only guarantee a consistent electricity supply but also helps to reduce price
fluctuations, which makes renewable energy more attractive to consumers.

Batteries are one of the storage options. Batteries have long existed and their implementations range
from small personal electronic appliances to cars, forklifts, or backup energy supplies. Yet, the main
challenge faced by batteries are mainly low energy and power densities. In the past two decades,
the introduction of lithium-based batteries with higher energy and power densities has pushed the
application range towards larger-scale employment such as electromobility and stationary storage in
a power grid.

Lithium-ion batteries (LiBs) in particular receive huge attention in response to the worldwide energy
transformation. The global consulting firm, McKinsey and Company, projected exponential growth
in the worldwide demand for LiBs by about 32 % between 2015 and 2030 with the mobility sector
being the major contributor, coming mainly from China, the EU, and the US. Meanwhile, nickel
manganese cobalt and lithium iron phosphate are shown to be the most demanded cathode material
chemistries for LiBs [4].
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Everything comes with a price. As “Energiewende” progresses, the surge in the demand for LiBs
will lead to a higher demand for raw materials such as lithium and transition metals, which later
results in environmental issues due to the excessive mining of the required minerals in return. Hence,
efforts such as enhancing the lifespan of LiBs or closing the life cycle of the battery via recycling are
examples of significant focuses in the current battery research.

The development of new battery materials and optimised battery designs with high energy and power
densities, which are also stable under dynamic operating conditions have been intensively researched
in the past few years. The battery is a closed system. The changes in the internal states concerning
different chemistries and operating conditions are hardly measurable. Thus, its internal states can
only be predicted and characterised via external current and voltage measurements — electrochemi-
cal impedance spectroscopy (EIS).

EIS delivers information about the interfacial properties related to the internal states of the batteries
by measuring the battery’s response under small alternating current or voltage perturbation at differ-
ent frequencies. In EIS, the battery state is moderately perturbed so that the battery’s responses are
contained in the quasi-linear regime, which results in information loss as batteries are known to be
inherently nonlinear. This motivates us to extend the analysis towards the nonlinear characterisation
technique — nonlinear frequency response analysis (NFRA).

NFRA is an advanced version of EIS. The working principle is almost similar to EIS, except that
a larger perturbation signal is applied to excite additional nonlinear information in the form of har-
monics. Prior studies have shown the superiority of NFRA against EIS in terms of better process
identification, access to additional kinetic information on charge transfer symmetry, and identifica-
tion of lithium plating. The first model-based NFRA assessment has also been conducted, which
provides the basic idea of the sensitivity of different battery parameters on the harmonics.

Ageing is an important aspect and unavoidable in LiBs as they are often operated outside the stable
working potential windows. Ageing not only deteriorates the battery’s performance but could also
trigger safety issues. An accurate assessment of the battery’s ageing is therefore essentially critical to
analyse the ageing behaviour, quantify and predict the ageing extent, as well as detect any premature
ageing in the batteries. Hence, NFRA is a potential tool to serve this purpose as it depicts the battery’s
behaviour in a bigger picture.

The main objective of this thesis is to investigate the ageing of LiBs via this new metrology - NFRA.
Specifically in this thesis, I would like to demonstrate how NFR signals can be correlated to battery
ageing and be used to quantify the remaining useful life of the battery. Furthermore, I would also
like to explore the possibility of NFRA to offer additional meaningful information as compared to
the conventional EIS method.
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Batteries have a long-standing history. Since the invention of the Volta battery until today’s widely
commercialised LiBs, battery technology has been evolving rapidly. Ever since a variety of batteries
has been presented from the technological advancement. Among all, LiBs emerge as the most at-
tractive one: LiBs offer high energy and power densities as lithium is the lightest and smallest alkali
metal.

In this chapter, I am going to show the basic structure and the working principle of LiBs. On that
basis, I explore the ageing behaviours that are typically shown by LiBs. Also, the state-of-the-art of
battery modelling approaches will be shortly discussed and compared. Lastly, the linear and nonlinear
frequency response analysis, which serve as the research focus for the ageing analysis later, will be
introduced and their use cases in the prior work will be presented.

2.1  Terminology

Before delving further, it is essential to introduce and define the key terminology used throughout
this thesis.

Capacity

Capacity describes the amount of electric charge that is stored in the battery; alternatively, it repre-
sents the amount of current that can be delivered by the battery over a period of time. It is usually
measured in ampere-hours (Ah).

C-rate

C-rate defines the speed of the battery charging or discharging and the rate is measured with reference
to the battery capacity. For example, 1C indicates that the battery fully charges and discharges in 1
hour; at 0.5C, the battery needs double the time as 1C, which is then equivalent to 2 hours, to fully
charge and discharge.

State-of-Charge (SoC)
SoC describes the amount of charge that is available in the battery at a certain time step with reference
to the maximal amount of charge that can be held by the battery. SoC is usually given in percent,
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ranging from 0 % to 100 %. SoC 0 % represents that the battery is completely discharged; SoC 100
% indicates that the battery is fully charged.

State-of-Health (SoH)

SoH compares the change in the maximal amount of charge that can be held by the battery during
ageing with reference to the initial. Similar to SoC, SoH ranges from 0 % to 100 %: SoH 0 % means
that the battery has no more useable capacity while the battery with SoH 100 % is at a pristine state
before usage. Accordingly, SoH 50 % indicates that the battery has lost 50 % of its initial capacity.

Positive/negative electrode vs. cathode/anode

In electrochemistry, “cathode” is usually used to designate the electrode, where the reduction reaction
occurs while “anode” indicates the electrode, where the oxidation reaction takes place. However, in
rechargeable batteries, those reactions take place interchangeably at the two electrodes depending
on the charge or discharge directions. Therefore, it is confusing to use these wordings to define the
electrode precisely.

A better terminology is selected here, which defines the electrodes based on the potential level:
“positive electrode” instead of “cathode” is used to indicate the electrode with a higher potential
level such as the electrode that typically uses transition metal oxide. Meanwhile, “negative electrode”
defines the electrode with a lower potential level, in this case, it is the carbonaceous electrode.

Open circuit voltage (OCV)

OCYV indicates the electrical potential difference between two electrodes in an electrochemical cell,
for example, a battery, when it is disconnected to a load or in other words, there is no current flowing
through the cell.

2.2 Lithium-ion batteries

LiBs are units that store electrical energy in the form of chemical energy and transform it during
discharge from chemical to electrical energy. The conversion between chemical and electrical energy
is governed by reversible electrochemical reactions, mainly involving lithium ions as the name sug-
gests. Upon charge, lithium is oxidized at the positive electrode and travels to the negative electrode
for the subsequent reduction. Reversibly, lithium is released from the negative electrode and reduced
at the positive electrode during discharge. While lithium ions shuttle between the negative and the
positive electrodes via the electrolyte, the electrons travel through the external circuit, creating a cur-
rent flow. A separator is placed in between negative and positive electrodes to prevent direct contact
between both electrodes and thus, preventing short-circuit of the battery.

The general structure of LiBs is depicted in Figure 2.1. As shown, LiB is mainly composed of a
negative electrode, a positive electrode, a separator, electrolyte, and current collectors. There are
also other additives such as binder and carbon black to improve the contact resistance and electrical
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Figure 2.1: Lithium-ion battery structure.

conductivity, which are not shown in the figure. Batteries utilize the working potential difference
at two electrodes to generate electrical energy, and the potential difference highly depends on the
electrode materials. A stronger working potential difference by different electrode materials results
in a larger energy that can be withdrawn from the batteries. Apart from that, particularly in LiBs,
the negative and the positive electrodes must also possess the ability to reversibly host and release
lithium ions during charge and discharge.

Typical negative electrode materials used nowadays are carbonaceous materials, which were intro-
duced and commercialised by Sony for the first time in 1991 [5]. Since then, carbonaceous materials
such as graphite, hard, and soft carbon have achieved huge success as they allow reversible interca-
lation of lithium ions and at the same time, offer a large gravimetric capacity of about 372mAhg~!
[6]. Most importantly, they are much safer as compared to the predecessor — lithium metal. Re-
cently, silicon oxide composite has been added to the carbonaceous negative electrode to enhance its
capacity [7]. Another negative electrode material such as lithium titanium oxide has been introduced

as well.

A large pool of positive electrode materials has been researched and used in LiBs in the past decades.
Among those that survive today are transition metal oxides [5]. Three main groups of transition
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metal oxides can be classified, which differ concerning their crystal structures: layered, spinel and
olivine structures [8]. These structures aim to host and release lithium ions in an orderly manner and
to hold as much lithium as possible. This leads to a higher capacity in return. Common examples
of transition metal oxides are lithium cobalt oxide (layered), lithium nickel manganese cobalt oxide
(layered), lithium manganese oxide (spinel), and lithium iron phosphate (olivine) [9, 10].

Meanwhile, electrolyte should show good wetting properties that favour interfacial reaction, good
ionic properties for the facile transport of lithium ions, and promising stability under a wide range of
operating conditions [11]. Organic carbonate-based electrolyte appears to be a suitable candidate that
fulfils this purpose. Examples of carbonate electrolyte are ethylene carbonate, ethyl methyl carbonate,
and dimethyl carbonate. In conjunction with this, the typical conducting salt used in LiBs is lithium
hexafluorophosphate or similar to facilitate the transport of lithium ions through the electrolyte [12].
Often, different fractions of different carbonate electrolytes are combined and implemented in LiBs to
complement each other’s inadequacies. Commonly, additives such as vinylene carbonate are added
to the electrolyte to increase the stability of the electrolyte, thus prolonging the lifespan of LiBs
[13]. Advance development has brought forward the discovery of polymer and solid-state electrolytes
[14, 15].

2.3 Ageing of lithium-ion batteries

Ageing is inevitable in LiBs, and the electrolyte is mainly responsible for it. This is because elec-
trolyte generally exhibits a narrow electrochemical stability window, which favours the onset of elec-
trolyte decomposition as soon as it comes in contact with the electrodes [16]. Accompanied by it, a
fraction of lithium ions that shuttle between the negative and the positive electrode are immobilised,
thereby reducing the battery capacity. At the same time, the deposition of the decomposition product
on the electrode surface increases the interfacial resistance, which results in a decrease in the overall
battery efficiency. In this thesis, I focus on the ageing mechanism of the graphitic negative electrode
and transition metal oxides as the positive electrode, particularly lithium nickel manganese cobalt
oxides (NMC).

On the graphite surface, the electrolyte is reduced together with lithium ions, forming an interfacial
layer known as the solid-electrolyte interphase (SEI) [17]. The formation of the SEI usually takes
place in the first few cycles and is needed to avoid direct contact between graphite and electrolyte,
therefore, preventing further electrolyte reduction. An ideal SEI should be stable and elastic to adapt
to the mechanical expansion and contraction of the graphite during charge and discharge, also, most
importantly, ionic conductive and electrical insulating [18]. However, the real SEI does not seem to
manifest these properties, leading to continuous SEI growth. In reality, the formed SEI is hetero-
geneous and composed of two layers: the compact inner inorganic SEI layer (close to the negative
electrode surface), consisting of products from the decay of conducting salts, and the porous outer
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organic SEI layer with its constituents, coming from electrolyte decomposition [19]. The porous
SEI allows the penetration of electrolyte, leading to further SEI growth while the dense SEI permits
growth mechanisms due to electron tunnelling [20] and radical electron transfer [21].

Elevated temperature aggravates the SEI growth [17]. Conversely, lower temperature favours lithium
plating even at low SoC [22]: Instead of inserting into the negative electrode, lithium ions accumulate
during charging on the negative electrode surface due to the sluggish interfacial as well as diffusion
kinetics. As a result, lithium ions reduce and deposit on the negative electrode surface, forming
patches of lithium metal. Since lithium metal is highly reactive, it further reacts with the surrounding
electrolyte and forms an additional SEI layer on top of the plated lithium [23]. A similar phenomenon
can also be observed during fast charging with a high current [24]. In connection with this, a high
current load could also lead to exfoliation [25] and micro-cracking within graphite [26].

For NMC, on the other side, an interfacial layer is similarly formed due to electrolyte oxidation. This
interfacial layer is commonly known as the cathode-electrolyte interphase (CEI) [27]. Till today, the
composition and mechanisms of CEI growth remain unclear and under debate [28]. Nevertheless,
an agreement has been achieved on the structure or morphology of CEI, which suggests that CEI is
entirely porous and allows NMC access to the electrolyte, giving rise to the name solid permeable
interphase (SPI) by some other research groups [29].

Alongside electrode oxidation, the electrolyte impurity — water, hydrolyses conducting salt, forming
an extremely reactive hydrogen fluoride. This acidic compound attacks metal oxides, which results
in the dissolution of manganese via a disproportional reaction [30]. It is reported that the dissolved
manganese ions will be transported to and deposited at the negative electrode, which eventually
accelerates the electrolyte reduction and catalyses the SEI growth [31].

Apart from the above degradation mechanisms, NMC is also known for its structural instability,
especially at the high-voltage window during charge. Cation mixing between nickel and lithium
ions due to their comparable ionic radii triggers the migration of nickel ions into the energetically
favourable lithium vacancies [32]. The migration is then associated with a phase transformation
from layered to disordered spinel and finally to rock-salt structure [33]. The rock-salt structure has
poor kinetic, resulting in high interfacial resistance [34]. In the worst case, phase transformation is
accompanied by oxygen release, which is detrimental to the safety of LiBs [33]. Meanwhile, micro-
cracking is also commonly observed in NMC ageing.

In addition to the negative and the positive electrodes degradations, other ageing effects such as
delamination of active material from the current collector [35, 36], corrosion of current collectors
[37, 38], and degradation of the binder [39] are also reported as possible causes for LiBs ageing.

Overall, all the above-listed ageing mechanisms impact LiBs differently, in the end, leading to a
reduction in battery capacity and efficiency. Their corresponding impacts due to the different ageing
mechanisms are illustrated in Figure 2.2.
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Figure 2.2: Ageing mechanism in LiB.

2.4 State-of-the-art lithium-ion battery modelling

Battery modelling targets to provide a fundamental understanding of the electrochemical processes
in LiBs. A battery model captures the physics of electrochemistry in batteries to simulate the battery
behaviour under defined operating conditions. By mapping the simulated battery behaviour with the
characteristics in reality, the model parameters can be correlated to the internal states of LiBs. These
model parameters could later serve as the indicator or predictor of the battery performance: SoC
and SoH. Further, battery models can also be used to optimise battery design for specific real-life
applications, for example, fast charging.

Comprehensive battery modelling approaches have been demonstrated in the past decades, which
serve different purposes or applications. The battery model in general ranges from comprehensive
multiphysics and multiscale models, to simplified equivalent circuit models and data-driven empirical
modelling that requires no knowledge of the battery chemistries as shown in Figure 2.3.

The empirical approach derives a correlation to describe the observation on the data set via a simple
mathematical expression without involving a theoretical background. Often, an empirical model
demands a large amount of data to lower the calculation variance and enhance the model’s accuracy.
The established mathematical expression can either be the simple regression method or sophisticated
machine learning approaches such as artificial neural network, support vector machine, gaussian
approach and many more. Use cases of the empirical model in LiBs are battery design with desired
energy density [41], ageing analysis such as prediction of remaining useful life [42, 43] and thermal
analysis to design optimised thermal management [44, 45].
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Figure 2.3: Battery modelling spectrum [40]. Reprinted from Materials Today, Vol. 49, M. Pang et al., Interactions are
important: Linking multi-physics mechanisms to the performance and degradation of solid-state batteries, Pg.
145-183, Copyright 2023, with permission from Elsevier.

Next, the equivalent circuit model (ECM) belongs to the semi-empirical model. Compared to the
empirical model, the semi-empirical model does not entirely depend on data but partially attains a
simplified physical background with approximations. For example, the ECM approach only considers
the linear behaviour of batteries. ECM uses electronic circuit components to replicate the behaviour
of LiBs [46]. To date, different types of ECMs exist (Rint, Thevenin, PNGV models), which attempt
to provide a better depiction of the internal processes as well as degradation in LiBs [47]. They differ
in terms of complexities in the circuit connection and the number of electronic circuit components
involved. ECM is popular for its trade-off between empirical and semi-mechanical advantages — fast
computing while it does not lose significant physical insights in LiBs. Previously, ECM has shown
its potential mainly in battery state estimation, which is especially useful in the battery management
system (BMS) [47-49].

Rather than describing the data set in the same way as the empirical approach, the electrochemical
multiphysics model uses a mathematical approach to illustrate the underlying physico-chemical pro-
cesses in LiBs. Although this mechanistic approach is comparably computationally expensive and
complicated to establish, it offers more useful in-depth information related to the internal processes
in LiBs, i.e., the model parameters have physical meaning. Further, this modelling approach is more
flexible in terms of its applicability for a wider operating range (high C-rate, low temperature). Most
importantly, the electrochemical multiphysics model can reproduce the nonlinear behaviour of LiBs.

The common electrochemical model for LiBs is known as the Newman Pseudo-Two-Dimensional
(P2D) model. The P2D model was first introduced by Newman and Doyle in 1993 [50]. The very
first version of the P2D model was based on the porous electrode and concentrated solution the-
ories, incorporating physical transport processes, electrochemical interfacial activities, Ohm’s law,
and mass and charge conservations [51]. Figure 2.4 shows the visual representation of a P2D model.
As the name claims, the P2D model resolves the battery dynamic in two directions. Across the battery
thickness, the P2D model considers the electrolyte dynamic, which involves mainly the transport of
lithium ions (diffusion and migration) in the electrolyte phase, as well as the electrochemical lithium
intercalation and deintercalation reactions at the electrode/electrolyte interphase. Meanwhile, the
transport of lithium (solid diffusion) is considered radially within the active material of the electrode.
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Figure 2.4: P2D model.

In the P2D model, the active materials in electrodes are assumed as uniform spherical particles and are
identical spatially at every point within the electrode [52]. Further approximations such as negligible
concentration and potential gradient in the electrolyte phase further simplify the P2D model to the
Single Particle (SP) model [53]. However, the accuracy of the SP model is only limited to low current
applications, which is not the focus of this thesis and will not be further detailed.

Several adaptations have been performed on the P2D model to refine the simulation precision of the
LiBs’ performance. For example, Legrand et al. included double-layer capacitance to describe the
charging of interphase before lithium intercalation or deintercalation [54]. This enables the simula-
tion of a semicircle in EIS. In addition, side reactions such as SEI growth and lithium plating have
also been taken into account in the P2D model to better depict the ageing behaviour of LiBs.

Extensive modelling approaches for SEI growth have been well-researched and reviewed by Wang et
al. [55]. Most of the work modelled the SEI growth as a parasitic current density that competes with
lithium intercalation reaction. The corresponding current density for the SEI growth conforms to
the Butler-Volmer kinetic, solely differing in the pre-exponential dependency on lithium and solvent
concentrations as pointed out by Lawder et al. [56]. The derivation of pre-exponential terms depends
on the assumptions made for the different SEI growth modes, i.e., diffusion-limited [57], kinetic-
limited [58] and solvent-reduction limited [59]. Additionally, cracking or dissolution of the SEI due
to graphite expansion, which accounted for the imperfect SEI growth, is proposed by Kindermann et
al. [60]. Kolzenberg et al. [61] and Single et al. [62] also uncovered a second transport mechanism,
which involves neutral lithium species travelling from electrode/SEI interphase across the porous SEI
for the subsequent SEI reduction reaction with the electrolyte. They found that the SEI growth is first
limited kinetically by the formation of lithium and is later limited by the diffusion of lithium and the
migration of electrons.

Further, Single et al. derived an analytical solution for the EIS simulation and used an additional
parallel resistor-capacitor (RC) circuit component to model the additional semicircle in the EIS [63].
The author described the additional semicircle as due to the ionic impedance of the SEI, which is a
function of SEI thickness, conductivity and permittivity. Meanwhile, Heinrich et al. indicated that
the arising semicircle originated from the skimming of the solvate shell of lithium-ion upon entering

10
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the SEI layer, which takes place at the additional SEl/electrolyte interphase [64]. The increase in
the semicircle is then due to the isolation of active area at both electrode/SEI and SEl/electrolyte
interphases, which are in turn depending on the SEI thickness. Later, Witt et al. extended and
improvised the model proposed by Heinrich et al. into the P2D model structure [65]. The author
expressed the kinetics of the involved interfacial reactions individually via the thermodynamic ansatz
and incorporated the transport of lithium ions across the SEI into the proposed model.

Similar to the SEI growth, lithium plating is modelled as concurrent current density to intercalation
via the generalized Butler-Volmer kinetic and is only initiated when the negative electrode potential
falls below 0 V [66, 67]. Nevertheless, some studies pointed out that the critical plating potential at
the negative electrode does not necessarily lie at 0 V but rather depends on the amount of lithium
deposition or surface coverage by plated lithium [68—70]. In addition, the charge transfer coefficient
for the plating reaction is taken to be deviating from 0.5, which is normally assumed for the case of
lithium intercalation reaction. This indicates the irreversibility of the reaction in most of the research
works [22, 71, 72]. The interaction and connection between SEI growth and lithium plating are
further established in several works [72-74].

So far, all modelling works focus on illustrating the negative electrode degradation. Although the
positive electrode is as well known to undergo the dissolution of transition metal, the transformation
of rock-salt structure, etc., the inclusion of these degradations in the P2D model is not yet ready or
proposed in any current work, to the author’s knowledge. This might be because the degradation at
the positive electrode is still not well understood or possibly a new model architecture is needed to
depict the influence of these degradations on battery performance.

2.5 Pseudo-Two-Dimensional (P2D) battery model

Hitherto wide ranges of continuum physical-based battery models have been developed, where one
could see a trade-off between modelling accuracy and complexities, befitting different purposes and
applications. As mentioned, for the model-based assessment, the P2D model is the most common
battery model, which can model the battery behaviour under a wide range of current loads, in partic-
ular at high C-rate as it simultaneously can simulate the concentration as well as potential gradient
developed within the electrode and electrolyte. In this section, the skeletal structure and the govern-
ing equation of the P2D model will be described in detail. Figure 2.4 shows the visual representation
of a P2D model. As the name claims, the P2D model resolves the battery dynamic in two direc-
tions. Across the battery thickness, the P2D model considers the electrolyte dynamic, which involves
mainly the transport of lithium ions (diffusion and migration) in the electrolyte phase, as well as the
electrochemical lithium intercalation and deintercalation reactions at the electrode/electrolyte inter-
phase. Meanwhile, the transport of lithium (solid diffusion) is considered radially within the active
material of the electrode.

