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Abstract: Lithium-ion batteries with improved energy densities have a complicated understanding
of the Solid Electrolyte Interphase (SEI) generation mechanisms that cause mechanical, thermal, and
chemical failures. SEI processes reduce battery capacity and power. Thus, a review of this area's
understanding is critical. It is essential to know how batteries degrade in EVs to estimate battery
lifespan as it goes, predict and minimize losses, and determine the ideal time for a replacement.
Lithium-ion batteries used in EVs mainly suffer two types of degradation: calendar degradation and
cycling degradation. Despite several existing works in the literature, several aspects of battery
degradation, in particular, degradation cases of large-format lithium-ion battery degradation,
remain unclear or have not been analyzed in detail. This work presents a systematic review of
existing works in the literature. The results of the present investigation provide insight into the
complex relationships among various factors affecting battery degradation mechanisms.
Specifically, this systematic review examined the effects of time, side reactions, temperature
fluctuations, high charge/discharge rates, depth of discharge, mechanical stress, thermal stress, and
the voltage relationship on battery performance and longevity. The results revealed that these
factors interact in complex ways to influence the degradation mechanisms of batteries.

Keywords: Prognostics; Ageing; Lithium-Ion Batteries; EV Batteries; Degradation; Electric vehicles;
Failure; Solid Electrolyte Interphase; Lifespan Estimation; Battery Performance; Diagnostics;
Lifetime Prediction

1. Introduction

Several governments worldwide are interested in reducing their country’s dependence on oil.
Among the alternatives for replacing oil, the growing use of renewable energy sources is the most
promising. Renewables generate power intermittently and require storage batteries to meet peak
regulations. Most renewable energy sources are intermittent, opening spatial and temporal gaps
between the availability of the energy and its consumption by end users. In order to address these
issues, it is necessary to develop suitable energy storage systems for the power grid [1].

Electric vehicles use energy storage batteries, which can avoid using traditional fuel in vehicles.
Hence, they are preferred and are becoming more and more popular nowadays. There is an urgent
need to replace traditional fuel vehicles with electric vehicles charged using renewable energy
sources [2]. The carbon dioxide (COz) emissions make the land transport sector one of the main ones
responsible for climate change [3]. Quantitative assessments indicate that the transportation sector

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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accounts for approximately 24% of global CO:z emissions. Road, rail, and off-road vehicles account
for 75% of these emissions within this sector [4-7].

Several public policies have been proposed to decarbonize the transport sector. The European
Union Parliament created Regulation 2019/631 on April 17, 2019, setting stricter CO2 emission
standards for new passenger and light commercial vehicles starting in 2020. This regulatory policy
requires automotive CO2 emissions to decrease by 15% by 2025 and 37.5% by 2030 compared to 2021
[7,8]. Globally, many governments have passed transportation CO2 emission reduction laws [7,9-13].
Although EVs are an alternative to decarbonizing the transport sector, several challenges are still to
be overcome. Among them, it is worth highlighting the price of battery modules. Although battery
module prices have fallen in recent years, it is estimated that battery modules cost approximately 2/3
of the total EV cost [7]. The price of battery modules must be reduced by half its current value to
make these vehicles economically viable and competitive with combustion engine vehicles [14-17].

Lithium-Ion Batteries (LIBs) are used in most EVs because of their high specific energy, low self-
discharge, extended lifespan, safety, and cost [18-21]. During the operation of EVs, the batteries
undergo various degradation processes that depend on numerous factors (e.g., road conditions,
driver behavior, ambient temperature, and cabin temperature) [3]. These degradation mechanisms
reduce battery capacity and power. The battery capacity and power reduction result in a shorter EV
range, causing range anxiety in customers. Accelerated battery degradation also reduces charging and
discharging efficiency, increasing internal resistance and shortening the battery's lifetime [22].

Vehicle manufacturers expect to replace batteries when the batteries reach 70 to 80% % of the
initial charge range [23]. This limit is still uncertain, and many studies have reported that batteries
will be used below this limit. On the other hand, early battery replacement will be recommended if
the battery's degradation mechanisms are not adequately mitigated [24].