11
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In P2D battery modelling, several simplications are assumed as listed specifically below [50, 51]:

e The cell temperature remains constant and uniform (isothermal),
« the convection in the electrolyte phase is neglected,
e the active material particle is treated as a perfect sphere, and

* the simulation of the electrodes can be approximated as an active material as all the active ma-
terials are assumed to be identical in terms of geometry and behave physically and chemically
similar.

The governing equations for the P2D model are derived from the conservation laws of species and
charge transport. These equations are present in the form of partial differential equations, and each
of them describes the states inside the Li-ion battery. These partial differential equations are spatially
discretised inside the battery, and then they are solved at every discretised cell for the temporal
development of the state variables using the ordinary differential equation solver from MATLAB. The
governing equations for the P2D model shown in this thesis take reference from the work by Legrand
et al. [54].

2.5.1 Mass transport

The lithium concentration in the active material spherical particle c, follows Fick’s law, and it can be
expressed as

deg(r) 14 5 ¢ (1)
ot r28r<DSr or @1

where Dy indicates the diffusion coefficient in the solid phase, and r is the spatial discretisation in the
direction of the particle’s radius. Here, the boundary conditions are defined as no flux at the particle
centre (r = 0) as shown in Equation 2.2 and the flux at the particle surface (r = Ry) is proportional to
the interfacial reaction current j™ in Equation 2.3.

dcs(r=0)

5 =0 2.2)

de(r=Ry)  jH(x)

or ~ a,FD,

2.3)

Similarly, the concentration of the electrolyte c. can be described via Fick’s law with an additional
source term as follows

12
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:Li
& ac;ix) = % (De,cﬁaca"'ix)) +(1 —tp)% 2.4)
where & is the volume fraction in the electrolyte phase. D cf is the effective diffusion coefficient
in the electrolyte phase, t, is the transference number, j™ is the rate of the volumetric Li* current
generation, and F is the Faraday constant. The first term on the right-hand side indicates the diffusion
process of the lithium salt ions in the electrolyte phase while the second term describes the gener-
ation of the lithium ions at the electrode/electrolyte boundary. At the current collector boundaries
(x = 0,L¢en), it is defined as no lithium-ion flux flowing through the current collectors.

aCe(X = 0>Lcell)

- =0 2.5)

The diffusion coefficient in the porous phase De e is computed by correcting the diffusion coeffi-
cient in the continuous phase of electrolyte D, with the volume fraction of the electrolyte phase and

tortuosity .

&
D eff = fDe (2.6)

The tortuosity can be described via the bruggeman relation as follows

r=gP Q2.7)

with B is the bruggeman exponent. Here, a polynomial correlation between the diffusion coeffi-
cient in the continuous phase of electrolyte D, and the ionic concentration in the electrolyte c. is
implemented.

1.69 x 10° 563
D, = 1.47 x 10~ "exp (1.33¢;) exp (—;f) exp (—Tce> (2.8)

2.5.2 Charge transport

Meanwhile, Ohm’s law is used to compute the potential in the solid phase ®, as shown below

Js (X) = _Gs,effT (2.9)
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s (x)
dx

= —j4(x) =P (x) (2.10)

where J; is the current density in the solid phase, O . is the effective electronic conductivity in the
solid phase, j™ is the rate of the volumetric Li* current generation, and jP* is the volumetric rate of
double layer current generation. Likewise, the effective electronic conductivity in the porous solid
phase O ¢ff is approximated by correcting the volume fraction in the solid phase & with the electronic
conductivity in the continuous solid phase os.

Os eff = €05 (2.11)

For the electrolyte phase potential ®., Ohm’s law is extended with the contribution from the diffu-
sional electronic conductivity Ope eff-

0D, dln(ce
Je(x) = _Ge,eff(x) (9)§X) - GDe,eff(X)% (212)
dJe(x) _Li -DL
=i+ (2.13)

with Je is the current density in the electrolyte phase, o e is the effective electronic conductivity
in the electrolyte phase, c. is the concentration of the electrolyte, j“ and j°" are the rate of the
volumetric Li™ current generation as well as the volumetric rate of double layer current generation
respectively.

The electronic conductivity in the continuous phase of the electrolyte o, is adjusted with the vol-
ume fraction in the electrolyte phase & and tortuosity T, where the tortuosity is determined via the
Bruggeman’s relation as shown in Equation 2.7.

&
O cff = foe (2.14)

In this work, o, can be deduced from an empirical function that is expressed in terms of the electrolyte
concentration c. and is discretised in the direction of x. The empirical function implemented in this
thesis is obtained from [75] based on the electrolyte composition of EC:DMC 1:1 (wt. %).

100
1—1.22¢%5 40.509 (1 —4-10 3exp <T>) Ce

1000
143.79- 10 3ctexp <T>

0. = 0.0798(1 + (T —228))ce 2.15)
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The effective diffusional electronic conductivity Ope eff can be expressed in terms of temperature T,
transference number t,,, and effective electronic conductivity in the electrolyte phase O eff.

RT
ODe eff = Z?Op - O~5)Ge,eff (2.16)

The boundary conditions for the potential in the solid phase ®; are defined as follows

Teen (t

Jo(x=0,Leen) = F C/i“() 2.17)
cell

Js (X = anegaLcel] - Spos) =0 (2.18)

with Ly is the cell thickness, Sneg is the negative electrode thickness, 5pos is the positive electrode
thickness, I.e is the current density and Ay is the cross-sectional area of the cell that is perpendic-
ular to the current density. Meanwhile, the boundary conditions for the potential in the electrolyte
phase @, are defined as

= =0 (2.19)

2.5.3 Butler-Volmer equation

The rate of the interfacial reaction, i.e., volumetric Li™ current generation at the electrode/electrolyte
boundary j can be described via Butler-Volmer kinetic.

(1-a)Fn
RT

L oF
i = joaslexp( S — exp(—

RT )] (2.20)

a, indicates the active surface per unit volume in the solid phase. It is expressed as the ratio of the
volume fraction in the solid phase & and the radius of the active material particle Rs.

3&
= — 2.21
ag R, ( )

The exchange current density jo is a function of rate constant ko, chemical potential AG®, SoC XLis)»

the activity of lithium-ion in electrolyte phase ar ;+ (), maximum lithium concentration Cmax in the
active material particle, and charge transfer coefficient o.
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AG
RT

) Femax (1= Xui(s)“a% s (o X{is) (2.22)

jo = koexp <—

The surface overpotential 1) describes the potential difference between the electrode @ and the elec-
trolyte phases ®. as well as the electrode equilibrium potential E®9.

n = &;— P, — E™ (2.23)

The electrode equilibrium potential E®*4 depends on the chemical potential and activities of lithium-
ion in the electrode ag ;) and occupancy site ay ).

) (2.24)

The activities of the species are then empirically computed via the following expressions with Ay, is
the fitted redlich-kister parameter [76].

- X% N 2mX; ;
i(s) m Li(s)
lnaLi(s) = T ZOAm (2XLi(S) - 1) (1 + 2)(Ll(q)_1> (2.25)
Xt & 2m(1— X))
Li(s) m Li(s)
lnav(s) = RT ZOAm(ZXLi(S) - 1) (1 - T)—l (2.26)
m= i(s

2.5.4 Double layer capacitance

In conjunction with the rate of the volumetric Li* current generation due to charge transfer reaction
j™, the volumetric rate of double layer current generation j°" is used to describe charges stored at the
electrode/electrolyte boundary.

(P — D)

:DL DL
=a,C
] a,C( ot

) (2.27)

CDL

where is the surface double layer capacitance.
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2.5.5 SEIl model

On top of that, the P2D model is further extended with the SEI layer at the negative electrode to
additionally consider the interfacial kinetic overpotential and transport losses through the SEI. There
have been several versions of the SEI modelling in LiB. Here, the SEI model framework proposed
by Witt et al. is implemented [65]. In the selected model framework, the implementation of the SEI
modelling into a P2D model not only introduces an additional interfacial process besides the charge
transfer process, i.e., the adsorption/desorption process at the interphase between the SEI layer and
electrolyte but also transport through the SEI. A graphical illustration of the implemented P2D-SEI
model is depicted in Figure 2.5.

positive electrolyte SEI negative
. q desolvation intercalation
deintercalation : o
(4 - ®
oo om oo
o < _. < S
intercalation solvation deintercalation

@ lithium-ion @ electron . solvent [ vacancies
Figure 2.5: Graphical illustration of the P2D-SEI model by Witt et al. [65]
At the negative electrode, a lithium atom is first reversibly deintercalated from the active material and

combined with a vacancy Vp;(neg/SEI) at the interphase between the negative electrode and the SEI
layer (neg/SEI), becoming a lithium-ion and leaving a vacancy Vy;(neg) in the negative electrode:

Li(neg) + V1;(neg/SEI) = Li* (neg/SEI) + Vi ;(neg) + e~ (neg)

Unlike the Butler-Volmer equation that is used to describe reaction kinetics in the P2D model, the
de-/intercalation process is described with a more generalized approach via separate forward and
backward reaction rates [76].

j{;(ieg/SEI = a5 negFlnee/SEI [ALi(neg) (1 = Bneg/SE1Kf neg/SET — AV (neg) Oneg/SEIKD neg /SEI | (2.28)

where as neg is the specific surface area of the negative electrode, agjyeq) and ay, ; (neg) are the activities
of lithium atom and vacancy in the negative electrode, I'eq/sgr and e /sy are the maximum surface
coverage and the coverage degree at the neg/SEI interphase. kg jeq/sgr and ky, neg/sgr are the reaction
rates of the de-/intercalation process, which can be computed as
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Eameg/SEl> exp <aneg/SElAq)neg/SElF) (2.29)

K neg/SEI = Ko,neg/sE1€XP ( RT RT

) (2.30)

0
Eqneg/set = AG o /spr exo [ (1= Cneg/sE1) AP /sEIF
RT P RT

kb,neg/SEI = kO.neg/SEI exXp <_

0 0 0 0 0 0
AGneg/SEI = ‘uLiJr(neg/SEI) + “VLi(neg) + “e*(neg) - nu'Li(neg) - ‘uVLi(neg/SEI) (2.31)

with Ko neg/sgr 18 the rate constant of the de-/intercalation rate constant, E, no/sgr is the activation

0
neg/SEI

chemical potential y1 of the involved species i, i € {Li(neg), Vii(neg/SEI),Li" (neg/SEI), Vi,
(neg),e” (neg)}, Oeo/ser is the charge transfer coefficient for the de-/intercalation process and

energy for the de-/intercalation process. AG is the Gibbs free energy, which is the sum of

A®,y/sEr 1s the potential difference at the neg/SEI interphase. A®,., sg; can be computed via

DL

the double layer capacitance Cneg /SE

[ as shown below.

. .L‘
DL aAcI)neg/SEI - Jlm _-]nfl:g/SEI
Cneg/SEI ot -

(2.32)
ds neg

At the second interphase, lithium-ion is reversibly desorbed from the SEI layer into the electrolyte
(SEl/e), leaving a vacancy Vp,;(SEI/e) at the SEL

LiT(SEI/e) = V;(SEl/e) +Li" (e)

Similarly, the adsorption/desorption process is described via forward and backward reaction rates
with

j]§1i31/e = a5 negFls1/e [OsE1/eKe sE1/e — i+ (e) (1 — OsEr/e) Kb sE1/e (2.33)
where I'sgy/e and Ogg/. are the maximum surface coverage and the coverage degree at the SEl/e

interphase, K sgy/e and ky, sgp/e are the adsorption/desorption reaction rates. The reaction rates can be
then described via

E, ser 051 /e APsEr /o F
K¢ ser/e = Ko,sE1/e €Xp <— dRT /e> exp </CRT/C (2.34)
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E, ser/e — AGggy (1 — osgr/e) APy F
Ky sE1/e = Ko,SEI/e €XP <— RT /) exp (— gT N ) (2.35)
0 0 0 0
AGSr/e = IV, 1 sprje) T HLi+ () ~ HLiv (sEL/e) (2.36)

with ko sg1/e 18 the rate constant of the adsorption/desorption rate constant, E, sgy/. is the activation
energy for the adsorption/desorption process. AG(S)EI Je is the Gibbs free energy, which is computed
from the chemical potential 1 of the involved species i, i € {Li" (SEI/e), VLi(SEI/e),

Lit(e)}. ok /e 18 the charge transfer coefficient for the adsorption/desorption process. APggy/ is
the potential difference at the SEl/e interphase, which is calculated via

. .L'
CDL aAq)SEI/e _ JtOt 7~]S]1'31/e
SEl/fe ™ oy

(2.37)
ds,neg

The transportation of a lithium-ion through the SEI layer is governed by diffusion and migration
processes depending on the surface coverage difference between two interphases, i.e., SEl/e and
neg/SEI, with Dy sg; is the diffusion coefficient of lithium-ion across SEI layer, dsg; is the SEI layer
thickness and t, sgr is the transference number of lithium-ion in SEI layer.

> T'skr/eOser/e = Dneg/sE1Oneg/sEI n tp,SEIjtot

fegSEL/SEle = —DLi SEI A5 neg dsor F (2.39)

For simplicity, the same specific surface area aspeg is implemented at both interphases due to the
negligible small SEI thickness as compared to the particle radius, and no spatial discretization in the
SEI layer is implemented in this case. The derivative of the surface coverages of the two interphases
can be computed via the species balance, i.e., lithium flux from diffusion and migration across the
SEI layer npegser/sere @ well as lithium flux that de-/intercalate from the active material rpeq/sgp OF
lithium flux that adsorbed/desorbed from the SEI interphase rggy /e,

a6 SEI .
as7negrneg/SEl% = Tneg/SEI — NnegSEI/SEle (2.40)
d GSEI .
as,negFSEl/eT/e = NpegSEI/SEle — I'SEl/e (2.41)
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Lastly, the total charge transport through the SEI is computed via the following equation with Ksgy as
the ionic conductivity of the SEI layer,

RT(1 -2t 6,
o= KSEI ( ( p,SEI)ln ( neg/SEI) A @SEI> (2.42)
as,negdSEI F OSEI/e

2.5.6 Contact resistance

In addition, the phenomenon of contact resistance between active materials as well as between active
material and current collector has been often identified as a semicircle at the high-frequency region in
the EIS as proposed by Gaberscek et al. [77]. Thus, for a meaningful cell diagnosis, the modelling of
these contact resistances is also included in the SEI extended P2D model, which is then generalised
as follows:

OAD, Len(t)  A®
CDL cc _ ce _ cc 2.43
« Jt Acell Rcc ( )

where CPL and A®,. are the double layer capacitance and potential drop at the interphase, where
contact resistance presents while R, is the contact resistance,

With the extended P2D-SEI model, it is thereby possible to precisely model the behaviour of LiBs
not only under static load such as charging or discharging at different C-rates, but also simulate the
dynamic behaviour of LiBs under sinusoidal excitation at different frequencies. The investigation
of the dynamic behaviour of LiBs is more informative than static ones as it is able to distinguish
the complex interaction of different processes in the LiBs. This type of dynamic analysis method is
known as the frequency response analysis method. Different types of frequency response analysis
such as EIS and NFRA will be detailed in the upcoming section.

2.6 Electrochemical Impedance Spectroscopy

EIS is a compelling electrochemical characterisation technique, which is typically used to probe
the interfacial properties of a material. Via EIS, the impedance behaviour of a system is measured
using small perturbation as shown in Figure 2.6. According to Linear System Theory, impedance
is a frequency response function describing the relation between voltage and current. To ensure the
validity of EIS, the preconditions proposed under Linear System Theory have to be fulfilled [78, 79].
First, the investigated system must be in a steady state and stable, meaning that the system must
return to its initial state after the perturbation has been removed. Second, the causality relation must
hold, e.g. the system must not exhibit any responses before any perturbation is applied. Third, the
response of the system must be linear and describable via the superposition principle.
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Figure 2.6: Working principle of EIS.

Probing EIS over a wide frequency range enables the identification and analysis of interfacial reac-
tions at different time constants. The interpretation of EIS is challenging without a proper model.
ECM offers a simple approach to analysing the EIS spectrum. However, the ECM approach is am-
biguous as the modelling of the EIS feature is not only restricted to a singular electric circuit but
rather open to multiple possible circuit connections [80]. Therefore, the electrochemical model com-
pensates for these drawbacks, providing more physically meaningful insights into the investigated
system [81]. The EIS technique has been applied mainly to inspect the interfacial properties such
as coating quality [82, 83], corrosion analysis [84, 85], conducting polymer [86, 87], semiconduc-
tor [88], biosensors [89], electrochemical processes at electrode/electrolyte interphase as well as the
corresponding degradation study in batteries and fuel cells [90-92].

Worth noting, that the Distribution of Relaxation Time (DRT) technique has been introduced in con-
junction with EIS. As compared to EIS, DRT is superior in deconvoluting processes with almost
similar time constants, which are hardly distinguishable via conventional EIS. Via DRT, the EIS
spectrum is fitted via the following expression [93],

(2.44)

= A(l
Zprt = R +/ ( n’L’) dlnt
S e [

1 T

in which R. describes the ohmic resistance, added with a sum of infinite parallel RC circuits.
Tikhonov’s regularisation approach is commonly used to solve the ill-posed problem mainly aris-
ing from the second term in the expression above [94, 95]. This leads to the introduction of the
regularisation parameter A, which affects the resolution and accuracy of the DRT calculation. The
impact of regularisation parameters on DRT computation as well as the identification of optimised
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regularisation parameters has been extensively studied [96-98]. Anyhow, information that can be
accessed via EIS is still limited as many processes in the battery are nonlinear.

2.7 Nonlinear Frequency Response Analysis

NFRA is an extension to EIS. Unlike EIS, NFRA studies the nonlinear information of a system that
is excited under a moderately large perturbation (see Figure 2.7). In recent years, NFRA has gained
popularity in the electrochemistry field as it allows a comprehensive system analysis. Nevertheless,
the interpretation or representation of the information gained from this nonlinear technique has not
reached a consensus in the community.

NFRA

Y,
I Y2
>

/A £, f, f, £, fs fs

- + FFT T

L WANANA
VY

Figure 2.7: Working principle of NFRA.
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A thorough review of this nonlinear method especially in the electrochemical system has been re-
ported in [99]. Vidakovi¢-Koch et al. mentioned the different terms of the nonlinear technique
regardless of the same measurement principle [99]. For example, total harmonic distortion (THD)
collates all harmonic signals and refers them to the fundamental harmonic. Nonlinear electrochemical
impedance spectroscopy (NLEIS) and NFRA analyse the individual harmonic signals by constraining
the extent of input excitation, which is not the case for total harmonic distortion. In contrast, NLEIS
portrays harmonics in the form of nonlinear impedance, nonetheless, impedance has only physical
meaning at the fundamental frequency, which makes the term impedance for nonlinear interpretation
inappropriate. NFRA, on the other hand, considers the full nonlinear responses, including nonlinear
contribution at fundamental frequencies as well as at harmonic frequencies. While the above meth-
ods take in input excitation at a single frequency at one time, excitation at multiple frequencies is
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shown to be also feasible for nonlinear analysis, known as intermodulation differential immittance
spectroscopy [100].

The applications of nonlinear analysis have been shown in prior works. An extensive review of the
nonlinear analysis has been outlined by Vidakovi¢-Koch [99] and the following are some examples
from the author’s publication. Bensmann et al. showed that better model discrimination for methanol
oxidation kinetic could be achieved, in particular, the second-order frequency response function of
NFRA is shown to be sensitive and unique to a different operating parameter that affects the kinetic
of different reaction steps [101]. Vidakovi¢-Koch [102] and Pani¢ et al. [103] with the help of NFRA
indicated harmonic signals show stronger parameter sensitivity as compared to linear response and
the nonlinear signals mainly originate from charge transfer and mass diffusive processes. Further,
Zivkovi¢ et al. disclosed linear approach is insufficient to describe the kinetic of oxygen reduction
reaction under a highly alkaline medium and additionally, showed that the second-order frequency
response function of NFRA can be used as an indicator for process intensification [104]. Interest-
ing insights into NFRA in proton-exchange membrane fuel cells have also been shared by Kadyk
et al. [105]. The author demonstrated by combining first-order (EIS) and higher-order frequency
response functions (NFRA), three faulty modes in the fuel cell, i.e., dehydration, flooding and carbon
monoxide poisoning, could be discriminated.

Other than interpreting the frequency response function of NFRA, Harting et al. analysed the am-
plitude of the harmonics arising from the LiBs. The author showed that NFRA is a powerful tool
in process identification [106] and lithium plating detection [107], which is not accessible via EIS.
Also, NFRA is capable of predicting the SoH of LiBs [108, 109]. A simulative investigation has
been carried out by Wolff et al., highlighting the importance of NFRA measurement at steady-state
[110]. In addition, the author performed a model-based assessment on LiBs via NFRA [111] and
further provided a detailed fundamental analysis of the NFRA approach, indicating that the second
harmonic is unique for the charge transfer asymmetry [112]. Similar findings were also reported by
Murbach et al. [113, 114] but termed differently as NLEIS. While Wolff et al. mainly used FFT
to extract the harmonic information from the raw output signals, Murbach et al. explicitly derived
analytical expressions for the harmonic signals, revealing the parameter dependency of the second
and third harmonics based on the P2D model [113]. By this means, it is shown that the identification
of the change in the charge transfer coefficient is only possible via even order harmonics but remains
ambiguous via EIS and odd order harmonics.

Apart from NFRA, THD has been implemented in direct methanol fuel cells by Mao et al., where the
nonlinear feature in THD is relatable to the reaction kinetics and evolution of intermediate species
[115]. Meanwhile, THD is shown to be able to estimate the methanol concentration [116]. Similar to
other nonlinear approaches, NLEIS showed supremacy in kinetic discrimination in solid oxide fuel
cells [117], unique sensitivity towards charge transfer asymmetry [113, 114], accessibility to ther-
modynamic properties [118, 119] and diffusivity nonlinearities by second harmonics and additional
parameter sensitivity in LiBs [114].
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2.8 EIS and NFR simulation architecture in
electrochemical battery model

Via EIS and NFRA, the battery is periodically excited with either a sinusoidal current signal (galvano-
static mode) or voltage signal (potentiostatic mode). While taking either one as the input signal, e.g.,
current, the other will be then measured as the output signal, i.e., voltage. By taking the proportion
between the output and input signals, one could then obtain information about the impedance (gal-
vanostatic) or admittance (potentiostatic) properties, e.g. amplitude and phase shift. Theoretically,
both measurement modes should deliver similar results, i.e., admittance is reciprocal of impedance.
Nevertheless, for batteries or any electrochemical system that exhibits low impedance behaviour, the
galvanostatic mode is usually recommended. This is because, via galvanostatic mode, one could
control and ensure that the amount of current flowing in and out of the system is similar. This is
essentially important not only for safety issues but also to avoid the drift in the system state during
measurement, which could falsify the measurement result [120]. The drifting phenomenon could be
more critical for NFRA as a larger current load is adapted.

Under galvanostatic mode, sinusoidal current signals at different frequencies, as described in Equa-
tion (2.45), are input into the battery model in terms of boundary conditions for the potential com-
putation at both electrodes close to the current collector, i.e. @s(x = L) and dg(x = 0)), whereby
x = 0... L indicates the position of the current collectors in reference to Figure 2.4. The resulting
potential difference is termed the output voltage signal of the battery as shown in Equation (2.46).

Leent (@, 1) = isin(ot) = % [ej“" + e*j“"} (2.45)

Vceu(w, t) =P (X = Leer, (J),t) — CI)S(X =0, o, t) (2.46)

The output voltage signals, arising from every excitation frequency, are sequentially converted from
time into the frequency domain through Fast Fourier Transformation, consisting of individual spectral
information regarding the voltage signals. The Fast Fourier Transformation is repeatedly probed
under multiples of the fundamental excitation frequencies to provide harmonic information of the
output voltage signal.

The impedance information is acquired by relating the voltage spectral signals to the input current sig-
nals at the respective fundamental excitation frequencies. Combining the corresponding phase shifts,
the impedance behaviour of the system can be portrayed as a Nyquist representation. Alternately,
NFRA considers directly the harmonic voltage spectral signals. Contrary to impedance, NFRA, in
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2.9 Thesis scope

this work, only accounts for the magnitude of the harmonic voltage spectral signals: V| is the ampli-

tude of the linear voltage signal at the fundamental frequency w, V, and V3 are the amplitudes of the

second and third voltage harmonics at a multiple of the fundamental frequency 2w, 3 ®.

Veen(@,t) = Vi(@,1) - e/ + Vi (—w,i) - e/
linear
+V2(20,1) - 2 1 Vo (—2w,1) - e 2O + V3 (3, 1) - eV + V3(—3@, 1) -e 3

nonlinear

»—t-)‘ __<

Y, = |Val, for V2(20,1) = Va(—20,1)

Y3 = | V3], for V3(3m,1) = V3(—3m,1)

2.9 Thesis scope

(2.47)

(2.48)

(2.49)
(2.50)

The goal of this thesis is to study the ageing behaviour of LiBs via frequency response analysis. For

the ageing study, frequency response analysis involves the commonly used EIS, complemented with

the nonlinear approach — NFRA. Through the combination of both linear and nonlinear techniques,

this thesis aims to provide a multifaceted understanding of LiBs ageing and, at the same time, to ex-

plore the potential of NFRA in discerning additional information regarding ageing behaviour. Lastly,

the frequency response analysis is assisted with a model-based approach. The scope and structure of

this thesis are outlined as follows:

* How does NFRA respond to the LiBs ageing as compared to other characterisation methods?

In Chapter 3, the ageing behaviour of LiB is assessed using a series of characterisation methods,

including EIS and NFRA. This chapter focuses mainly on the phenomenological interpretation

of the ageing evolution in EIS and NFR spectra, in particular, to identify any distinctive feature

in NFRA, which is different from EIS or other characterisation methods. This chapter serves

as an exemplary interpretation as well as the correlation of NFRA to other characterisation

methods.

e Is NFRA able to quantify the ageing?

In Chapter 4, the feasibility of ageing quantification via NFRA is explored. For this purpose,

the SoH of LiB is predicted using an empirical (black-box) approach, established separately

using EIS and NFR data. The derivation of the empirical model is described in more detail in
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this chapter. Lastly, the precision and uncertainty of the SoH prediction using EIS and NFRA
are discussed and compared.

What kind of additional nonlinear information could be extracted via model-assisted study?
In Chapter 5, NFRA investigation on LiBs ageing is assisted with a model-based approach.
In this regard, Witt’s SEI-P2D battery model is extended to enable NFR simulation. With
this model, a parameter study is performed to show the uniqueness and sensitivity of NFRA,
compared to other electrochemical characterisation methods such as EIS. In addition, the se-
lected battery model is parameterised via multiple electrochemical characterisations, including
NFRA.

How can the combination of EIS and NFRA help in studying the ageing phenomenon of LiBs
via modelling ?

In Chapter 6, the parameterised model from Chapter 5 will be used in studying LiBs ageing.
By reproducing the ageing pattern in EIS and NFR spectra, the temporal development of the
model parameters is extracted and studied, which depicts the evolution of the internal states
during LiBs ageing.

In the last chapter, the results from the ageing study via frequency response analysis, combined

linear and nonlinear approaches, are reviewed and summarised. Finally, open issues and an outlook

for future research will be discussed.
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3 Phenomenological Interpretation of
Lithium-ion Battery Ageing

Research question: How does NFRA respond to the LiBs ageing as compared to other characteri-
sation methods?

This chapter aims to provide a phenomenological analysis of LiB ageing via frequency response
analysis. It is essential to examine, how frequency response analysis reacts with ageing behaviour.
Ideally, the different ageing features in the frequency response analysis can be distinctively correlated
to the different ageing mechanisms, leading to a precise state characterisation of LiBs. In this chapter,
the ageing behaviour of LiBs with different particle size distributions at the negative electrode is
investigated. As mentioned before, apart from EIS, NFRA is additionally considered. Both EIS and
NFRA will be carried out in an electrode-resolved manner to separate the contributions from the
negative and the positive electrodes. In conjunction, a proper interpretation of the NFR spectrum is
demonstrated together with EIS.

3.1 Introduction

One of the important physical properties of electrodes is the particle size distribution of the active
material. In the previous study by Bldubaum et al. [26], he investigated mesocarbon microbeads
graphite particles, particles of spherical form, with four different particle size distributions. It is
shown that fine to middle-sized particle size distribution led to capacity loss mainly due to surface-
related side reactions such as SEI formation. Interestingly, lithium plating was observed on the
particle surface of coarse and broad particle size distribution right after formation due to the slow
charge transfer and diffusion kinetics. However, for cells with these particle size distribution, a
notable decrease in overall kinetic and transport losses during cycling was observed. There, micro-
cracking could have taken place because a small specific surface area leads to a high local current
density on coarse graphite particles, as also observed in [122—124]. Also, cells with broad and coarse

I This chapter has been published in H.S. Chan, L. Blaubaum, D. Vijayshankar, F. Roder, C. Nowak, A. Weber, A.
Kwade and U. Krewer, Batteries & Supercaps, 2023. DOI of the original article: https://doi.org/10.1002/ba
££.202300203 [121].
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3 Phenomenological Interpretation of Lithium-ion Battery Ageing

particle size distribution showed significant degradation behaviour as they contain the ageing effect
of both fine and broad particles.

In most of the above-mentioned studies, C-rate tests and galvanostatic cycling were used to charac-
terise the electrochemical performances of lithium-ion batteries. The former analyses the combined
kinetic behaviour of the batteries concerning different current loads, while the latter investigates
the performance stability under continuous constant current charge and discharge. However, both
methods could not characterise the internal state of the batteries distinguishably, whereby the de-
convolution of the losses into charge transfer, mass transport, ohmic and contact losses can only be
determined via a specially constructed system [125] or sophisticated characterisation methods. To
mitigate these shortcomings, frequency response analyses [78, 79, 126] were used in this study. For
example, EIS is performed to identify the individual losses at a defined SOC. While EIS is limited to
linear interpretation of the system behaviour, nonlinear characterisation via NFRA [106, 110, 111]
extends the analysis to the nonlinear nature of the involved reactions in batteries. Therefore, NFRA is
used in this study. Several publications on NFRA indicate its ability to extract additional information
compared to EIS, for example, charge transfer symmetry [112, 113], lithium plating detection [107],
prediction of capacity fade, and identification of ageing causes [108, 109].

In this chapter, I aim to build a deeper understanding of the ageing behaviour of cells with negative
electrodes with different particle size distribution via the frequency response analysis approach. As
mentioned before, apart from EIS, I additionally consider NFRA to include ageing-induced changes
in the nonlinear behaviour resulting from different particle size distribution. Specifically, both EIS
and NFRA will be carried out in an electrode-resolved manner to separate the contributions from
negative and positive electrodes, which will give new and deeper insights into the performance degra-
dation with different particle size distribution.

3.2 Methodology

Electrode production — In this study, the negative electrode published in [26] with three fractions
of different particle size distributions and the source material were used. The negative electrode was
initially produced by C. Nowak et al. and has been published in the work [127]. The active material
for the negative electrode was artificial graphite MCMB powder from Osaka Gas Chemicals Co. Ltd,
which has an average specific capacity of 325mAhg~! [26]. Table 3.1 shows the characterisation
results of the negative electrode.

The positive electrode from Customcells was used in this study. The selected positive electrode has
an average specific capacity of 145mAhg~! and contains 86 wt.% of active material (NMC-111)
and 14 wt.% of additives and binder. The material of the positive and the negative electrodes with
different particle size distributions in this study is similar to that reported in the work [26].
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Table 3.1: Characteristic of the different particle fractions and their corresponding source material from the negative electrode.

[26]
Material Acronym X50” /um £c,MLb /% d°/um 8¢ / mZem 3 Ciheo® /mAh
Source material SM (broad) 12.90 50 74 1.36 5.05
Fraction 1 F1 (fine) 1.53 45 78 4.31 4.99
Fraction 2 F2 (middle) 5.86 45 69 1.06 5.19
Fraction 3 F3 (coarse) 17.45 59 66 0.38 5.15

¢ median particle size

porosity based on the coating mass loading on the electrode, the resulting mass loading for all negative electrodes was
8.9mgcm 2

¢ electrode thickness

volumetric specific surface area

¢ theoretical electrode capacity calculated based on the positive electrode

Cell assembly and ageing experiment — Cell assembly was performed by D.Vijayshankar, while
all subsequent measurements were conducted by the author. Electrochemical characterisations were
done in a commercial three-electrode setup (PAT-Cell) from EL-CELL GmbH. In between the neg-
ative and positive electrodes, a commercial insulation sleeve (ECC1-00-0210 V/X) from EL-CELL
GmbH that consists of polypropylene and polyethylene separator with a thickness of 220 um and a
built-in lithium reference ring was used. As the electrolyte, 103 uL. mixtures of ethylene carbonate
and dimethyl carbonate with a ratio of 1:1 (v/v) and 1 M lithium hexafluorophosphate were used. The
whole cell assembly process was completed inside an argon-filled glovebox (O, and H,O < 0.1 ppm).
For reproducibility, three cells were built for each fraction of a given particle size distribution. The
freshly built cells were rested for 12 hours in a temperature chamber (ESPEC EUROPE GmbH, SU
642) at 25 °C. After that, the cells were subjected to the formation and cycled using a battery cycler
(MACCOR INC., Series 4000). During the formation step, the cells were charged and discharged
with C/10 in the constant current (CC) step for two cycles and constant current-constant voltage
(CC-CV) step for one cycle between 2.9V and 4.2V at 25°C. The CV step was stopped when the
charging current was reduced to C/20. Within a similar voltage window and temperature, the ageing
experiment was conducted at 1C in CC-CV step. The abort criterion for the ageing experiment was
when either of the cells had reached the SoH 60 % (60 % of its initial capacity) or 200 cycles. The
protocols for the formation cycle and the ageing experiment are detailed in Table 3.2.

Electrochemical characterisation — EIS and NFRA were conducted at 25 °C and SoC 50 % right
after the formation step at the 4™ cycle, after the S0 cycle and after every consecutive 100 cycles
using Zahner Zennium electrochemical workstation. SoC 50 % was adjusted by discharging the
cell from a fully charged state at 4.2V by C/10 for 5 hours, whereby the SoC-adjustment current
depended on the capacity that was measured from the previous characterisation series. For example,
the SoC-adjustment current for the characterisation at the 100" cycle is determined from the capacity
that was characterised at the SO™ cycle. For EIS, the cells were measured under galvanostatic mode
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3 Phenomenological Interpretation of Lithium-ion Battery Ageing

Table 3.2: Protocol for formation and ageing experiment.

Formation Ageing experiment
Temperature 25°C
No. of cycles 3 cycles 200 cycles
: 2cycl 1 -CV: 1Cch
Dis-/charge pattern CC gyc es (C/10) CC-C C c. arge
CC-CV: 3™ cycle (C/10) CC: 1C discharge
Abort criterion for CV 1< C/20

with an excitation amplitude of 500 uA and a frequency range between 10 mHz and 10kHz. As
for NFRA, the cells were measured under a similar measurement mode but with a higher excitation
amplitude of 10 mA and a smaller frequency range between 100 mHz and 1 kHz. The amplitudes
of up to nine harmonics Y,_¢ were measured, which correspond to multiples of the fundamental
frequency f;. During NFR measurement, the cells were moderately excited, giving rise to only the
second harmonic Y5 and third harmonic Y3 with sufficient signal-to-noise ratio, so that the interaction
between the higher harmonics can be minimised [106].

Measurement reliability and data treatment — As known, the utilisation of a reference ring electrode
may lead to artefacts during frequency response measurements, for example, inductive loops in cer-
tain frequency ranges of AC impedance [128, 129] or NFR spectra. Still, it is a useful in-operando
analysis technique to obtain the DC potentials and overpotentials of the negative and the positive
electrodes. Symmetrical cells were not applied as the measurements had to be performed during
the ageing procedure in a working full cell [129]. The frequency range in EIS, where the artefact
appears, was identified and disregarded the DRT analysis in the artefact range by greying out the
specific frequency region in the spectra.

In addition, the measured NFR data must be conditioned according to an algorithm developed in-
house. The algorithm diminishes artefacts originating from the potentiostat itself: the measured
response signals contain not only responses from the battery but also responses of the battery cor-
responding to the undesired harmonics in the input signal. Furthermore, those NFRA data are only
considered reliable where nonlinear response signals (normalised against the linear signals) are at
least 1 % of the linear response signals. The unreliable NFRA region is marked in red.

The derivation of DRT from EIS spectra was performed using the in-house established software
tool “All-Fit” in MATLAB. For the DRT computation, the regularisation parameter A has shown to
be a significant input parameter that could affect the accuracy of DRT analysis: large A leads to
poor deconvoluted DRT peaks (underfitting) while small A causes erroneous splitting of DRT peaks
(overfitting). As shown in Figure 3.1, large A (A = 1072) leads to poor deconvoluted DRT peaks
(underfitting), e.g., only one broad peak is observed for cells with negative electrode fractions F1
(fine), F3 (coarse) and SM (broad). When A decreases, the broad DRT peaks are better deconvoluted
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into additional peaks, which are previously concealed under the broad DRT peak. However, too
small A (A = 10~%) causes erroneous splitting of DRT peaks (overfitting), which have no physical
meaning. In Figure 3.1, A = 103 is shown to be the optimal value, i.e., A is sufficiently small to
ensure a good resolution for DRT computation and at the same time large enough to avoid false peaks

due to overfitting.

===== F1(fine) = = F2(middle) =—— F3 (coarse) = = SM (broad) |
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Figure 3.1: (a) EIS spectra recorded with cells built from four different particle size distributions at 25 °C and SoC 50 %. DRT
spectra computed from the EIS spectra using different regularization parameters with (b) A = 1072, (c) A = 103

and (d) A = 1074,

3.3 Results and Discussions

In the following, the effect of particle size distribution on the performance of formatted cells (pristine
state) including their dynamic behaviour is analysed. This is followed by an ageing study, which
reveals the change in the performance and frequency response spectra that can be related to the

ageing processes.
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3.3.1 Pristine state

The states of the battery cells with different particle size distributions were characterised right after
the formation step. Complementary to EIS, the distribution of relaxation times (DRT) technique was
implemented for a clearer separation of processes with different time constants [93]. These processes
were then analysed deeper with NFRA to observe the nonlinear behaviour of these processes.

Figure 3.2 (a) shows the full cell DRT spectrum at SoC 50 % directly after formation for cells with
different particle size distributions at negative electrode: F1 (fine), F2 (middle), F3 (coarse), and
SM (broad). Figure 3.2 (b) displays the respective Nyquist diagram of the EIS. From the full cell
DRT spectrum, two to three main peaks can be identified in the trusted region of the spectra: one
peak between 1 Hz to 10 Hz, another from 10 Hz to 102 Hz and the third one above 102 Hz. Overall,
characteristic frequencies and peak height change with particle size distributions. The peak height
decreases with decreasing particle size. Electrode-resolved analysis as shown in Figure 3.2 (c) and
(d) allows assigning these peaks and dynamic phenomena to negative and positive electrodes. Here,
one can identify that the peak in the low-frequency region (1 Hz to 10 Hz) is attributed to the positive
electrode while the two higher ones (10 Hz to 10 Hz and above 10% Hz) are mostly from the negative
electrode with minute contribution from the positive electrode. The DRT spectra for the negative
electrodes in Figure 3.2 (c) show three peaks in total. The first peak at a lower frequency ranging
from 107! Hz to 1 Hz arises from a measurement artefact, i.e., inductive loop. These artefacts will
not only influence the recorded EIS at the negative electrode but also at the positive electrode, i.e. a
flattened curve within the respective frequency range at the EIS of the positive electrode. Hence, this
first DRT peak at the negative electrode will not be considered in further analysis. The assignment of
the peaks in the DRT to physicochemical processes in the cell is based on prior studies [106, 130].
The second peak at about 10 Hz to 10 Hz is related to the charge transfer process at the negative
electrode/electrolyte interphase and the third peak above 102 Hz is attributed to the ionic transport
across the SEI layer. Comparing the DRT spectra of the negative electrode for the various particle
size distributions, it can be generally observed that the peak height that can be correlated to the charge
transfer kinetics increases and the corresponding characteristic frequency decreases with increasing
particle size. Finer particles have a larger specific surface area, which favours a faster charge transfer
process. Thus, a smaller impedance or smaller DRT peak is observed for finer particles.

The DRT spectrum at the positive electrode in Figure 3.2 (d) shows two peaks. The peak at around
1 Hz to 10 Hz is attributed to the charge transfer process at the electrode/electrolyte interphase of the
positive electrode and the smaller peaks at frequencies > 10 Hz are attributed to ionic transport in
the pores of the positive electrode along the electrode thickness [131]. All the impedance spectra
and DRTs at the positive electrode were initially expected to be identical for all cells since a similar
positive electrode was used in all cells. Yet, from Figure 3.2 (d), it is obvious that this is not the case.
Considering the main peak, the height and relaxation frequencies differ. Especially in the case of a
fine powder, a significant difference is observed. Only a small part of these differences is related to

32



3.3 Results and Discussions

weeer F1 (fine) = = F2 (middle) =—— F3 (coarse) = - SM (broad) |
(a) (b)

40 e

0 0.1 Hz ¢ 1Hz A 10 Hz O100 Hz V 1000 Hz

10" 102
f/Hz
(©) (d)

40 ML AL UL IR BELELRLLLL B 40 ML IR LA IR BLLRLLLL L

3812V
ol |— -3.803Vv §

—3.797V
ol-|= -3.800v 4

10 O -
.’/
0 = Td e ™~ -

0 S ,
102 10" 10° 10" 10% 10® 10* 102 10" 10° 10" 102 10%® 10*
f/Hz

s

%
204
>

1 1.5 2 2.5 3
time /s «10°

Figure 3.2: Impedance and DRT spectra after formation at SoC 50 % for cells with F1 (fine), F2 (middle), F3 (coarse) and SM
(broad) particle size distribution at the negative electrode recorded at 25 °C: full cell (a) DRT and (b) EIS spectra,
electrode-resolved DRT spectra at (c) the negative and (d) the positive electrodes. The shaded area indicates
less reliable DRT data. The given voltages indicate the open circuit potentials that correspond to the SoC 50 %
adjustment. Half-cell potentials at the (e) negative and (f) positive electrodes during formation.
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the reproducibility in cell manufacturing as shown in Figure 3.3. The major impact is the difference
in the electrode balancing of different particle size distributions during formation. Fine particles (F1)
with a larger mass-specific surface area exhibit a smaller kinetic loss at the negative electrode and
simultaneously favour surface-related side reactions such as SEI formation, leading to loss of active
lithium and affecting electrode balancing overall as shown in Figure 3.2 (e) and (f). This results in
the difference in the lithium concentration distribution or lithiation degree in the positive electrode as
indicated by the half-cell potential in 3.2 (f), which can be therefore related to the change in the EIS
of the positive electrode for F1 (fine).

(a) (b)

o 0.1Hz ¢ 1 Hz A 10 Hz O100 Hz ¥V 1000 Hz

IF‘I (ﬁne) - ,
-1- i = F1 (fine)
F2 I :
% —%—F3 222'213 " 6 |-|-F F2 (middle)
-I- _FF3 (coarse)
SM oroad) _#7"SM (broad)

10
0
""" 0 5 10 15
104 . 2
£/ Hz qu”/mQ m
© (@)
" " T " 40 T T T
F1 (fine) —
o OF —%—Eg E:;g?slg 7 w 30 -1-F2 (middie)| |
¢ -}--SM (broad) < —-F3 (coarse)
©20 4520 -{--SM (broad)| |
A: AQ_
10 >
0
102

f/Hz

Figure 3.3: The error bar shows the measurement standard deviation of three cells for each particle size distribution at 25 °C
and SoC 50 %: full cell (a) DRT and (b) EIS, DRT spectra at (c) the negative and (d) the positive electrodes. The
shaded area indicates the less reliable DRT analysis region.

The attribution of peaks to certain processes is substantiated by NFR analysis: charge transfer pro-
cesses should show significant nonlinearities whereas transport across the SEI and ionic transport
should show negligible nonlinearities [106, 111]. In Figure 3.4 (a), the full cell NFR spectrum of
the cell with F1 (fine) shows nonlinear behaviour only below 10 Hz. By comparing the electrode-
resolved NFR spectra, the nonlinear signal from the negative electrode in the inset of Figure 3.4 (a) is
about two orders of magnitude smaller than the full cell. Thus, the nonlinear signals in full cell stem
mainly from the positive electrode and a correct attribution of this area to the charge transfer pro-
cess at the positive electrode is confirmed. In contrast to F1 (fine), the full cell NFR spectra of cells
with fractions F2 (middle), F3 (coarse) and SM (broad) feature nonlinear responses starting already
from higher frequencies around 10? Hz, which is characteristic to the charge transfer process at the
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negative electrode. For F3 (coarse) and SM (broad), the nonlinear response at the negative electrode
is similarly large as the full cell response. This confirms the attribution of the nonlinear responses
within the designated frequency range to the charge transfer at the negative electrode. For F2 (mid-
dle), at a higher frequency range (roughly between 10 Hz and 200 Hz), NFR spectra (especially third
harmonic Y3) for full cell and the negative electrode are almost identical, i.e., charge transfer at the
negative electrode dominates, whereas similar as in DRT, contributions from the positive electrode
come into play at lower frequency range.
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Figure 3.4: Full cell NFR spectra for cells with fractions (a) F1 (fine), (b) F2 (middle), (c) F3 (coarse) and (d) SM (broad)
recorded after formation at 25 °C and SoC 50 %: Y, (solid lines) vs.Y3 (dashed lines). The insets show the
corresponding NFR spectra of the negative electrode. The red regions indicate unreliable regions for NFRA.

In general, similar to impedance, a monotonous relation between particle size distribution and nonlin-
ear responses in the characteristic frequency range of the charge transfer process at the negative elec-
trode can be drawn: The larger the particle size, the smaller the surface area, which is unfavourable
to the charge transfer process. Thus, larger impedance and nonlinear response, especially Y3, are ob-
served. In none of the cells, significant nonlinearities are observed in the frequency range of 10* Hz
to 1 kHz. This confirms that the processes observed in DRT at this frequency range are not charge-
transfer processes, but most probably SEI processes and ion transport processes. Interestingly, it
seems that the amplitude of the second harmonic, Y, and the third harmonic, Y3, have different
sensitivities to the negative and the positive electrodes: the positive electrode causes significant Y,
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3 Phenomenological Interpretation of Lithium-ion Battery Ageing

responses (see F1), whereas the negative electrode causes more Y3 (see F3). This indicates asymme-
try in the charge and discharge kinetics, or in other words, the charge transfer coefficient as typically
used in the Butler-Volmer equation deviates stronger from 0.5 for the positive electrode.

In summary, by combining EIS and NFRA, a clear attribution of frequency response features at
certain frequencies to specific processes could be established. F1 (fine) is more dominated by charge
transfer at the positive electrode, whereas F3 (coarse) and SM (broad) have very high contributions
from the charge transfer at the negative electrode.

3.3.2 Ageing

Having established an in-depth understanding of the losses in cells with different active particle sizes
of the negative electrode, and how they can be monitored with EIS and NFRA, the following section
focuses on ageing-induced changes in these cells and their losses. Figure 3.5 shows the ageing-related
changes in the discharge behaviour and half-cell potential at the negative electrode during cycling for
all four particle size distributions.
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Figure 3.5: Change in 1C discharge behaviour during cyclic ageing of cells with (a) F1 (fine), (b) F2 (middle), (c) F3 (coarse)
and (d) SM (broad) with respective half-cell potential at the negative electrode given in the insets.

It is shown that the fine (F1) and medium-sized particle size distribution (F2) have strong similarities
to each other, and the coarse (F3) with broad particle size distribution (SM), respectively. Cells
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with F1 (fine) and F2 (middle) show monotonous capacity fade with cycle number. This is mostly
attributable to losses at the positive electrode, as half-cell potential at the negative electrode remains
almost constant (see inset). In contrast, cells with F3 (coarse) and SM (broad) show an instantaneous
decrease and later increase in capacity. The instantaneous decrease in capacity is attributed to plating
at early cycles, which occurs when the potential at the negative electrode drops below zero (see
inset). A fraction of the plated lithium reacts irreversibly with electrolyte, forming a new SEI film
and leading to a loss in lithium inventory, thus, significant capacity fade. Other possible reason
for the capacity fade could be that the micro-cracking, leads to the electrical isolation of the active
material and is no longer useable for further lithium deintercalation and intercalation. However, as
the cells continue to age, the cells recover in capacity. This similar occurrence has also been pointed
out previously in [26]. It is suggested that one possible reason is due to the changing of the cycling
current (1C). A significant capacity loss for F3 (coarse) and SM (broad) was observed until the 50t
cycle. After that cycle, the discharge rate of 1C was adapted to the new capacity, leading to lower
current and thus higher capacity of ca. 3 % for SM (broad) and 8 % for F3 (coarse) (see Figure
3.6). This effect is no longer visible after 100" cycle. Therefore, the further capacity increase in SM
(broad) might be attributed to the kinetic improvement and will be investigated in-depth via EIS and
NFRA.
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Figure 3.6: Comparison of discharge behaviours (1C) at the 50t cycle (before) and 51°¢ cycle (after) (a) for F3 (coarse) and
(c) for SM (broad) as well as at the 100™ cycle (before) and 101 cycle (after) for (b) F3 (coarse) and (d) SM
(broad).
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3 Phenomenological Interpretation of Lithium-ion Battery Ageing

EIS and NFRA allow a deeper look into ageing, and here especially into the kinetic changes of the
different particle size distributions. For cells with F1 (fine) and F2 (middle) in Figure 3.7 (a) and
(c), one could observe during ageing a significant increase in DRT peak at frequencies below 10 Hz,
which is attributed mainly to a worsened charge transfer process at the positive electrode. The peak
shifts to lower frequencies as the cell ages, further supporting that charge transfer at the positive
electrode becomes slower. The ageing-induced increase in the third harmonic Y3, Figure 3.7 (b) and
(d), is visible in the same low-frequency range, and thus attributed to the worsening kinetics of the
positive electrode. The increase with worsening kinetics is expected, as increased nonlinearity has
been shown before for decreased charge transfer kinetic constants, i.e., exchange current densities
[112, 113]. In the frequency range of the negative electrode (> 10 Hz), no significant increase in DRT
peaks or nonlinearities can be seen for cells with F1 (fine). In contrast, F2 (middle) negative electrode,
which already exhibited nonlinear and linear responses for the pristine cells, shows a decrease in
impedance and nonlinear responses (Y3) during ageing. This suggests a kinetic improvement of the
corresponding charge transfer processes at the negative electrode of F2 (middle) [65].
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Figure 3.7: Ageing-related changes of cells with F1 (fine) particle size distribution in full cell (a) DRT and (b) NFR spectra of

Y3 (Y3 in inset) and with F2 (middle) particle size distribution in full cell (c) DRT and (d) NFR spectra at 25 °C
and SoC 50 %.

Contrary to Y3, the second harmonic Y, provide additional information about the asymmetry be-
haviour of the charge transfer process [112—114]. For both F1 (fine) and F2 (middle), Y, does not

38



3.3 Results and Discussions

show a monotonous increase. Instead, Y, increases mainly at the beginning of cycling up to the
50 cycle, and only in the frequency range of the positive electrode (see insets of Figure 3.7 (b) and
(d)). This implies that the charge transfer process at the positive electrode becomes asymmetric at
the beginning of ageing while the kinetics of the charge transfer process at the positive electrode,
represented by Y3 and EIS, continues to deteriorate as the cells age. The change in charge transfer
symmetry suggests a qualitative change in the nature of the reaction during ageing. A possible reason
may be the migration of transition metals into lithium vacancies in the early cycles, which causes the
energy difference in intercalation and deintercalation as lithium is inserted or removed from different
locations [132, 133].

For cells with F3 (coarse) and SM (broad) shown in Figure 3.8 and 3.9, as they age, the DRT peaks
that are attributed to the charge transfer process as well as ionic transport through the SEI at the
negative electrode decrease and shift to a higher frequency range, which is similar to F2 (middle) and
suggests an improvement of the respective kinetics.
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Figure 3.8: Ageing-related changes of cells with F3 (coarse) particle size distribution in full cell (a) DRT and (b) NFR spectra
of Y3 (Y3 in inset) and electrode-resolved NFR spectra at (c) the negative and (d) the positive electrodes at 25 °C
and SoC 50 %.

The kinetic improvement was hypothesised in the prior work [26] and also in other publication [134]
to be caused by the micro-cracking that generates more active surface area and lowers the overpoten-
tial for the respective processes. In this study, microstructural changes and cracks are proven at the
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and SoC 50 %.

negative electrode with scanning electron microscopy for SM (broad) and F3 (coarse) electrodes, as
shown in Figure 3.10.

Figure 3.10: Cross-sectional cut by focused ion beam and scanning electron microscope (FIB-SEM) scan of the negative
electrode for (a) F3 (coarse) and (b) SM (broad) show exfoliation and micro-cracking (red-framed region) within
the particles. The vertical white stripes are artefacts during sample preparation.
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3.4 Conclusion

In addition to the previous work by Bldubaum et al. [26], in which only a small number of cycles were
examine, a long-term cycling revealed that, charge transfer kinetics at the positive electrode, which is
presented by the DRT peak in the low-frequency range, interestingly first improves and then worsens
as the cell further ages. Such a phenomenon has not been observed before and is only visible in
longer-term ageing. Y3 again has a similar trend as impedance, except that for the later ageing stage
of the cells with F3 (coarse), where only impedance increases at the lower frequency. Meanwhile,
for cells with SM (broad), the further increase in Y3 in lower frequencies is visible and identified to
be arising from the positive electrode as shown in Figure 3.9 (c). Y, for both cases behaves similarly
to Y3, whereby it decreases significantly in the frequency range of the negative electrode. This
indicates that micro-cracking not only improves the charge transfer kinetics at the negative electrode,
represented by EIS and Y3, but the charge transfer nature becomes more symmetric. Again, for
cells with SM (broad), Y, increases after the 100" cycle. While comparing the electrode-resolved
measurements in Figure 3.9 (c) and (d), one could notice that the charge transfer process at the
negative electrode, as well as the positive electrode, becomes asymmetric as the cells age.

3.3.3 Information content of NFRA vs. discharge curves and EIS

Overall, discharge curves, EIS (DRT) and NFRA were shown to give complementary insights into
the effect of electrode design and the ageing behaviour of Li-ion batteries. Discharge curves yield
combined kinetic and mass transport losses, which affect the discharge trajectory and gained ca-
pacity. Via discharge curves alone, one cannot deconvolute the losses attributed to the kinetic or
transport overpotentials. Frequency response analysis fills this gap. EIS enables the identification of
overpotentials by different underlying processes. For example, kinetic losses for the charge transfer
process at respective electrodes and the transport overpotential through the SEI can be separately
identified. NFRA allows discrimination between charge transfer and transport processes through the
SEI by their nonlinear behaviour, whereby the transport process through the SEI is almost linear and
is not visible in NFR spectra. NFRA provides additional information on the symmetry of the charge
transfer process via Y, suggesting qualitative surface changes, e.g. due to mechanistic changes. Fur-
thermore, the ageing trend of Y5 is different from Y3, which might give extra information on ageing
nature. Thus, NFRA yields highly valuable information on the nature and degree of ageing.

3.4 Conclusion

The ageing behaviour of LiBs with different particle size distributions of a graphitic negative elec-
trode and NMC-111 positive electrode is assessed in detail using various electrode-resolved mea-
surements. Discharge curves are complemented by EIS and NFRA to separately analyse kinetic and
transport processes. NFRA allows additional identification of the nonlinear kinetic contributions.
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3 Phenomenological Interpretation of Lithium-ion Battery Ageing

In this chapter, it is found that the particle size distribution of the negative electrode determines
whether the negative or the positive electrode is showing the highest kinetic losses. Strongly different
ageing behaviour is observed for cells with different particle size distributions, which are dominated
by either the negative or the positive electrode ageing. On one hand, for cells with small to middle-
sized particles at the negative electrode, one observed before cycling, the charge transfer kinetic
loss at the positive electrode is more dominant than the negative electrode. As cycling begins, the
positive electrode is therefore more stressed and aged, causing a consistent reduction in discharge
capacity; specifically in this work, the increase in EIS and NFRA due to dominant degradation of
charge transfer at the positive electrode is identified. On the other hand, for cells with coarse and
broad particle size distribution at the negative electrode, one could observe firstly a decrease and then
recovery in discharge capacity, EIS and NFRA. This finding is due to the kinetic improvement at the
negative electrode, resulting from the micro-cracking and evidenced by the FIB-SEM scan in this
study. Meanwhile, the charge transfer process at the positive electrode also shows a slight increment
in EIS as well as NFRA in the later cycling stage for coarse and broad particle size distributions,
which suggests the degradation of the positive electrode becomes increasingly significant when the
cells continue to age in the long term. Additionally, via second harmonic Y; in NFRA, it is further
identified that the positive electrode shows stronger charge transfer asymmetry whereas the negative
electrode is dominated by third harmonic Y3 due to inferior charge transfer kinetics. Also, Y, shows
a different ageing trend than impedance and Y3, which is believed could be related to the change in
charge transfer symmetry.

In summary, I conclude that the frequency response analysis method - EIS complemented with NFRA
is an essential tool to get additional information on the nature of kinetic and surface-related processes
as shown in this work, which then answered the research question as proposed early in the chapter.
It is highly interesting to correlate NFRA with surface analysis tools, which should give more infor-
mation on the physical processes, especially during LiB ageing. As one has seen that the frequency
response methods show some degree of correlation to the LiB ageing, it might be practically bene-
ficial to use the frequency response analysis method to predict the state of the battery, for example,
to estimate the SoH and SoC of the battery for optimal and safe operation. Hence, in the upcom-
ing chapter, I am going to focus on exploring the feasibility of the state estimation via frequency
response analysis method using both EIS and NFRA, which serves as the next research question to
be answered.
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4 Data-Driven-based Model Analysis 2

Research question: Is NFRA able to quantify LiBs ageing?

SoH estimation is extremely essential for an economically viable and safe operation of LiB. The
most common method to determine SoH is by integrating the transient current during one complete
charge/discharge cycle at a nominal operating current. The major drawback of this method is the
long measurement duration. Meanwhile, frequency response-based measurements can be carried out
more rapidly than a controlled full charge/discharge. Also, it provides a spectral representation of the
dynamics of underlying physicochemical processes in the battery, giving evidence about its internal
physical state. Thus, the frequency response methods constitute prospectively more information and
perhaps more accurate in determining the SoH of aged LiBs. In the previous chapter, one can see
that NFR signals change, to some extent, monotonously with battery ageing. In this context, NFRA
might be feasible for the ageing quantification, i.e., SoH estimation of LiB. In this chapter, NFRA’s
potential will be fully explored and compared with the conventional EIS in terms of the precision and
uncertainty of the SoH estimation. For this purpose, an empirical approach will be adopted for EIS
and NFRA each and the methodology will be detailed in the following sections.

4.1 Introduction

Various SOH estimation models or algorithms have been proposed [136]. A data-driven model in-
volves the training of an empirical model that maps a defined set of ageing parameters to SOH. For
example, Zhou et al. defined mean voltage falloff within a specific voltage window as an indicator
to predict SOH via simple regression and optimised relevance vector machine approaches [137]. For
online SOH estimation, Zhou et al. employed an optimized gray model based on the time interval of
equal discharging voltage difference [138], while Li et al. implemented a recurrent neural network
with long short-term memory that uses a raw partial charging curve [139]. Examples of other ageing
parameters that have been proposed include the voltage at the beginning of discharge [140], CC-CV
charging time [141-143], charging/discharging energy and efficiency [141, 144], rate of change of

2 Parts of this chapter have been published in H.S. Chan, E.J.F. Dickinson, T.P. Heins, J. Park, M. Gaberscek, Y.Y. Lee,
M. Heinrich, V. Ruiz, E. Napolitano, P. Kauranen, E. Fedorovskaya, T. Kallio, S. Mousavihashemi, U. Krewer, G. Hinds
and S. Seitz, Journal of Power Sources, 2022. DOI of the original article: https://doi.org/10.1016/j.jpowsour
.2022.231814 [135].
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CV charging current [142], nominal voltage [141, 142, 144], peak heights/ratio from incremental
capacity analysis (ICA) [145], incremental voltage difference [146], characteristic features from the
voltage relaxation curve [147], etc.

Besides ageing parameters drawn from the DC voltage response, models resolving the dynamic re-
sponse of a cell, for example, EIS and NFRA, seem to be highly suitable for such tasks, as they allow
extraction of characteristic time constants and features from the dynamic experimental response,
which can be correlated to physical processes and states, such as SOH. Efforts to date on SOH pre-
diction using EIS have been reviewed comprehensively by Mc Carthy et al. [148], including online
estimation challenges. One simple approach is the direct correlation of a spectral feature with cell
degradation. For example, Zhang et al. showed that, for a particular data instance, the impedances at
17.8 Hz and 2.16 Hz had the strongest correlation to the degradation, and so could be used for SOH
estimation [149]. Wang et al. demonstrated that the phase shift at 79.4 Hz correlated positively to the
internal temperature of the cell [150]. A more involved impedance-based approach is SOH estima-
tion using parameterisation from equivalent circuit models. Here, changes in circuit fit parameters are
correlated to SOH. For example, both ohmic and charge transfer resistances have been shown to be
reliable SOH predictors, as they increase consistently and significantly during cell ageing [151-153].
Other researchers have demonstrated promising SOH estimation accuracy by considering additional
EC parameters, namely SEI layer resistance, capacitance dispersion, inductance, and double layer
capacitance [154—-156]. Eddahech et al. pointed out that by considering operating conditions such as
temperature, cycling profile and DoD variation in conjunction with ageing-relevant parameters such
as equivalent series resistance, the established SOH estimation model is more general to different
applications and operating conditions [157]. Examples of this wider approach include the work of
Wang et al., who established an SOH estimation model based on charge transfer resistance fitted from
an EC model, including temperature and SOC variation [158], and Li et al., who extracted ohmic re-
sistance from an EC model via particle swarm optimisation and implemented it as an indicator for
online SOH prediction in a cloud-based BMS [159].

Harting et al. revealed that higher harmonic signals are sensitive to ageing [109]; not only do non-
linear responses increase with decreasing SOH but the higher harmonics also change in a different
way with the underlying ageing process, e.g., Li plating vs. SEI growth. Quantitatively, correlation
between NFRA and SOH has been achieved using various features of the response amplitude either
directly or with machine learning. In Ref. [108], a support vector machine model for SOH prediction
based on the summation of the second and third harmonics gave prediction accuracies below 5%.

In this chapter, I am going to explore the feasibility of both EIS and NFRA in SOH prediction. Since
these various previous studies used different experimental conditions, making the direct comparisons
of the methodologies impossible. Here, in this chapter, for each of the investigated methods, I follow
a common, systematic framework, progressing through data collection, data processing, parameter
selection, model training, and model validation. Here, all methods are tested under equivalent ex-
perimental conditions, using a consistent source for the tested cells, with measurements undertaken
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4.2 Battery Testing Protocols

at multiple institutions in parallel to demonstrate robustness of the methods with respect to hard-
ware variation. Each of the methods is thoroughly evaluated in terms of its practical feasibility and
estimation accuracy.

4.2 Battery Testing Protocols

Life-cycle tests (LCTs) were conducted by four different measurement institutions> on cylindrical
18650 batteries (9 batteries in total, obtained from LG Chem) with a nominal capacity of 3 Ah.
The selected battery chemistry has a lithium nickel manganese cobalt oxide (LiNipgCog 1Mng ;0,)
positive electrode and a silicon-graphite composite negative electrode (Si content estimated as
2.8 4+0.5wt.% from post-mortem SEM-EDX analysis). The batteries were cycled between 3.0V
and 4.2 V (Depth-of-Discharge (DoD) 100 %) at 45 °C and 4 A (=~ 1.33C), with a CC-CV protocol
in the charging direction (current cut-off at 300 mA) and CC in the discharging direction. Different
battery cyclers were used at different institutions (Modulab-MACCOR, BaSyTec XCTS, BioLogic
MPG-205). At 50- or 100-cycle intervals, the capacity of each battery was measured under consis-
tent, repeatable conditions considered practical for a future standard measurement method, at 23 °C
and 1.25 A (= 0.4C). SoH is computed by taking the ratio of the discharge capacity of the aged
battery to the initially measured capacity of the fresh battery. Following each capacity measurement,
the internal state of the batteries was characterised via EIS and NFRA. Dynamic measurements were
carried out under the same conditions as capacity measurement, at specified SoC values using var-
ious electrochemical workstations at different institutions (MACCOR, Zahner Zennium, BioLogic
SP-200, BioLogic MPG-205). SoC was adjusted by discharging the batteries at 1.25 A from the end-
of-charge voltage, with the required extent of discharge being adapted according to the most recently
measured capacity. After SoC adjustment, the batteries were allowed to rest for at least 30 minutes
before dynamic measurements were conducted.

Measurements at Institute 2 (KIT), which will be focussed in the evaluation in the later section,
were performed by Y.Y. Lee and the evaluation of the measurements was performed by the author.
Measurement parameters for the EIS and NFR measurements are shown in Table 4.1 and Table 4.2,
respectively. For the NFR measurement, the AC excitation amplitude is chosen at 5 A to ensure an
excitation of harmonic signals with a good signal-to-noise ratio while avoiding significant battery
heating that could induce additional ageing [106]. The investigated SoC range is restricted from SoC
20 to 80 % to avoid overcharging due to the higher AC amplitude. The frequency range has a lower
boundary of 10~! Hz to avoid drift in the battery state over a longer measurement duration [110].

3 Measurements were performed within the project framework 17IND10-LiBforSecUse by four different institutions - In-

stitute 1: Joint Reseach Centre (JRC), Institute 2: Karlsruhe Institute of Technology (KIT), Institute 3: National Institute
of Chemistry (NIC), Institute 4: National Physical Laboratory (NPL)
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Table 4.1: EIS measurement parameters and conditions.

EIS measurement parameters

Temperature / °C 23

Excitation AC amplitude / A 0.5 (C/6)

SoC/ % 20, 35, 50, 65, 80, 100
Frequency range / Hz 1072 to 10*
Frequency discretisation (log scale) 10 points/ decade

Table 4.2: NFR measurement parameters and conditions.

NFR measurement parameters

Temperature / °C 23

Excitation AC amplitude / A 5 (1.66C)

SoC/ % 20, 35, 50, 65, 80

Frequency range / Hz 107" to 103

Frequency discretisation (log scale) Above 66 Hz: 10 points/ decade

Below 66 Hz: 5 points/ decade

4.3 Data set and analysis methods

4.3.1 AQualitative observations

Figure 4.1 plots the SoH evolution for all batteries against the number of elapsed cycles. A consistent
trend is observed for the data from all four institutions (Institute 1: JRC, Institute 2: KIT, Institute
3: NIC and Institute 4: NPL), indicating reproducibility of battery behaviour and SoH measurement.
Stronger battery-to-battery variation is noted principally at SoH < 75 %, in which divergence in the
rate of accelerated ageing arises across all batteries. The corresponding variation in the EIS spectra
is plotted in Figure 4.2. The variation in the EIS spectra at different SoCs during battery ageing
(representative data for battery (o) from Institution 2) are shown in Figure 4.3 (a), (b) and (d). A
notable impedance increase occurs during battery ageing, especially for the lower-frequency arc (ca.
0.02 Hz to 10 Hz), which is attributable to a charge transfer process for lithium insertion in the active
material at one or both electrodes of the battery. The impedance increase within this frequency
range is more prominent when measuring at higher SoC. From the EIS data in Figure 4.3, there is
a promising indication that the impedance spectrum is sensitive to the SoH fade of the battery, and
therefore it is suitable to investigate quantitative models to correlate the impedance data to SoH fade.
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Figure 4.1: Dependence of measured SoH on the number of cycles (data for 9 batteries total at 4 institutions - Institute 1:
JRC, Institute 2: KIT, Institute 3: NIC and Institute 4: NPL). Batteries are distinguished by colour according
to the institution at which experiments were performed. Distinct symbols (‘o’, ‘4, ‘A’) are used to identify
individual batteries measured at each institute. The expected useful range is 70 % to 95 % SoH, corresponding to
<2000 cycles.

Unlike EIS, which probes the linear response of the battery, NFRA utilises the higher harmonic
signals that are generated when the battery responds nonlinearly to a larger perturbation [99, 106].
Figure 4.3 (c) and (e) show some typical examples of NFR spectra of the corresponding EIS dur-
ing battery ageing. Notable higher harmonic responses occur only in the frequency range of 0.1 Hz
to 2Hz. For all SoC, the voltage amplitudes of the second (Y>) and third (Y3) harmonics increase
monotonically with decreasing SoH. As for the EIS results, higher SoCs give a higher magnitude
response. Nonlinear responses are only expected for nonlinear processes, such as charge transfer
reactions; slow transport processes can cause additional nonlinearities [112]. The presence of signifi-
cant nonlinear responses in the frequency range 0.1 Hz to 2 Hz strengthens the inference that the EIS
response in this frequency range is attributable to the charge transfer process for lithium insertion in
one or both electrode active materials. An increase in the nonlinear response in turn can be correlated
to worsening charge transfer kinetics of the LiB, as has been illustrated by mechanistic modelling
studies [110]. As the amplitudes of both Y, and Y3 show a stronger increase during ageing at higher
SoC, the high SoC and low-frequency range appears to be most suitable for correlating NFR sig-
nals to the SoH fade. This encourages the development of an SoH model that utilises the NFR data
directly.
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Figure 4.2: Comparison of EIS spectra recorded at different institutions under similar measurement conditions but different
SoCs and different ageing extent: (a) and (b) before LCT, (c¢) and (d) after 600 cycles, (e) and (f) after 2900 cycles.
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Figure 4.3: Example of EIS and NFR spectra during battery ageing recorded at different SoCs for battery (o) at Institution 2
in Figure 4.1. LCTs were conducted at 4 A (CC-CV, cut-off current below 300 mA) and 45 °C. EIS was measured
in galvanostatic mode (0.5 A) between 10~2 and 10* Hz at 23°C. NFRA was measured in galvanostatic mode
(5A) between 10! and 103 Hz at 23 °C.

49



4 Data-Driven-based Model Analysis

4.3.2 Methodology for SoH estimation model training

In this section, a consistent methodology for creating SoH estimation models using EIS or NFRA
measurement data will be described in detail. All numerical methods were implemented in MATLAB
(MathWorks, version. R2019b or later).

4.3.2.1 Data reduction

To aid model training, data reduction is undertaken using various approaches; following data reduc-
tion, highly correlated ageing parameters are selected. Here, only data from experiments where the
measured SoH is between 70 % and 95 % are considered. This restriction ensures that the SoH mod-
els are applicable in the practical range of interest for real-life applications. To predict the highly
nonlinear or anomalous ageing behaviour observed (Figure 4.1) for fresh batteries (SoH > 95 %)
and highly aged batteries (SoH < 70 %) would require a much more complicated and, overall, less
accurate model, without providing additional insight in the SoH range of primary interest.

4.3.2.2 Ageing parameter selection

Following data reduction according to SoH, suitable ageing parameters that correlate with the SoH
fade are identified from each of the frequency response methods. The ageing parameters take the
following forms: for the direct impedance-based SoH model, raw EIS spectral data, namely real
(Z') and imaginary (Z) impedances at the characterised SoCs and frequencies (Table 4.1); for the
NFRA-based SoH model, raw NFR spectral data, namely second (Y») and third (Y3) harmonics at
the characterised SoCs and frequencies (Table 4.2).

For each method, consideration was given to whether a model could be prepared using a single choice
of SoC so that only one spectrum would need to be recorded in practice. Priority was given to models
using impedance data at SoC 100 % for practical reasons since this battery condition can be more
easily achieved than other SoCs (it is attainable by charging to a defined voltage). It is aware that the
high sensitivity of impedance to SoC at this SoC extreme might be an argument to discourage this
selection; this issue should be evaluated more fully by future work.

The strength of the correlation between the ageing parameters and the SoH fade was assessed via
Spearman rank correlation, a generalised correlation method that has been used for battery SoH
correlation analysis previously [108]. Spearman rank correlation evaluates the monotonic relation
(linear or nonlinear) between the ageing parameter and SoH fade. The Spearman rank coefficient
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ps can be computed via Equation (4.1), where d is the difference between the ranks of the ageing
parameter and SoH fade and m is the number of experiments.

6y, d?

1) @.1)

ps=1-—

Absolute values of ps close to 1 indicate a strong monotonic relation, while values close to 0 indicate
an absence of correlation. Spearman rank correlation analysis can be complemented with Pearson
correlation analysis if an explicitly linear correlation is sought.

4.3.2.3 Model definition and training

The model training approach was proposed by E.J.F. Dickinson. Once ageing parameters had been
selected with the support of the correlation coefficient information, an empirical model was developed
using the training data set. Models were trained using stepwise linear regression to coefficients of
a quadratic function of SoH on ageing parameters X;, combined with binary crosswise terms as the
product of pairs of ageing parameters x; and x; (Equation (4.2)).

m m m m
SoH =agp+ Z aiX; + Z Z binin + Z CiX12 “4.2)
i=1 i=1j=1 i i=1

Terms with |aj| > 0 or |bjj| > 0 or |c;| > 0 are included only if the model with the additional term
fits the SoH data to a better accuracy, to a statistically significant extent, than the model with the
corresponding term zeroed out. The implementation of the stepwise regression used the MATLAB
stepwiselm function with default settings, in which the statistical criterion for inclusion of a model
term is based on “the p-value for an F-test of the change in the sum of squared error that results from
adding or removing the term”; p > 0.1 triggers automatic removal of the term and p < 0.05 triggers
automatic inclusion of the term. This particular regression approach was chosen to provide a simple
and repeatable model applicable to all impedance-based methods.

4.3.2.4 Model validation

Cross-validation is conventionally used to assess model fit quality empirically when only one training
data set is available — the data are repeatedly divided into a portion of training data used to establish
fit coefficients and independent test data which are used to quantify the accuracy of that fit [160]. A
four-fold cross-validation procedure is applied to each of the models, by partitioning at random the
data set of experiments (in the form of ageing parameters computed for each experiment) into four
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subsets (approximately 25 % of input in each). Four regression models were then trained for each
method; each model successively uses one of the four subsets as test data for validation, while the
model is trained on the combination of the three remaining subsets. Root mean square error (RMSE)
is computed for the model SoH predictions on the test data, by comparison to the corresponding
measured SoH values. The mean of the RMSE for all four trained models gives an estimate of the
combined aleatoric and epistemic uncertainties for SoOH estimation. This quantity is used below as a
quality criterion for model comparison.

4.4 Development and evaluation of SoH estimation
models

In this section, the proposed framework for developing an SoH estimation model (Section 4.3.2) is
applied to EIS and NFRA, using the data set described in Section 4.3.1. The resulting models are
evaluated, compared, and discussed in terms of their estimation accuracy, uncertainty, and practical
implementation.

In the following, a model based on raw impedance data is developed and evaluated. To establish a re-
duced set of frequencies at which raw impedance data show a good correlation to SoH, the impedance
data at all measured SoCs and frequency points were analysed against the SoH fade via Spearman
rank correlation. Figure 4.4 (a) and (b) show the correlation coefficients: light colours indicate that
the absolute magnitude of the correlation coefficient is close to 1, which means that impedance values
in this region are strongly correlated to the SoH fade. In general, Z' shows a strong correlation across
a larger frequency and SoC range. This shows that Z' is strongly correlated to the SoH fade at most
frequencies, but the correlation is strongest for Z' at high SoC and low frequency. Similarly, Z” at
high SoC and low frequency also shows a strong and linear correlation to the SoH fade. From this
correlation analysis, the following four spectral features were identified as the best-correlated ageing
parameters to the SoH fade for the direct impedance-based SoH model: 1) Z' at SoC = 100 % and
0.03 Hz, 2) Z/ at SoC = 100 % and 0.01 Hz, 3) Z at SoC = 100 % and 0.2 Hz, 4) Z" at SoC = 100 %
and 0.5 Hz. All identified ageing parameters are at SoC 100 %, due to the high sensitivity towards the
degradation behaviour of the battery, as also qualitatively visible from Figure 4.3. This is especially
helpful in consideration of the practical implementation of the impedance-based SoH estimation, due
to the straightforward experimental accessibility of the SoC 100 % state (see Section 4.3.2).

Secondly, an SoH estimation based on NFRA measurements (input data set as described in Section
4.3.1) is developed and evaluated according to the methodology of Section 4.3.2. Similar to the
impedance-based model, sensitivities to SoH of the raw data (in this case, higher harmonic volt-
age magnitudes Y, and Y3) were evaluated for data across all characterised SoCs and frequencies
via Spearman rank correlation as described in Section 4.3.2 to obtain ageing parameters for the
NFRA-based model. The correlation coefficients are shown in Figure 4.4 (c) and (d) and confirm
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the qualitative observations (Section 4.3.1) that the NFR signals at low frequency and high SoC show
the strongest correlation to the SoH fade. The following most strongly correlated ageing parameters
were identified: 1) Y, at SoC 80 % and 8.13 Hz, 2) Y, at SoC 80 % and 0.25 Hz, 3) Y3 at SoC 80 %
and 5.89 Hz, 4) Y3 at SoC 80 % and 0.25 Hz.
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Figure 4.4: Absolute value of Spearman correlation coefficients for the spectral parameters of (a) Z/, (b) Z”, (¢) Y, and (d)
Y3 to SoH as a function of frequency and SoC. Experimental data are identical to those shown in Figure 4.3. The
black region of the heatmap plot indicates the unavailability of NFR data outside the NFR measurement frequency
range.

Instead of taking the absolute value of the selected impedance and NFR data points as the model
predictors, the model takes as input the difference between the impedance and NFR signals at a
certain aged state and the initial value at a pristine state. This is to avoid the systematic error that could
arise from the measurement setup, as the LCTs were conducted with different devices at different
institutions.

The considered training and test data sets were the impedance spectra of the 9 batteries from four
different institutions (Figure 4.1). Firstly, impedance points were selected from these data based on
the four identified ageing parameters. Figure 4.5 plots the results of the four-fold cross-validation
and demonstrates that an average root mean square (RMS) error of < 1 % SoH units can be attained.
This suggests that a full impedance spectrum is not required; instead only a few selected impedance
points, i.e., at low frequency and high SoC range, are needed to achieve an acceptable SoH prediction
accuracy.
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Meanwhile, the mean RMS error for SoH estimation with the NFRA-based model from four-fold
cross-validation is approximately 1.1 % SoH units (Figure 4.5), which is in the same range of pre-
diction accuracy as EIS-based approaches. Using this method would thus be feasible to estimate the
SoH from a battery. Adjustment to SoC 80 % would mean that the battery need not be fully charged
for the measurement; yet it would imply that the SoC can be reliably measured, e.g., by correlation
to voltage. Whether an application of the method at a high SoC value of 100 % is possible without
harming the battery would need to be evaluated.
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Figure 4.5: RMS errors of the trained linear regression model based on the identified ageing features from the direct
impedance-based model (four-fold cross-validation, input at SoC 100 % only) and NFRA-based model (four-
fold cross-validation, input at SoC 80 % only).

4.5 Comparison between EIS and NFRA-based SoH
model

All models show promising performance for SoH prediction from EIS or NFRA data (four-fold cross-
validation mean RMSE < 1.5 % SoH units). In absolute terms, for the specific data set used, the
EIS-based SoH model offers the best SoH prediction accuracy (RMSE 0.74 % SoH units). A clear
advantage of methods using raw data (EIS- and NFRA-based) is the simplicity of data gathering, as
only a few discrete measurement frequencies are required, rather than a full spectrum. Moreover,
no pre-processing is required. In all methods developed for data measured at a fixed SoC (SoC 100
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% for EIS, SoC 80 % for NFRA), selected ageing parameters arose in the low-frequency part of the
spectrum (f < 100 Hz): discrete low frequencies were selected in the EIS-based and the NFRA-based
models. From the presence of significant nonlinear responses in the NFR spectra in this frequency
range, the observed ageing parameters are associated with the progressive slowing of the charge
transfer (lithium insertion or de-insertion) process in one of the electrodes of the battery, which is
strongly correlated to its SoH fade. From frequency response data alone, it is not possible to state
definitively whether these parameters measure a process responsible for SoH fade, or simply evidence
a parallel degradation that is strongly correlated during continuous cycling to SoH fade arising due
to other processes. The additional experimental investigation, including post-mortem analysis, is
required to lend further insight.

4.6 Conclusion

A consolidated data set was generated by recording EIS and NFR spectra alongside coulometric
measurement of SoH during life cycle testing. All SoH models demonstrate the feasibility of pre-
dicting SoH of aged batteries from rapid experiments (EIS, NFRA) alone (mean RMS error from
cross-validation in the range 0.74 % to 1.34 % SoH units), once correlations have been established
through life cycle testing. For models utilising measurement at only one SoC (for EIS, SoC 100
% or for NFRA, SoC 80%, obtainable by voltage measurement alone), the implied measurement
time is shorter than a conventional capacity measurement (i.e., full charge-discharge cycle). Over
the majority of the SoH range studied, overall SoH prediction uncertainty is principally governed by
battery-to-battery variation.

It is emphasised that the predictive performance relies on a sufficient quantity of training data, gath-
ered under a relevant ageing regime. The range of applicability of any SoH model prepared through
the methodology presented here (inclusive of all data analysis methods studied) depends on the avail-
ability and quality of the training data. The proposed methodology indicates that up-front electro-
chemical data provision by primary producers of batteries could significantly reduce the experimental
overhead for accurate characterisation of aged batteries, with concomitant advantages to LiB asset
valuation and the economics of battery second use.

For future development of this work, it will be essential to establish the robustness and training data
requirements for SoH models applied to more varied (realistic) cycling conditions. The preliminary
data measured with the same type of batteries used here indicate that the impedance—capacity relation
will vary depending on ageing conditions, including operating temperature as well as cycling regime
(e.g., DoD).

Likewise, supplementary data would be required to consider other battery formats or chemistries,
as well as the extent to which modules can be characterised as a whole, compared to battery-by-
battery characterisation. The establishment of a consistent methodology for SoH estimation on a
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battery-by-battery basis is also a useful precursor to a rigorous comparison of online SoH estimation
methods as deployed at module-scale in BMS development. Such extended analyses would allow
the more general applicability of this methodology to be validated, to support rapid, optimised SoH
characterisation of aged batteries by utilisation of electrochemical data.

In a nutshell, I have answered the early posed research question in this chapter by proving that both
EIS and NFRA are relatively good in SoH estimation with promising prediction accuracy. Again,
this shows that both EIS and NFRA are equally powerful diagnostic tools for the characterisation of
LiBs during ageing. Encouraged by the positive outcome via the data-driven model based on EIS and
NFRA, in the next chapter, I am going to dive into a physical model-based study to explore for more
potential in NFRA in deriving additional nonlinear information, which is not able to be extracted
from EIS.
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Research question: What kind of additional nonlinear information could be extracted via model-
assisted study?

From the phenomenological assessment of the changes in LiB ageing behaviour with particle size
distributions, harmonics arising from NFRA seem to provide additional information compared to
EIS regarding changes in interfacial processes, specifically the nonlinear charge transfer process, in
terms of their kinetics and symmetric behaviour during ageing. In addition, in the previous chapter,
NFRA has been shown to be capable of quantifying the ageing extent of LiB, i.e., SoH estimation,
with a promising prediction accuracy using the black-box approach. However, such a black-box
model could not provide further details such as the underlying LiB ageing mechanisms, which could
only be achieved via a physical model - the P2D battery model. For an accurate analysis, it is crucial
to first parameterise the P2D battery model. In this chapter, I will demonstrate how to systematically
parameterise the P2D battery model. For this, I propose a new multi-step parameterisation strategy
that incorporates NFRA and I showed that via the new multi-step parameterisation strategy, a unique
parameter set that better describes battery dynamics can be attained.

5.1 Introduction

For a reliable and accurate simulation of the battery behaviour with the P2D model, a reliable pa-
rameterisation is essential. The model parameters are either individually determined under specially
designed experiments or batch-wise fitted via multistep parameterisation. Examples for the first case
are the solid diffusion coefficient, which is determined via the galvanostatic intermittent titration
technique (GITT) [162-164]. OCYV is similarly measured via GITT and fitted in the form of the
Redlich—Kister equation [76]. Solid electric conductivity can be determined using the four-point
probe method [165]. Electrolyte properties such as ionic conductivities are determined in platinum
microelectrode setup via EIS [75]. Lithium-ion binary diffusion coefficient and transference num-
ber are determined in lithium metal symmetrical coin cells using pulse experiments [75]. Kinetic
parameters such as exchange current densities are extracted from EIS [165-167].

4 This chapter has been published in H.S. Chan, Y.Y. Lee, D. Witt, J. Ulrich, A. Weber and U. Krewer, Batteries & Super-
caps, 2025. DOI of the original article: https://doi.org/10.1002/batt.202500179 [161].
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For multistep parameterisation using electrochemical methods on a full cell, the model parameters are
grouped and sequentially fitted using a series of electrochemical characterisation methods. In con-
junction with this, identifiability studies for the P2D model or a simplified version—the single parti-
cle model are conducted. Laue et al. concluded that EIS is a crucial complementary electrochemical
characterisation method as compared to C-rate tests, as some parameters remain ambiguous when
using only the conventional OCV and C-rate parameterisations [168]. Bizeray et al. pointed out that
EIS at a single SoC is not sufficient to parameterise the model due to the flat nature of the thermody-
namic OCV behavior [169]. Laue et al. recommended a multistep parameterisation procedure, which
includes OCV, C-rate, and EIS, for the full parameterisation of the P2D model. The author used OCV
to identify mainly static parameters, such as solid concentration in electrodes; C-rate tests for quasi-
static parameters, such as diffusion coefficients, tortuosities, electronic conductivities, and exchange
current densities; EIS for the fine tuning of dynamic parameters, like double-layer capacitances and
electronic conductivities as well as exchange current densities [65, 168]. Witt et al. extended the
parameterisation strategy proposed by Laue et al. to the SEI-extended P2D model to parameterise
SEl-related kinetic parameters via EIS [65].

Yet, the charge transfer coefficient is not assessable via the current parameterisation procedure even
with advanced dynamic analysis such as EIS. Murbach et al. and Wolff et al. showed in their studies
that the charge transfer coefficient is not sensitive to EIS [112, 113]. Murbach et al. further derived
analytical solutions of the voltage response signals with respect to EIS as well as higher harmonics
and showed that the charge transfer coefficient cannot be uniquely determined via EIS, but the second
harmonics may allow a unique identification [113]. Alternatively, EIS with applied bias currents was
shown to be able to identify the charge transfer coefficient as implemented in Ecker et al.’s work
[165]. Nevertheless, this method is challenging because it infringes the time invariance criterion
as SoC drifts during the measurement [165, 170]. Thus, the charge transfer coefficient is usually
assumed to be constant at 0.5 in most of the simulations. Further methods were used to determine
the charge transfer coefficients. The most common approach is via Tafel plot fitting at a single SoC,
and the charge transfer coefficient can be assessed through the slope of the Tafel plot [171]. Hess et
al. suggested that the charge transfer coefficient can be obtained through the fitting of Butler—Volmer
equations using GITT measurement [172]. Also, theoretical approaches like density functional theory
were used [173]. However, they require a very deep and accurate understanding of reaction and
materials.

In this chapter, I perform parameterisation on a full P2D battery model with SEI, which considers,
besides electrode kinetics, also the kinetics of the interfacial process at the SEI layer as well as the
transport through it. To better delineate the process kinetics, I carry out parameterisation based on
three-electrode measurements, which consist of OCV, C-rate tests, EIS, and NFRA. With NFRA,
I target a unique and quantitative identification of the kinetic parameters, specifically the charge
transfer coefficients. Firstly, the P2D-SEI model of Li-ion battery will be shortly summarised and the
proposed multistep parameterisation strategy will be detailed. Next, a parameter study is carried out
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to reveal the relationship between the kinetic parameters and the electrochemical response. Lastly,
uniqueness analysis is conducted to reveal the significance of incorporating NFRA into the multistep
parameterisation strategy.

5.2 Multi-step parameterisation strategy

The SEI-extended P2D model from Chapter 2.5 will be parameterised using an extended multi-step
parameterisation strategy as compared to the former studies by Laue et al. [168] and Witt et al. [65].
Firstly, the multi-step parameterisation strategy begins using a low C-rate discharge (e.g. C/10) to
extract information on Li inventory (cell balancing) such as maximum Li concentration in active ma-
terial cpmax and SEI thickness dsgy. Afterwards, a high C-rate discharge experiment (here: 1C, 2C)
is used for parameterising Li transport parameters, for instance, solid diffusion coefficients Dy and
tortuosities 7. Next, parameters that are sensitive to EIS are determined. These include rate constants
for every interfacial reaction ko, contact resistances R, double-layer capacitances CPL | s0lid elec-
tronic conductivities o5, as well as the ionic conductivity of the SEI ksgy. Lastly, I further extended
the multi-step parameterisation strategy by taking NFRA into consideration. Here, kinetic parameters
are refined, in particular, the charge transfer coefficient « is identified using its distinctive sensitivity
towards the second harmonics as mentioned in [112], and the kinetic parameters obtained from the
previous parameterisation step (EIS) are further fine-tuned. The proposed multi-step parameterisation
strategy is illustrated in Figure 5.1.

The multi-step parameterisation strategy was performed via nonlinear least-squares optimisation in
MATLAB. For this purpose, an objective function that describes the squared relative difference between
experiment and simulation for each parameterisation step is defined. An optimal parameter set X is
identified by minimising the objective function. The definition of the objective functions from step
1 to 3 of the multi-step parameterisation strategy is similar to the previous work by Witt et al. [65],
where the half-cell discharge curves and EIS, in the frequency range from 5 Hz to 1 kHz, are used
for parameter identification. For step 4, NFRA is used at full cell level and at positive electrode.
Here, the NFR spectrum of the negative electrode is neglected as the NFR response arises mainly
at low frequency range, where in the EIS, one can see a measurement artefact (see also Lee et al.
[174]). Here, I assume that the NFR is also impacted. Hence, the objective function for the NFRA
parameterisation is defined as follows:

Fnera(X) =

Z Zn: ( Y, exp.j ) Yo, simfj(k))z + (Y3,exp7j(k)Y3.,sim7j(k))2> 5.1

je{full,pos} k=1 max(Y2,exp,j)? max (Y3 expj)?
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Multi-step Parameterisation Strategy
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Figure 5.1: Multi-step parameterisation strategy with NFRA extension after C-rate and EIS parameterisation for the P2D-SEI
model.

n frequencies between 1 Hz and 300 Hz at full cell level as well as at half-cell positive electrode are
considered.

5.3 Uniqueness analysis

The uniqueness of the identified kinetic parameters from parameterisation without NFRA, i.e. omit-
ting the last parameterisation step, is evaluated. Similar to the work by Laue et al. [168], an indirect
sample-based identifiability test is used. In this approach, EIS is simulated via various combinations
of parameter sets, which are iteratively sampled in a defined parameter space Q. Here, all other
parameters are kept constant to the identified parameter set while kinetic parameters (rate constant
ko and charge transfer coefficient ) are investigated due to the qualitatively similar impact on EIS
spectra. In this study, ko varies by orders of magnitude and the corresponding parameter space is
logarithmically varied while o is equidistantly varied.

Qa S [amim amax] (5'2)

Qko S [IngO,mina 1ngo,mam] 5.3)
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Each parameter range is discretised into 50 points. This results in 50x50 combinations of a and ky,
for a total of 2500 EIS simulations. In these simulations, EIS spectra are simulated with the same
frequency points as the experiment, i.e., 10 points per decade above 66 Hz and 5 points per decade
below 66 Hz. The residuum between the simulated and the experimental EIS spectra is summed over
the probed frequencies fj for each parameter sample. A parameter is not unique when more than one
set of parameter variations show a similar residuum AZ.

AZ = il \/ (Zhin () = Znp (£)) o+ (Zli () — 2L (£)) (5.4)

All simulations in this work, including multi-step parameterisation and uniqueness analysis, are per-
formed in MATLAB (MathWorks, version. R2019b or later).

5.4 Experiment

The measurement in this chapter was performed by Y.Y. Lee. A three-electrode setup (PAT-Cell)
from EL-Cell GmbH was built with electrode materials, i.e., lithium nickel manganese cobalt oxides
- 811 for the positive electrode and blends of silicon-graphite for the negative electrode (Si content
estimated as 2.8 £0.5 wt. % from post mortem SEM-EDX analysis), extracted from a commercial
cylindrical cell (LG 18650 HG2), which has a nominal capacity of 3 Ah. This is the same cell that has
been studied in Chapter 4. The extracted electrode materials were double-sided coated and therefore,
one side of the electrode coating was removed using N-Methyl-2-Pyrrolidone. After that, the elec-
trode was rinsed several times with dimethyl carbonate and dried under an argon atmosphere before
punching into discs with a diameter of 18 mm for the PAT-Cell set-up. A 220 um thick commercial
separator (EL-CELL GmbH, ECC1-00-0210 V/X) of polypropylene and polyethylene with a built-in
lithium reference ring was used. 103 pL. mixtures of ethylene carbonate and dimethyl carbonate with
aratio of 1:1 (v/v) and 1M lithium hexafluorophosphate were used as the electrolyte. The whole cell
assembly process was done inside an argon-filled glovebox (O, and H,O < 0.1 ppm). After that, the
cell was first rested for 12 hours in a temperature chamber (MMM Friocell 55) at 25 °C and then
subjected to formation and cycled using a battery cycler (BaSyTec CTS Lab). During the forma-
tion step, the cells were charged and discharged with C/10 without a constant voltage (CV) phase
for two cycles; in the third cycle, a constant current followed by CV until C/20 was applied in the
charge direction between 3.0V and 4.2V at 25°C. Next, a C-rate test was performed on the cell
via a similar measurement setup. After a rest time, EIS and NFRA measurements were carried out
using a Zahner Zennium potentiostat under galvanostatic mode. The measurement parameters for the
characterisations are shown in Table 5.1.
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Table 5.1: Measurement parameter and condition for the C-rate test, EIS and NFRA.

C-rate test
Voltage range 30Vto4.2V
Charge current” C/2 (CC-CV, current cut-off at C/20)
Discharge current” C/2, 1C, 2C (CC)
Temperature 25°C
EIS NFRA

Excitation amplitude ~ 500puA (C/12) 10mA (1.5C)
Frequency range 10mHz to 1 MHz 100 mHz to 1 kHz
Voltage 4.151 V(about SoC 90 %)
Temperature 23°C

¢ dis-/charge current is defined according to the measured capacity of the cell after formation.

5.5 Parameter and state analysis

In this section, the quality of the result from the multi-step parameterisation strategy will be analysed.
Next, a parameter study is performed based on the obtained parameter set for the given battery,
followed by a uniqueness evaluation to check the sensitivity and uniqueness of the obtained parameter
set based on the proposed parameterisation strategy.

5.5.1 Parameterisation results via multi-step parameterisation
strategy

Via the proposed parameterisation strategy, a parameter set that can reproduce the experimental dis-
charge behaviour at different C-rates, EIS and NFRA in both, full-cell and half-cells, is identified
and the comparison between the simulation and the experimental curves is depicted in Figure 5.2.
Table 5.2 shows the important parameters that were obtained from the multi-step parameterisation.
A complete parameter set can be found in Appendix A.3.

From Figure 5.2 (a), (d) and (g), one can observe that a good agreement between simulated and ex-
perimental discharge behaviour at different C-rates is obtained in full-cell as well as half-cell. Mean-
while, a promising match between simulated and experimental EIS and NFR spectra at the full-cell
level is shown in Figure 5.2 (b) and (c). Note that at the negative electrode, a measurement artefact,
i.e., inductive loop, arises in the frequency range below 10 Hz as shown in Figure 5.2 (e). These are
known to occur for many measurements with Li reference electrode, also in this set-up [174]. There-
fore, parameterisation of the half-cell level especially at the negative electrode is not reliable and will
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not be focused here. The region, where the measurement artefact arises, is highlighted in red in the
corresponding NFR spectrum in Figure 5.2 (f).
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Simulation results reproducing experimental characterisation after multi-step parameterisation strategy: discharge

curves at 0.5C, 1C and 2C, EIS and NFRA at SoC 90% in full cell (a) — (c), negative electrode (d) — (f) and
positive electrode (g) — (i). Solid lines indicate the simulated and dashed lines the experimental results. The red-
highlighted regions indicate the region that corresponds to the frequency range of EIS, in which the measurement
artefacts, i.e., inductive loops appear (see inset of (e)).

Furthermore, it is noted that the charge transfer coefficient for the de-/intercalation at the positive
electrode, which is additionally parameterised via NFRA, is no longer 0.50 but 0.55. By comparing
the full-cell and half-cells EIS and NFR spectra, an assignment of the underlying processes is possi-
ble and interpreted according to the work by Lee et al. [174]. Firstly, one could notice the full-cell
EIS comprises three semicircles, and the diffusion arc starts below 1 Hz (Figure 5.2 (b)). The low-
frequency semicircle (1 Hz — 10? Hz) is predominantly impacted by the positive electrode and only
slightly from the negative electrode. By comparing with the NFR spectra, one can identify that the
process within this frequency range is a charge transfer process as nonlinear signals are visible in the
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Table 5.2: List of parameters obtained from the multi-step parameterisation strategy.

Parameter Unit Negative Separator  Positive
Maximum active material concentration, Cg max molm 3 33345 - 20822
Initial active material concentration, cq molm 3 32629 - 1524
Solid diffusion coefficient, D; m?s~! 1.8-10714 - 3.0-1071
Tortuosity, T - 14.25 1.36 4.44
Electrical conductivity, o Sm! 209.6 - 0.07
Contact resistance, R Qm? 1.5-107* - 6.9-107
SEI thickness, dsgg nm 85.8 -
-1 ti 30 (neg/SEI
Reaction rate constant, kg s 1( negd .1\.1e) (nzg ) - 2.6-107°
ms~ (positive) 3.0-10° (SEl/e)
20 /SEIL
Double-layer capacitance, CP™ Fm? (neg ) - 2
0.41 (SEI/e)
0.50 /SEIL
Charge transfer coefficient, o - (neg ) - 0.55
0.50 (SEI/e)

designated frequency range. Meanwhile, the mid-frequency (10%> Hz — 10 Hz) and high-frequency
semicircles (above 10° Hz) in the full-cell EIS originate mainly from the negative electrode. Simi-
lar findings have also been reported in other publication [26, 174]. As these processes do not show
nonlinearities in the NFR spectrum, linear processes can be assigned to these semicircles: 10> Hz —
103 Hz is the ad-/desorption process at the SEI/electrolyte interphase and across the SEI layer. Fur-
ther, the process above 10° Hz is attributed to the contact resistance between active material particles
as well as at current collectors. The assignment of this frequency range to the contact resistance can
also be observed in other publications [129, 175].

As mentioned previously in the multi-step parameterisation, kinetic parameters have been refined via
NFRA. In the next section, I am going to study how these kinetic parameters influence the different
characterisation methods, i.e., C-rate, EIS and NFRA.

5.5.2 Kinetic parameter study

To gain a deeper understanding of the relationship between kinetic parameters and different charac-
terisation methods, a parameter study focusing on the kinetic parameter is performed.

As shown in Figure 5.3 (a) to (c), the rate constant of the charge transfer process at the positive
electrode ko pos has a significant impact on the frequency response analysis; this is especially notable
in the frequency range attributed to the charge transfer process at the positive electrode (1 Hz to
10Hz) for EIS and NFRA. In contrast, it has a negligible impact on the C-rate performance and
impacts mainly at higher C-rate. By lowering ko pos, the impedance and NFR signals increase due to
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the decrease in the exchange current density, thus, leading to an increase in the overpotential for the
respective process.
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Figure 5.3: The impact of the rate constant of the de-/intercalation process at the positive electrode ko pos (a - ¢) and the charge
transfer coefficient at the positive electrode @05 on full cell (d) C-rates, (e) EIS, (f) NFRA at SoC 90%.

Besides the rate constant, it is also interesting to study the impact of the charge transfer coefficient at
the positive electrode o5 as the parameterisation has resulted in a value of 0.55, not 0.50. As shown
in Figure 5.3 (d) to (f), a slight change in 0,05 shows a stronger impact than ko pos as (yos appears as
an exponent in the exchange current density exponent as compared to the linearly related kg pos. In
general, impedance and NFR signals, predominantly between 1 Hz and 10 Hz, increase significantly.
Also, the discharge behaviour at different C-rates is impacted. It shows a stronger drop in the initial
voltage and hence a vertical shift of the voltage profile when 04,5 decreases.

Here, the variation in 0,5 impacts all frequency responses in EIS and NFRA unlike previous findings
by Wolff et al. [112] and Murbach et al. [113, 114], which showed that s has distinct sensitivity
towards second harmonics only. This is because the expression for the exchange current density
used in this work is different from the above-mentioned publications. The exchange current density
implemented by Wolff et al. and Murbach et al. is a constant. Meanwhile, here, the exchange current
density is dependent on species concentrations and 04,05, considering the kinetics of the involved
species at the interfaces as proposed by Doyle & Newman [50] and Smith & Wang’s prior work
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[176, 177]. Therefore, a variation in 0o not only changes the charge transfer symmetry — Y5 but also

affects the kinetics, i.e., high o065 leads to large exchange current density, thus, small overpotential,
impedance and Y3.

In addition, contrary to the work by Wolff et al., the variation in kg pos is also shown to be impacting
not only EIS and Y3 but also Y, in NFRA. This is because the parameter study here is performed
based on the asymmetrical case, i.€. Opos is equal to 0.55. If 0o is set to 0.50, ko pos only impacts
EIS and Y3 in NFRA while Y; remains the same, which is similar to Wolff et al. [112].
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Figure 5.4: The impact of the rate constant of the de-/intercalation process at the negative electrode kg yeq/sgr (a - ©) and the

charge transfer coefficient at the negative electrode 04,eq/sgr on full cell (d) C-rates, (e) EIS, (f) NFRA at SoC
90%.

The rate constant of the de-/intercalation process at the negative electrode Ko yeq/sg1 18 N0t as sensitive
as the positive electrode for the investigated cell here. In Figure 5.4 (a) to (c), one can notice that with
the same relative variation in Ko neg /sgr as Ko pos, there is no visible change in the C-rate simulation
while there is only a slight increase in the EIS and NFR signals in the frequency range attributed to the
charge transfer process at the negative electrode (1 Hz — 10? Hz) when decreasing the rate constant.
It is also shown here that k e /sgr simultaneously impacts Y, besides EIS and Y3, although Oeq /g1
equals 0.50 in this parameter study. This is because the rate expression used for the charge transfer
process here, unlike Butler-Volmer equation, is not symmetrical in nature.
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Further, as shown in Figure 5.4 (d) to (f), the charge transfer coefficient o, /sgr i not as sensitive as
compared to Gpos: It is shown that a similar quantitative change in 0t /sgr s Ofpos does not result in
any change in C-rates, EIS and NFR spectra.

Meanwhile, a change in the rate constant of the ad-/desorption process between the electrolyte and
SEI layer ko sgr/e has stronger sensitivity than Ko nee/sgr- Especially, it shows higher sensitivity in
EIS and NFRA than C-rate performance as can be seen in Figure 5.5 (a) to (¢). A decrease in ko sgr/e
results in an increase in the high frequency (10> Hz — 10° Hz) semicircles in EIS, indicating that the
process at the SEl/electrolyte interphase is impacted. It is also shown that the impedance of the de-
/intercalation at the negative electrode (1 Hz — 10? Hz) is mainly shifted horizontally towards a higher
impedance but not increase in semicircle. This indicates that a change in ad-/desorption process at
SEl/electrolyte shifts the quasi-steady state but does not change the dynamic of the de-/intercalation
at the negative electrode.
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Figure 5.5: The impact of the rate constant of the ad-/desorption process at the SEI layer ko sgy /e (a - ¢) and the charge transfer
coefficient at the SEI layer oy on full cell (d) C-rates, (e) EIS, (f) NFRA at SoC 90%.

A variation in the charge transfer coefficient in the corresponding process Oggy/. With the similar
extent as Qpos and Oeq/sgr also shows a slight impact mainly on NFRA (Y3) as shown in Figure 5.5
(f), which indicates mainly the charge transfer symmetry is affected. This outcome agrees with the
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finding of Wolff et al. [112] and Murbach et al. [113, 114] that a change in charge transfer coefficient
impacts only the second harmonics.

From the parameterisation above, one could notice that for the analysed cell the kinetic parameters
at the negative electrode are not as sensitive as at the positive electrode. Furthermore, it could be
seen that the C-rate has a comparably lower sensitivity to the kinetic parameters. Therefore, EIS
and NFRA are essential tools to identify these kinetic parameters. In general, the kinetic parameters,
i.e. the rate constant and the charge transfer coefficient manifest complicated interactions in EIS and
NFRA. Thus, in the subsequent section, a uniqueness study is carried out to distinguish the impact of
the charge transfer coefficient and at the same time to demonstrate how to best identify these kinetic
parameters.

5.5.3 Uniqueness study

To understand how unique is the parameter set obtained from the multi-step parameterisation strategy
and how to best identify the kinetic parameters, a uniqueness study is conducted. In the work by Laue
et al. [168], such a study was performed on the C-rate test to resolve the identifiability of selected
transport parameters such as solid diffusion coefficient and electronic conduction; in this study, I
focus the uniqueness study on EIS to investigate the identifiability of the kinetic parameters, i.e. the
rate constants and charge transfer coefficients.

Here, the identified parameter set is taken as the reference case. The rate constant and charge transfer
coefficient are varied while all other parameters are kept constant. The outcome of the EIS simulation
is then compared using the residual calculation defined in method section. Additionally, for EIS
simulations with similar low residuals, the corresponding NFR spectra are further simulated and
compared.

Firstly, Figure 5.6 shows the outcome of the uniqueness study on EIS based on the kinetic parameters
at the positive electrode, i.e. rate constant ko pos and charge transfer coefficient 0f,s. From Figure
5.6 (a), one could notice a dark blue diagonal line, which gives similarly minimal residuals. This
means that multiple pairs of ko pos and Ofos With the identified parameter set could deliver simulated
full-cell EIS that best match with experimental ones. ko pos and 04,05 are thus not identifiable with
EIS only. To further illustrate this, C-rate tests, EIS and NFR spectra are simulated based on several
pairs of ko pos and 045 that lie along the dark blue diagonal line as shown in Figure 5.6 (a). As
expected, the EIS spectra with the selected ko pos and 0o pairs show no difference and give a good
match to the experimental data (Figure 5.6 (c)). There are also only marginal differences in the C-rate
performance (Figure 5.6 (b)). In NFR spectra, as shown in Figure 5.6 (d) inset, Y3 is the same as EIS.
Meanwhile, Y, shows changes with a minimum when 0,05 approaches 0.50. In particular, one could
see that 0,05 = 0.55 could give a qualitative good agreement to the experimental Y. This further
shows that NFRA could further refine a more unique parameter set that is obtained with EIS.
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Figure 5.6: Uniqueness analysis based on the variation of the kinetic parameters at positive electrode, i.e. rate constant Ko pos
and charge transfer coefficient Ogpos: (a) residuals from the difference between simulated and experimental full-cell
EIS, respective simulated and experimental (b) discharge curves at several C-rates, (c) EIS and (d) NFR spectra at
SoC 90% based on the selected Ko pos and Ofpos pairs along the dark blue diagonal line.

Next, Figure 5.7 shows the result of the uniqueness study on EIS based on the kinetic parameters
at the negative electrode: rate constant Ko yeo/sgr and charge transfer coefficient 04eq/sgr. Similar
to the positive electrode, the result also shows a dark blue line that gives minimal residual from the
comparison between simulated and experimental full-cell EIS (Figure 5.7 (a)). However, in this case,
Ko neg/ser Varies only slightly between 13 s~ ! and 20s~!. On the contrary, multiple optimal Olneg /SEI
exist that give simulated EIS that match to experiments. Hence, k¢ neg/sg1 can be better determined as
compared t0 Oyeq/sg1- Figure 5.7 (b) to (d) show further the simulated curves based on kg neg/sgr and
Oheg/sir pairs that lie along the dark blue diagonal line. C-rate performance, EIS and NFR spectra
remain unchanged and give good match to the experimental result. This outcome matches well with
the kinetic parameter study as shown previously that for the current cell O, /sgr 18 insensitive to both
EIS and NFRA characterisation methods. Thus, it cannot be identified via these methods.

Meanwhile, the result of the uniqueness study of the kinetic parameters at the SEl/electrolyte inter-
phase, rate constant ko sgy/e and charge transfer coefficient Oggy/., is depicted in Figure 5.8. The
result is similar to the uniqueness outcome of the kinetic parameters at the negative electrode: the
optimal Ko sgy/e of about 3 x 109 s~ is identified via EIS parameterisation whereas Otgg; /e could not
be identified by EIS alone. Figure 5.8 (b) to (d) show the simulated C-rate performance, EIS and
NFR spectra based on the selected ko sgy/e and Oggy/. pairs that lie along the dark blue line. It is
shown that Osgy /e is possible to be determined via Y», as Y varies with the change in ogy/. while
C-rate tests, EIS and Y3 remain almost constant. Here, it can be seen that o /e is identified to be
0.50 that gives the best match to the experimental results.
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In conclusion, the kinetic parameter pairs at the positive electrode requires both EIS and NFRA meth-
ods for a unique identification. At the negative electrode/SEI interphase as well as SEl/electrolyte
interphase, the rate constant can be identified by EIS. The charge transfer coefficient at the SEl/elec-
trolyte interphase can be further identified via NFRA whereas the charge transfer coefficient at the
negative electrode is insensitive to either EIS or NFRA method, therefore it cannot be identified here.
It should be noted that here obtained sensitivities may be cell-specific, i.e. a change in active material
or cell balancing might lead to different limitations and sensitivities.

5.5.4 Comparison to literature values

In the following, the charge transfer coefficients that were obtained from the multi-step parameteri-
sation strategy will be compared with the literature values.

For positive electrode, the obtained charge transfer coefficient in this work (0.55) coincides with
the reported ranges of charge transfer coefficients (0.48 — 0.58) regardless of the active materials.
For instance, Hess et al. reported a charge transfer coefficient between 0.56 and 0.58 for lithium
cobalt oxides (via GITT analysis) [172] and Heubner et al. obtained a charge transfer coefficient
of 0.55 for lithium iron phosphates via Tafel plot analysis [178]. Ecker et al. determined a charge
transfer coefficient of 0.517 for lithium nickel cobalt oxide using EIS superimposed with different
bias currents and fit the charge transfer resistance with the Butler-Volmer equation [165]. Recently,
Kirk et al. reported a small charge transfer coefficient of 0.48 via parameterisation of Single Particle
Model [179]. Nevertheless, the author only performed parameterisation on full cell measurement as
half-cell measurements are not assessable in commercial cell. Ji et al. identified a change in charge
transfer coefficient from 0.50 to 0.61 for mixed lithium nickel manganese cobalt oxide with lithium
manganese oxide when the cell aged [119]. However, there are only few works reported on the charge
transfer coefficient for the active material — lithium nickel manganese cobalt oxides - 811.

For negative electrode, there are discrepancies between the obtained charge transfer coefficient in this
work (0.50) and the reported literature values (0.28 — 2.03). The reported charge transfer coefficients
vary more significantly as compared to the one of positive electrode. Piao et al. used a charge trans-
fer coefficient dependent exchange current density. By measuring and fitting the exchange current
densities at different lithium concentrations in graphite and in electrolyte, a charge transfer coeffi-
cient of 0.65 is determined [180]. Via the similar method, Chang et al. obtained the same charge
transfer coefficient of 0.65 for graphite electrode [181]. Meanwhile, Dokko et al. used tafel analysis
method and found out a range of charge transfer coefficients between 0.28 and 0.40 depending on the
lithium concentration in the graphite electrode [171]. Ecker et al. found a charge transfer coefficient
of 0.489 for the graphitic electrode via EIS with DC biased [165]. Nevertheless, there are very little
studies on the kinetic characterisation of the silicon-graphitic electrode. For example, Durdel et al.
performed kinetic characterisation on silicon-graphitic electrode (Si — 69.7 wt.%) and determined a

71



5 Mechanistic Model-based Analysis

charge transfer coefficient of 0.50 [182]. Meanwhile, Chandrasekaran et al. identified a charge trans-
fer coefficient of 2.03 for silicon electrode, which is much larger than the graphite electrode [183].
In general, for the graphite negative electrode, it is shown that there are widespread values for the
charge transfer coefficient. This indicates that, as shown in this work, the charge transfer coefficient
for the negative electrode cannot be easily determined.

On the contrary, the charge transfer coefficient for the reaction at SEl/electrolyte interphase was
barely investigated and mostly assumed to be symmetric: Osgp/e = 0.50 [184-186]. Only one work
by Kindermann et al. that took asymmetrical charge transfer coefficient (0.95) in the established
SEI growth model [60]. Nonetheless, the model that established in this work differentiates from the
model by Kindermann et al. as here I focus on state estimation of the battery rather than a SEI growth
degradation model of the battery. Also, Kindermann et al. did not parameterise the charge transfer
coefficient but rather assumed a highly irreversibility of the degradation process by taking a large
charge transfer coefficient. Therefore, discrepancy in the charge transfer coefficient arises, and the
charge transfer coefficient for the ad-/desorption process at the SEl/electrolyte interphase is for the
first-time in this work determined.

5.5.5 Conclusion

In this chapter, the multi-step parameterisation strategy for enhanced estimation of the kinetic param-
eter in the battery model has been introduced. It is shown in the uniqueness study that the kinetic
parameter set obtained via EIS only is not unique, i.e. several pairs of rate constant and charge
transfer coefficient can reproduce the experimental EIS. However, it can be improved by extending
the parameterisation procedure to include EIS and NFRA. With EIS+NFRA parameterisation, the
charge transfer coefficient can be further fine-tuned via Y».

The kinetics at the negative electrode for the investigated cell here shows comparably low sensitivity
compared to the positive electrode. As a result, the low sensitivity increases the uncertainty of the
obtained parameter set at the negative electrode. To enhance the sensitivity, EIS and NFRA char-
acterisations can be performed at different SoC as shown in the previous chapter the EIS and NFR
spectra appear to be different at different SoC. Also, a possible future investigation could include the
sensitivity analysis of the phase of the harmonics as well.

Furthermore, measurement artefacts like inductive loops, as shown in the half-cell data of the neg-
ative electrode exist, which might affect the accuracy of the parameterisation outcome, not only
impacting the negative electrode but also the positive electrode as well. Half-cell measurements from
symmetrical cells can be conducted with NFRA also, which could theoretically eliminate the mea-
surement artefact. Yet, the second harmonic in this case will be cancelled out [174]. Therefore,
parameterisation via symmetrical cell configuration will not benefit from NFRA. As an outlook, for
a unique parameterisation of Li-ion battery which incorporates NFRA, another approach of half-cell
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measurements has to be developed, which has to be free from measurement artefacts, for example, a
three-electrode set-up with meshed reference electrode [187].

In summary, I can conclude that by incorporating NFRA, a more unique parameter set could be
attained. Simultaneously, additional information about the charge transfer coefficient can be deter-
mined via NFRA. Hence, I thereby answered the proposed research question and also showed the
uniqueness and importance of NFRA as compared to other characterisation methods. With the fully
parameterised battery model, a useful predictions on the battery behaviours such as ageing under
a defined circumstance can made. Also, the root causes of the battery ageing can be captured and
thus, minimise the ageing by optimising the operational strategy of the battery. In the subsequent
chapter, I will be using the parameterised battery model to systematically assess the different degra-
dation modes that results in the ageing of LiBs. In particular, I am going to observe how the different
degradation modes in LiBs affect discharge behaviour, EIS and NFRA respectively.
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Research question: How can the combination of EIS and NFRA help in studying the ageing phe-
nomenon of LiBs via modelling ?

In Chapter 4, I have established a black-box model based on NFRA, which could estimate the SoH
of a battery with promising accuracy. Before analysing the ageing mechanism of LiBs in more detail,
I have parameterised the P2D battery model with additional NFR data as described in Chapter 5 and
showed that the battery model can only be uniquely parameterised with the help of additional infor-
mation offered by NFRA. Now, with this parameterised P2D battery model, I am going to go deeper
into studying the ageing behaviour of LiB. In this chapter, a parameter study will be firstly performed.
Specifically, selected battery parameters are varied to resemble the different degradation modes and
the respective changes in the discharge behaviour, EIS and NFRA are observed and discussed. Learnt
from the parameter study outcome, the possible degradation modes in the ageing of the real 18650
cell as observed in Chapter 4 are hypothesised and quantitatively reproduced to estimate the actual
degradation in the cell.

6.1 Parametric ageing study

A conceptual parametric ageing study is performed using the parameterised battery model. Here,
different ageing scenarios such as loss of active material, increase in SEI thickness, etc. are simu-
lated to study their impacts independently on the characterisation measurements: discharge behaviour
at different C-rates, EIS and NFRA. Such parametric ageing study is beneficial and could serve as a
fundamental basis for a better understanding in the later ageing analysis in a real cell as the character-
isation measurements are usually tedious and complicated, whereby the measured spectrum features
a combination of multiple ageing mechanisms simultaneously.

In this section, different ageing mechanisms commonly known in LiB are individually studied via the
parameterised battery model. These ageing mechanisms include SEI growth, loss of active material
as well as loss in electrical conductivity. This model-based study aims to investigate the change in
the battery behaviour due to the variations in the parameter which are related to the different ageing
scenarios (state estimation model). Thus, this is not a study to monitor the ageing course of the
battery from one-time stamp to the other (degradation model).
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6.1.1 SEl ageing

SEI ageing is the most common ageing mechanism in LiBs, either due to the increase in SEI thick-
ness, i.e., a longer transport path for lithium-ion before reaching the electrode surface, or due to the
increase in the fraction of SEI components with poor ionic conductivity, i.e., a larger transport loss
for the transfer of lithium-ion across the SEI layer. Here, the suggested two possible SEI degradations
are studied independently from each other via a model-based approach.

Figure 6.1 (a) to (c) show the SEI degradation for the case with variation in the SEI thickness. In
Figure 6.1 (a), the variation in the SEI thickness impacts barely the discharge behaviour at low C-rate
(0.5C and 1C) but leads to small changes in the discharge behaviour at high C-rate (2C). With larger
SEI thickness, the cell discharges faster as the voltage drops faster and a smaller discharge capacity
is attained. From EIS in Figure 6.1 (b), one could further observe that the whole EIS spectra shift
horizontally towards a higher impedance region when the SEI thickness increases. Meanwhile, in
NFRA, interesting trends could be observed. On one hand, the development of Y3 relates to the
EIS: Y3 in the frequency range between 6 Hz and 10? Hz which is correlated to the charge transfer
process at the negative electrode increases with the SEI thickness. On the other hand, Y, decreases
with an increase in the SEI thickness, which is opposite to the development in EIS and Y3. However,
when one looks at the half-cell NFR spectrum at the negative electrode in the inset in Figure 6.1
(c), Y, shows an increasing tendency when the SEI thickness increases. This is because unlike EIS
and Y3, which are the sum of the half-cell responses from positive and negative electrodes, Y, is
the difference between positive and negative electrodes’s responses. Such correlation has also been
reported by Ji et al. [118]. This leads to the total Y, decrease in full-cell response while the half-cell
Y2 neg increases and this only applies when the Y3 o5 is greater than Y7 peg.
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Figure 6.1: Impact of SEI thickness variation on (a) C-rate performance, (b) EIS and (c) NFRA at SoC 90% and 25 °C.

Conversely, for the second case, the model-based study on the SEI with different ionic conductivities
does not show significant sensitivity to discharge behaviours and NFR spectra (see Figure 6.2 (a)
and (c)). The only deviation is visible in the high-frequency impedance as shown in Figure 6.1 (b),
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Figure 6.2: Impact of SEI with different ionic conductivities on (a) C-rate performance, (b) EIS and (c) NFRA at SoC 90%
and 25°C.

indicating that mainly the ohmic contribution is impacted. Here, one could observe that a smaller
SEI ionic conductivity leads to a larger ohmic contribution.

The resulting difference in EIS and NFRA due to the variation in the SEI thickness and SEI with
different ionic conductivity is due to the reason that a change in SEI thickness changes the lithium
transport between the interfaces neg/SEI and SEl/e (fyegskr/sere) as formulated in Equation 2.39.
Therefore, the surface coverages at both interfaces and thus, the corresponding interfacial processes
are impacted. Meanwhile, the SEI ionic conductivity only influences the potential drop in the SEI
(ADggy) layer as indicated in Equation 2.42. Hence, a change in SEI ionic conductivity mainly affects
the ohmic contribution in the EIS and no change could be observed in NFRA.

6.1.2 Loss of active material

LiB ageing is also often accompanied by a loss of active material in the electrode, which could be
due to the dissolution of the metal oxide at the positive electrode [30] or mechanical damage from
the cycling stresses such as particle cracking that leads to the inability of the electrode to host active
lithium [74]. In this work, the model-based study on active material loss is simulated by varying the
volume fraction of the active material at the negative and positive electrodes separately while other
parameters such as electrode conductivity and porosity remain unchanged. This means that I only
consider isolated inactive particles in the case of active material loss here.

From Figure 6.3 (a) and (d), one can observe that loss of active material at both electrodes has a
significant influence on the discharge behaviour, mainly the cell discharges faster, and the attained
discharge capacity reduces significantly for all investigated C-rates. From the EIS in Figure 6.3 (b)
and (e), it is noticeable that the impact of active material loss at the positive electrode is more signif-
icant than at the negative electrode. It can be seen that the loss of active material mainly impairs the
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Figure 6.3: Impact of different active material proportion at the negative electrode (a) - (c) and at the positive electrode on (d)
C-rate performance, (e) EIS and (f) NFRA at SoC 90% and 25 °C.

charge transfer process, resulting in the impedance increase at the lower frequency range. Further-
more, as the loss of active material increases, the volume fraction of the inactive components also
increases. The inactive components are no longer contributing to any hosting, shuttling of lithium-
ion or any electrical conduction. Therefore, one could see that ohmic resistance at high frequency
—Z7” = 0 increases especially when it is more significant at the positive electrode. In NFRA as shown
in Figure 6.3 (c) and (f), one could notice that Y3 behaves similarly to EIS, which increases when the
loss of active material at either negative or positive electrode also increases. Meanwhile, Y, shows a
different behaviour: when the loss of active material at the negative electrode increases, Y, decreases;
vice versa, Y, increases when the loss of active material at the positive electrode increases. In fact,
while observing the half-cell Y jeq/pos Tesponses in the insets of Figure 6.3 (c) and (f), both Y7 neg
and Y pos increase with the loss of active material. However, due to the aforementioned subtraction
relation between positive and negative half-cell responses, i.€. Y2 yos — Y2 neg» the development in
full-cell Y, is different than EIS and Y3. In this case, NFRA shows an interesting feature for LiB
ageing analysis as one could easily identify the dominance of losses either at the negative or positive
electrode by observing the development of full-cell Y, response in NFRA: kinetic losses dominate
at the positive electrode when Y, increases or kinetic losses are more significant at the negative
electrode when Y, decreases.
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6.1.3 Loss of electrical conductivity

As mentioned previously, battery ageing is not only due to the loss of active material but could
also be due to the degradation of additives in the electrodes such as a binder, carbon black or other
conductivity additives that deteriorates the battery performance. The additive degradation then causes
the active material to be dislocated from the connectivity matrix, therefore, the active material is no
longer able to conduct either lithium ion or electron, losing its electrical conductivity.
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Figure 6.4: Impact of loss of electrical conductivity at the negative electrode (a) - (¢) and the positive electrode on (d) C-rate
performance, (e) EIS and (f) NFRA at SoC 90% and 25 °C.

As shown in Figure 6.4 (a) - (c), the loss of electrical conductivity at the negative electrode is in-
sensitive and has no impact on all characterisation methods. On the contrary, the loss of electrical
conductivity at the positive electrode impacts mainly EIS and NFRA but not the discharge behaviour
as indicated in Figure 6.4 (d) - (f). One could notice that the loss of electrical conductivity results
in a significant shift in the high-frequency impedance due to ohmic contribution and the whole EIS
shifts horizontally to the right-hand side. The NFR signals at the low-frequency range that relate to
the charge transfer process at the positive electrode increase correspondingly.
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6.1.4 Comparison of different ageing scenarios
The simulative outcomes from the model-based ageing study above are summarised in Table 6.1.

Table 6.1: Overview of model-assisted parametric ageing study.

Cdch Z y/ Z (6Hz) Y, Y3
(10° Hz) (10? Hz)

dsgr increases 1 T T T 1 T
Ksgr decreases - 0 - - - _
& neg decreases W T - T J T
oy decreases || 1 : H M 11
Os.neg decreases - - - - - _
O; pos decreases - ™ - 00 1 M

From Table 6.1, one could conclude that a decrease in discharge capacity could be due to several
reasons such as an increase in SEI thickness or loss of active materials in both electrodes. For the
case of the increase in SEI thickness, the decrease in discharge capacity is more obvious at higher
C-rate performance.

In EIS, different transport and kinetic losses can be better separated and identified, ranging from
ohmic contribution at high frequency (1 kHz), adsorption/desorption at the SEI interphase at middle
range frequency (10? Hz) and charge transfer process at the electrode at low frequency (6 Hz). Ohmic
contribution is mainly due to transport losses, arising from a thicker SEI with poor ionic conductivity,
reduced active material and electrical conductivity in the electrodes. The impedance at the middle-
frequency range attributed to the process kinetic at SEI interphase is mainly affected by a thicker
SEI layer. Lastly, charge transfer impedance is shown to be sensitive under all ageing modes except
for the reduction in the SEI ionic conductivity and the loss of electrical conductivity at the negative
electrode.

The sensitivity of NFRA towards different ageing modes is similar to EIS, i.e. NFRA is sensitive to
almost all ageing modes except the change in SEI ionic conductivity and electrical conductivity of
the negative electrode. But with NFRA, one can clearly distinguish that ageing resulted from either
negative or positive electrodes. For example, when degradation originates mainly from the negative
electrode, Y3 increases but Y, decreases or when degradation dominates at the positive electrode,
both Y, and Y3 increases.

In the upcoming section, I will transfer the knowledge that have learnt from this parameter study
and compare it with the actual ageing behaviour of a real battery. To be specific, I will discuss the
possible underlying ageing mechanisms of the real battery qualitatively and then quantitatively by
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observing the change in the battery parameters via model parameterisation, performing at different
ageing intervals.

6.2 Model-assisted ageing study on 18650 battery

This section presents a model-assisted analysis of the ageing behaviour of the 18650 battery (cell o’
— Institution 2 in Figure 4.1) shown in Chapter 4. For selected cycle numbers, the ageing-induced
changes on the discharge curve, EIS and NFRA are interpreted.

In this study, the battery model incorporated with SEI modelling is used. This battery model was
fully parameterised via an experimental cell, which was built using electrodes harvested from the
18650 battery as shown in Chapter 5. This parameterised battery model is set as a reference and will
be used to parameterise for the initial state of the 18650 battery, i.e. before cycling, via the multi-
step parameterisation strategy. For the different ageing states at different cycle numbers, defined
parameters from the parameter set that describes the initial state of the 18650 battery will be tuned.
Specifically, the selected parameters from the previous parametric ageing study will be adjusted to
match the experimental results of different electrochemical characterisations. First, for the discharge
pos/neg and SEI thickness dgg; are ad-
justed. Followed by EIS, the SEI thickness dggj is further refined together with other parameters such

curve, the volume fraction of active material in electrodes &

Here, the rate constant
CDL

as SEl ionic conductivity Ksgy, electrical conductivity of electrodes O pos/neg-

of the charge transfer processes kg and the respective double layer capacitances are also adjusted
in EIS. In the last step, the charge transfer coefficient ¢ is parameterised via NFRA while ko and CP-

are further refined.

The evolution in the model parameters during ageing is then analysed. The model-based approach
aims to quantify the observed ageing behaviours, which are visible in the discharge curve, EIS and
NFRA, and relate them to the change in internal underlying processes or parameters. Thus, they can
be monitored without destroying the cells.

Figure 6.5 (a) shows the SoH fade trajectory for the selected 18650 battery that was cycled between
3.0 V and 4.2 V (DoD 100%) at 45°C and 4 A (=1.33C). Meanwhile, Figure 6.5 (b) shows the
discharges curves at 23 °C and 1.25 A (= 0.4C), (c) EIS and (d) NFR spectra under 23 °C and SOC
80% at the selected cycle numbers: begin-of-life (BOL), 500, 1000%, 2000, and 3000" cycle.
Selected battery parameters from the model parameterisation are displayed in Table 6.2. A complete
parameter set can be found in Appendix A.4.

During ageing, the discharge capacity has been significantly reduced by almost 50 % at the 3000
cycle, which is relatable to the SoH fade. Furthermore, the impedance at about 60 Hz shifts hor-
izontally towards a higher impedance due to an increased ohmic resistance. Simultaneously, the
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Figure 6.5: (a) SoH fade of the ageing of 18650 battery that was cycled between 3.0 V and 4.2 V at 4 A under 45°C. At
defined cycle number, characterisation measurements were performed: (b) discharge behaviour at 1.25C, (c¢) EIS
and (d) NFRA (Y, and Y3 in inset) at SoC 80%. All characterisation measurements are performed under 23 °C.
The solid line indicates the simulated and the dashed line indicates the experimental results.

semicircle at the lower frequency of 1 Hz in EIS increases significantly, which indicates the worsen-
ing of the charge transfer process at the electrodes. In NFRA, Y, and Y3 increase specifically in the
lower frequency range as the SoH decreases. As advised from the previous parametric ageing study,
the increase in both Y, and Y3 indicates that the ageing impact of the positive electrode dominates;
otherwise, Y, will decrease if the ageing impact of the negative electrode is stronger than the positive
electrode.

From the model-assisted analysis in Table 6.2, it is shown that the loss of active material & is increas-
ing at both electrodes. At the 3000 cycle, about 55 — 60% of active material is lost as the battery
ages. The loss of active material in both electrodes results in the observed decrease in discharge
capacity, an increase in ohmic resistance, and charge transfer impedance in the low-frequency semi-
circle of EIS as well as Y3 in NFRA as shown in previous parametric ageing study. Although in the
previous study, the loss of active material at the negative electrode shows a decrease in Y;, Y3 in this
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Table 6.2: Model-assisted ageing analysis of 18650 battery.

Parameters BOL 500th 1000t 2000th 3000th
& pos [-] 0.67 0.58 0.53 0.48 0.37
Es neg [] 0.57 0.49 0.47 0.43 0.34
dsgr [nm] 78 200 300 340 350
Kser [Sm™!] 2.61-107% 2.61-107% 2.61-107% 2.61-107% 2.61-1074
O pos [S™!] 0.02 0.02 0.02 0.02 0.02
Osneg [Sm™!] 15.39 15.39 15.39 0.30 0.04
Kopos [ms™']  4.21-107° 2.31-107° 7.36-10710 1.79-10719  421.107 1
Ko s/ser [s71] 100 100 60 3 2.5
Ko ser/e [s7'] 4-109 4-109 4-10° 4-10% 2-10°
pos [-] 0.55 0.55 0.55 0.55 0.55
oser [-] 0.50 0.50 0.50 0.50 0.50
Osgr/e [-] 0.50 0.50 0.50 0.50 0.50

case has shown to be steadily increasing as the cell ages. This is because here other parameters such
as those from the positive electrode are simultaneously varied as well. The impact of the change in
other parameters especially those from the positive electrode is stronger than those from the negative
electrode despite the extent of active material loss at positive and negative electrode is almost similar.

Besides, the increase in the SEI thickness dggg at the negative electrode shows an accelerated growth
rate in the beginning, i.e. almost double the original SEI thickness after 500 cycles, and slow down
afterwards. This behaviour is similar to many reported square-root time dependence of the SEI
growth on graphite electrodes [57]. At the 3000 cycle, the SEI thickness has increased about four
times as compared to the initial state. Even though it is expected that the increase in SEI thickness
would lead to a decrease in Y», here again, it is due to the simultaneous change in parameters at the
positive electrode, which has a stronger impact than the negative electrode and thus, the effect due to
the change in the negative electrode is no longer visible. Apart from the increase in SEI thickness,
the ionic conductivity of SEI layer ksg; remains constant throughout the battery ageing.

In addition, in the outcome of the model-assisted analysis, one could also see a loss in electrical con-
ductivity oy in electrodes that leads to the ohmic shift of the EIS spectrum. Here, the loss of electrical
conductivity for the model-based assessment is omitted at the positive electrode O pos. This assump-
tion is made based on observation from the post-mortem analysis that the negative electrode has
significantly delaminated from the copper current collector during battery opening, on the contrary,
the positive electrode is still well-intact. One possible reason that the loss of electrical conductivity at
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the negative electrode is more significant than positive electrode could be due to the significant vol-
ume expansion especially silicon, which expands approximately 300 % larger than graphite, leading
to particle detachment, fracture, delamination or other mechanical degradations [188, 189].

Furthermore, it is also shown that the rate constants of the charge transfer processes kg at both elec-
trodes show significant decrease, which lead to the increase in charge transfer impedance and NFR
signals at the low-frequency range. Whereas the charge transfer coefficients do not change during
cell ageing according to the model-assisted analysis. Although charge transfer coefficients remain
the same and one might question the necessity of including NFRA characterisation into the model-
assisted ageing analysis, in the following I will show that NFRA is still crucial in uniquely estimating
the change in battery kinetic during cell ageing, particularly without the half-cell measurements.

Here, I consider the ageing state at the 3000 cycle. The outcome of the model-assisted ageing
analysis at the selected ageing state is plotted in Figure 6.6 indicated by the green curve (parameter
set 1) and this time the half-cell simulations are plotted in Figure 6.6 (c) and (d). By comparing the
full and half-cell EIS simulations, one could notice that the semicircle in the full-cell EIS simulation
is mainly dominated by the contribution from the positive electrode, and the contribution from the
negative electrode is almost ten times smaller than the positive electrode. Next, to test the uniqueness
of this parameter set, I attempt to identify another parameter set that could also give a promising
match to the experimental discharge curve and full-cell EIS, where the contribution of the negative
electrode is stronger than the positive electrode. In this case, the rate constant of the charge transfer
process at the positive electrode is doubled and the rate constant of the charge transfer process at the
negative electrode is readjusted while other parameters remain unchanged. It is shown that when the
rate constant at the positive electrode is doubled, the rate constant for the charge transfer process at the
negative electrode has to be reduced five times from 2.5s~! to 0.5s~!. The corresponding simulation
result based on the second identified parameter set is plotted in Figure 6.6 indicated with the blue
curve. First, one could notice that the discharge curves based on parameter sets 1 and 2 are the same
while a slight deviation in full-cell EIS between the two parameter sets is noticeable, but both still
give a sufficiently good match with the experiment. Meanwhile, in the half-cell EIS simulation, one
could see a significant difference between parameter sets 1 and 2: parameter set 1 delivers half-cell
EIS simulations that show a larger contribution at the positive electrode than the negative electrode,
and the half-cell EIS simulations based on parameter set 2 give equivalently large contributions at
the positive and negative electrodes. Hence, it is shown that the full-cell discharge curve and EIS
alone are not unique to characterise the battery state subjected to a specific ageing interval when the
half-cell information is not available. Different contributions of positive and negative electrodes will
still end up in almost similar development in full-cell EIS as shown here.

In such a case, NFRA helps to better characterise the battery state without the presence of half-
cell information. Figure 6.7 (a) and (b) show the simulated full-cell Y, and Y3 based on parameter
sets 1 (green) and 2 (blue) in comparison with the experimental outcome. Unlike parameter set
1, the simulation outcome based on parameter set 2 shows an extremely strong nonlinear response
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Figure 6.6: The comparison of simulation outcome based on parameter set 1 (green) and 2 (blue) with experimental curve in
terms of (a) discharge curve at 1.25C, (b) full cell and respective half-cell EIS at (c) negative electrode and (d)

positive electrode at SoC 80 % under 25 °C.

and does not agree with the experiment. From the half-cell NFR signals shown in Figure 6.7 (c) -
(d), it is clear that strong nonlinear signals arise from the negative electrode. This indicates that the
negative electrode has a stronger nonlinear response than the positive electrode although both of them
show the same linear response. Therefore, it is shown that even though the different contributions
of positive and negative electrodes could deliver almost similar development in full-cell EIS, the
resulting full-cell NFRA is different, which again proves the importance of NFRA in model-assisted
ageing analysis for a more unique characterisation of the battery.
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Figure 6.7: The comparison of simulated NFR signals based on parameter set 1 (green) and 2 (blue) with experimental out-
come shown in full cell (a) Y, together with the corresponding half-cell simulation at (c) negative electrode and
(e) positive electrode as well as (b) Y3 with its half-cell signal in (d) - (f) at SoC 80 % under 25 °C. The simulated
NER signals based on parameter set 2 terminate at 0.6 Hz. Below 0.6 Hz the signal oscillation is stark distorted
and not reliable for interpretation.
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6.3 Conclusion

The model-assisted ageing analysis enables the quantification of the battery state and of the under-
lying processes within the battery. Such information is not easily assessed by a purely experimental
approach.

Firstly, a parametric ageing analysis was performed. Here, different ageing scenarios were simulated
by varying a specific set of related parameters, and the impact on different characterisation methods
was investigated. It is then shown that the discharge behaviour at different C-rates has the lowest sen-
sitivity as compared to EIS and NFRA as it mainly shows sensitivity towards the ageing occurrence
due to the loss of active material in the electrodes. On the contrary, EIS shows a higher sensitiv-
ity. By probing the impedance responses at different frequencies, EIS shows a stronger sensitivity
towards a wider range of ageing scenarios that correspond to different time constants. For example,
loss of electrical conductivity in the electrode and loss of SEI ionic conductivity lead to higher ohmic
resistance, an increase in SEI thickness results in larger impedance in the middle-frequency range
that is related to the ad-/desorption process at the SEI, and loss of active material impacts impedance
at a lower frequency range that is related to the charge transfer process at the electrode interphase.
As compared to EIS, a different sensitivity of Y, in NFRA could be observed. Y; can help in iden-
tifying which electrode shows a stronger ageing impact, without using the half-cell information: Y,
increases when the ageing impact at the positive electrode is stronger or otherwise, decreases when
the negative electrode shows a stronger ageing impact.

Next, the knowledge learnt from the parametric ageing analysis is used to study the real ageing be-
haviour of an 18650 battery. It is shown that accompanied by the loss of active materials at both
negative and positive electrodes, the SEI increases in thickness, which shows a square-root time de-
pendency as reported commonly in many studies. In addition, loss of electrical conductivity (here
assumed at the negative electrode from post-mortem observation) is also detected. Further, the ki-
netics of both charge transfer processes at the positive and negative electrodes have significantly
decreased during ageing. Importantly, I have shown that full-cell information, i.e. discharge curve
and EIS alone, are not sufficient to uniquely characterise the defined battery state. In specific, I have
found two parameter sets that can give simulation outcomes that have a good match with the exper-
imental full-cell discharge curve and EIS, but the half-cell EIS is different. This difference in the
half-cell EIS is further amplified in the NFR signals due to the difference in the degree of nonlinear-
ities exhibited by the positive and negative electrodes. This proves that NFRA is superior to other
characterisation methods without the necessity of half-cell information.

Overall, in this chapter, it is shown that NFRA is a powerful diagnostic tool, which helps to uniquely
interpret the ageing behaviour of LiBs even if the half-cell information is not available. Besides, the
model-assisted ageing analysis provides one possible interpretation of the causes that underly behind
the ageing of the 18650 battery. In reality, there could be other interpretations for the ageing of the
18650 battery. For example, the SEI ionic conductivity might not stay constant throughout the battery

87



6 Model-assisted Ageing Analysis

ageing as estimated from this model-assisted ageing analysis. This is because as known in many pub-
lications the constituents and the distribution of the bilayer structure of SEI would change at different
ageing intervals. In addition, in the model-assisted analysis, the loss of electrical conductivity of the
electrode is attributed mainly to the negative electrode due to the observation from the post-mortem
analysis. From there, one can observe a significant delamination of the active material at the negative
electrode from the current collector, which makes the validation measurement such as a four-point
probe difficult to perform. Lastly, it could also be seen that the rate constants of the charge transfer
process at the electrode have been significantly reduced possibly due to the presence of other parasitic
reactions that are not included in the simulation model such as lithium plating. As an outlook, it is
therefore interesting to extend the physical battery model, incorporating different degradation modes
not only SEI but also lithium plating and particle cracking. Based on this model, a model-assisted
ageing analysis that includes discharge curves at different C-rates, EIS and NFRA can be performed
which could hopefully provide a clearer understanding and more unique identification of the root
causes of the battery ageing.
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7 Conclusion and Outlook

The unavoidable ageing is the major problem in LiBs. Efforts to minimise the ageing impact with a
longer and safer user application, prediction of premature death, estimation of residual useful life, etc.
have been the main research issues in the past years. All these efforts require a deeper understanding
of the ageing behaviour in LiBs. Dynamic measurements such as frequency response methods have
shown to be beneficial in this topic as ageing can be distinguished and quantified in terms of different
correlated processes in the battery. In particular, NFRA is shown to be a good complement to EIS as
it can reveal additional information that has been masked under the conventional linear EIS. Hence,
NFRA could be a practical tool for the ageing study, which is the focus of this thesis.

In this thesis, the feasibility of NFRA on LiBs ageing is assessed from different perspectives, which
are underlined in four research questions:

* How does NFRA respond to the LiBs ageing as compared to other characterisation methods?
In Chapter 3, for the showcase of different particle size distributions at the negative electrode,
it is shown that NFRA offers more information than EIS. First, NFRA can better differentiate
the underlying processes in the battery according to their nonlinearities. Also, via NFRA, one
could have noticed that the positive electrode shows a stronger charge transfer asymmetry or
larger Y, whereas the negative electrode shows a stronger charge transfer kinetics or larger Y3.
During ageing, Y, shows a different ageing trend than Y3, which is believed could be related
to the change in the charge transfer symmetry.

e Is NFRA able to quantify the ageing?
In Chapter 4, it is shown that the NFRA-based model delivers a promising SoH prediction
accuracy with a mean RMS error of less than 2 % SoH unit. As compared to the conventional
capacity measurement, the measurement time for the remaining capacity estimation via NFRA
can be significantly reduced. Nevertheless, the predictive performance relies on a sufficient
quantity of training data, gathered under a relevant ageing regime, which means a large batch
of data is required to account for the batteries under different operating conditions.

o What kind of additional nonlinear information could be extracted via model-assisted study?
In Chapter 5, via the proposed multi-step parameterisation using experimental C-rate perfor-
mance, EIS and NFR data, a unique parameter set can be obtained. It is shown that parameteri-
sation that only considers C-rate performance and EIS is not unique as multiple parameter sets
with different combinations of rate constant and charge transfer coefficient could give a good
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match to the experimental C-rate performance and EIS. By extending the multi-step parame-
terisation to NFRA, the charge transfer coefficient is further parameterized and showed that it
is no longer equal to 0.50 as assumed in many simulation works.

* How can the combination of EIS and NFRA help in studying the ageing phenomenon of LiBs
via modelling ?
In Chapter 6, a model-assisted ageing analysis is performed and shows that NFRA has different
sensitivities to different ageing phenomena. In particular, for the investigated cell in this thesis,
the second harmonic Y, decreases when the ageing effect dominates at the negative electrode
or increases when at the positive electrode. Furthermore, NFRA is shown to be superior in
uniquely characterising the battery state at different ageing intervals when the half-cell infor-
mation is not available. This is very beneficial especially for analysing the commercial cell,
where no reference electrode is present.

In general, NFRA has shown to be a good complementary analysis tool to conventional EIS. The
model-assisted analysis with NFRA could be useful assistance for studying and understanding the
evolution of the internal states during battery ageing. However, there are still several issues that have
to be addressed.

* Firstly, NFRA can be extended to include the investigation in the phase shift of harmonics as
up to date, NFRA only focuses on the amplitude of the harmonic signals.

» Secondly, the analytical derivation of the harmonics via a model-based approach is worthy of
study for several reasons:

1. to have a clear overview of the constitution of harmonics,

2. to eliminate artefacts due to Fast Fourier Transformation such as windowing and signal
leakage problems,

3. to avoid transient state analysis, i.e., one does not need to contemplate at which oscillation
is valid for steady-state analysis.

e Thirdly, the model-assisted study can include an additional degradation mode — lithium plat-
ing to investigate its impact on harmonics.

e It is also of great interest not only to look at the full cell investigation but also electrode-
resolved analysis for a clearer separation of the contributions from the positive and negative
electrodes. However, it is expected that in-operando electrode-resolved analysis is challenging
in the commercial battery at the current state but it is still possible in the foreseeable advance-
ment in future diagnostic technology.

To date, the demonstration of NFRA in LiBs has shown to be feasible and promising. It is also inter-
esting to apply NFRA not only in a single cell but also in a battery module or stack, which is more
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practical in real-world applications. Of course, the measurement technique by this means needs to be
scaled up as well, which might be challenging but realisable. Lastly, the application of NFRA in other
battery chemistries (solid-state batteries, sodium-ion batteries) or electrochemical systems (superca-
pacitors, electrolyzers) is intriguing. Based on the current evidence in LiBs, a better comprehension
of electrochemical systems other than LiBs is of interest to today’s research community.
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A Appendix

A.1 Mathematical description on EIS

To better understand the working principle of EIS, the mathematical derivation is illustrated with
the help of an electrochemical system that takes periodic current I(t) as input with 1 as perturbation
amplitude and computes the temporal evolution of voltage V(t). The derivation of the formula is
adapted from Bensmann et al. [101].

V(1) = /j’ o(7)-1(t—1)dt A1)
I(t) = % (eIt 4 eTIOY (A.2)

By substituting Equation (A.2) in (A.1), one obtain

V=7 / " g(1) - (90 4 TI00-D)) g (A3)
V) =5 [ /7 Z g(7)-e 107 4t eI [ Z ¢()- &% dr (A4)
—_————
G(w)=Z(w) G(—0)=Z(-w)

Shown in Equation (A.4), the Fourier transformed function exhibits Hermitian symmetry, i.e., G(—®)
is the conjugate of G(w) [190]. Both conjugates are the mirror of each other and have the same
amplitude, only differing in signs of frequency. Hereby, the the frequency response function hereby
is equivalent to the impedance: G(®) = Z(®).
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A Appendix

A.2 Mathematical description on NFRA

For the nonlinear analysis in this thesis, NFRA is implemented and the working principle is detailed
as follows. As an example, an electrochemical system with a nonlinear correlation between current

as input and voltage as output can be depicted using the Volterra series based on Bensmann at al.
[101].

Z/ /gn Ty Tn) - L(t—11). I(t— 7y) d7y...d T, (A.5)

Similarly, the system is excited periodically as shown below.

V t / / T .. ’ e](l)t ‘L']) _’_eqw(t ’L'])
(1) = ( ) £a(T1r e ) ( ) e
L (fOm) g emiolt=m)) g dr,

By applying the n-fold Fourier transformation,

Gy(@y, ..., 0q / / 2n (11, .. 30T | oTi0Tqr, | dr, (A7)

This delivers the following expression.

Gl( )e’“’t—i-Gl( )efja)t

+(1) {Gz(axw)er“’t—kZGz(w,—a))e°+G2(—a),—w)efzj“"}

2 (A.8)
> [Gs3(0, 0, 0)e +3G;3 (0, 0, —0)e/® +3G3(0, —0, —0)e I

+ Gi(—w,—0,—0) I+ ..

Via harmonic probing, i.e., sorting and grouping the coefficient term with similar frequency, one
could obtain the linear Y as well as the nonlinear system responses Y7, Y3, etc.
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A.2 Mathematical description on NFRA

V() = e EGz(w,—w) +]

+ el BGl(a)) + } +eJO! [;Gl(—a)) + }

yi(b)

o2 2 A9
+ et |:Z4G2((D,(D)+...:| e e [;Gz(—wv—a’)*"] "

ya(t)

. /:3 . /:3
+ 30! [1863((0,(0,&))4—..} 4730 [;Gg(—w,—w,—w)+..}

y3(t)
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A Appendix

A.3 Multi-step parameterisation results for the rebuilt
experimental cell from LG 18650 HG2

Table A.1: List of parameters that are obtained from parameterisation (marked with a), post-mortem analysis (marked with b)
and Witt et al. [65] (marked with c). for rebuilt experimental cell from commercial LG 18650 HG2

Parameter Unit Negative Separator Positive
bParticle radius, R um 4 - 2.5
PElectrode thickness, d um 56.3 220 46.6

4 Active material volume fraction, & - 0.55 - 0.67
4Electrolyte volume fraction, & - 0.42 0.74 0.19
°Bruggemann constant, 3 - 2.74 1 0.89
“Transference number, t, - 0.24

“Electrolyte concentration, C¢| molm 3 1000

Table A.2: Redlich Kister coefficients in Jmol ~!.

Coefficient = Negative Positive
Ay -6536.41 -26070.50
Aj 7866.77 2100.65
Az -11935.70 7233.14
Ay 1247.70 19521.57
As 15127.43 -20571.70
Ag 91743.97 -89723.30
Ag 64700.28 114776.10
Ag -445264.00  154066.10
Ag -310992.00  -253362.00

A0 988557.30  -109429.00
Al 393655.50  235359.00
A2 -990131.00  29709.15
A3 -160243.00  -81957.70
A4 367108.10 0
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A.3 Multi-step parameterisation results for the rebuilt experimental cell from LG 18650 HG2

Table A.3: Chemical potentials in Jmol ™.

Parameter Value
Hoeeriy ~ —1.7042-10°
‘ug Li(s) 0
“Ei(neg/SEI) 0
HY,, (neg /SEN 0
'LLI(_)ﬁ (SEl/e) 0
“Su(sm/e) 0
“Bﬁ(e) 0
M-y 0
l'L;())os?Li( ) —3.8036-10°
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A Appendix

A.4 Parameterisation ageing study for the commercial

LG 18650 HG2

Table A.4: List of parameters that change at different ageing instantaneous of full cell commercial LG 18650 HG2.

Parameter Unit  before cycling  500cycle  1000"cycle 2000™cycle  3000™cycle
Active material volume fraction

Positive electrode, & pos - 0.67 0.58 0.53 0.48 0.37
Negative electrode, & neg - 0.57 0.49 0.47 0.43 0.34
Charge transfer coefficient

Charge transfer process at positive electrode, Ofpos - 0.55 0.55 0.55 0.55 0.55
Charge transfer process at negative electrode, 0/sg; - 0.50 0.50 0.50 0.50 0.50
Ad-/desorption at SEI, asgy/c - 0.50 0.50 0.50 0.50 0.50
Rate constant

Charge transfer process at poitive electrode, ko pos ms~! 4.21-107° 231-107° 7.36-107'9 1.79-10710 4.21-107"
Charge transfer process at negative electrode, ko s /sgr 5! 100 20 12 3 2.5
Ad-/desorption at SEL ko sgy/c 5! 4.0-10° 4.0-10° 4.0-10° 4.0-10° 2.0-10°
Double layer capacitance

Charge transfer process at positive electrode, Cp; F?m™! 2 2 5 5 5
Charge transfer process at negative electrode, CB’EEI FPm™! 20 10 7 30 10
Ad-/desorption at negative electrode, Chi /e FPm™! 0.4 0.5 0.5 0.5 2.5
Electronic conductivity

Positive electrode, O pos Sm™! 0.02 0.02 0.02 0.02 0.02
Negative electrode, O neg Sm~! 15.4 15.4 15.4 0.3 0.04
SEI thickness, dsgr nm 78 200 300 340 350
SEI ionic conductivity, Ksg Sm~! 261-107*  2.61-100* 261-100*  261-100* 2.61-107*
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Table A.S: List of parameters that assume constant for the ageing of full cell commercial LG 18650 HG2.

Parameter Unit Negative Separator Positive
Particle radius, R um 4 - 2.5
Electrode thickness, d um 56.3 220 46.6
Electrolyte volume fraction, & - 0.42 0.74 0.27
Bruggemann constant, 3 - 2.74 1 0.89
Transference number, t, - 0.24

Electrolyte concentration, ¢ molm 3 1000

Maximum active material concentration, Cs max molm 3 38632 - 37898
Initial active material concentration, cs molm ™3 38594 - 1388.3
Contact resistance, R o/ m? 1-1074 - 6-1074

Table A.6: Redlich Kister coefficients in Jmol ™' for full cell commercial LG 18650 HG2.

Coefficient = Negative Positive
Ay -6536.41 -26070.50
As 7866.77 2100.65
Az -11935.70 7233.14
Ay 1247.70 19521.57
As 15127.43 -20571.70
Ag 91743.97 -89723.30
Ag 64700.28 114776.10
Ag -445264.00  154066.10
Ag -310992.00 -253362.00

A0 988557.30  -109429.00
Al 393655.50  235359.00
A2 -990131.00  29709.15
A3 -160243.00  -81957.70
A4 367108.10 0
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Table A.7: Chemical potentials in Jmol ™! for full cell commercial LG 18650 HG2.

Parameter Value
Mooty —1.7042-10°
‘U“\O/ Li(s) 0
'LLEi(neg/SEI) 0
'ugu(neg/SEI) 0
'u'l(_)ﬁ (SEl/e) 0
”3Li<s1~:1/e) 0
“Bﬁ(e) 0
M-y 0
“gos,u(s) —3.8036-10°
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