Battery deterioration processes are critical to understanding the battery for technical, economic,
and scientific purposes. Understanding the degradation process of batteries will allow companies to
determine the best time to replace EV batteries, optimize their design (i.e., maximize their efficiency),
accelerate the product development cycle, and ensure that the battery is safe and has the adequate
performance to operate on EVs and a second application.

In terms of economic aspects, it is possible to estimate and reduce the return on the investment,
identify new ways to capture the value and maximize the value captured during the operation of the
batteries based on the degradation mechanisms. Understanding battery degradation mechanisms is
essential for optimizing battery models in embedded systems responsible for battery control and
monitoring. These systems can extend battery life and enable the market for second-life batteries [25].
From the research perspective, it is possible to identify the factors that accelerate the batteries'
degradation, predict the moment that the battery will fail, identify new viable applications for the
batteries, and identify possible battery defects. Thus, it is possible to design new models and solutions
to overcome the existing issues [24]. Automating battery disassembly and categorization requires an
in-depth understanding and accurate models of secondary-life battery degradation. This will reduce
the time and cost associated with battery disassembly and classification. This method reduces or
eliminates the need for exhaustive battery testing, thereby enhancing the overall efficacy of battery
lifecycle management [26].

Predictive maintenance is also essential to ensure battery safety. Most battery manufacturers
provide predictive maintenance services based on vehicle distance traveled and lifetime. However,
this process has high costs, low efficiency, and is time-consuming. Therefore, understanding battery
degradation is essential for the manufacturer to provide the maintenance service at the ideal moment,
avoid unscheduled maintenance, and reduce costs and maintenance time. This is relevant for the
tooling and EV markets. This process can be optimized using machine learning algorithms defining
the optimal time to provide service intelligently based on previous maintenance histories and battery
operation data [27].

Battery degradation processes are complex, and their understanding is not trivial due to the
numerous factors influencing each other. However, identifying the optimal operating range of
current, voltage, and temperature for this Energy Storage System (ESS) operation is crucial for
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diagnosing and prognosis battery failures and predicting and extending battery life. A systematic
literature review is needed to understand battery behavior in critical situations, predict failures and
lifespan, and implement safety functions in the Battery Management System (BMS).

The non-linear characteristics of the Solid-Electrolyte Interphase (SEI), lithium coating, and loss
of active material make it challenging to comprehend, model, and manage battery degradation
mechanisms. Numerous events coexist and impact one another, making it difficult to simulate each
degradation mechanism. Therefore, more research is necessary to comprehend the battery
deterioration mechanism and to develop dependable novel monitoring and diagnostic technologies.

Usually, the degradation mechanisms are investigated in analyses carried out after the batteries
reach their lifespan, called post-mortem analyses. In these analyses, the components of the aged cells
are separated and individually analyzed. The cell must be disassembled to perform this type of
analysis. This technique's advantage is that it makes pinpointing each cell's component's unique
contribution feasible. However, one of the main disadvantages is the need to carry out stress tests on
the cell to evaluate the degradation mechanisms, making this analysis time-consuming and costly
[28].

Battery degradation is a complex phenomenon that needs to be modeled and controlled by
systems capable of keeping battery operation within operating limits, increasing battery life in EVs
and other applications. Several works have been proposed in the literature. In [29], the authors
investigated the current collector's aging mechanism for power reduction and increased battery
impedance. In [30], the authors showed that the loss of capacity occurs due to changes in the cyclable
lithium and active material loss. In [31], a review of the battery degradation mechanisms is presented.
The collected information in [31] motivated new works focusing on diagnosing battery degradation,
offering prognoses, understanding the effects of cycling conditions on degradation, and
understanding how the degradation mechanisms are interrelated.

Despite many scientific and technical papers in the literature that aim to clarify the battery
degradation process, issues still need to be clarified. Therefore, this work seeks to clarify the
mechanisms of battery degradation, focusing on comprehensively explaining how cycle and calendar
effects affect battery degradation and diagnosing and predicting these mechanisms and their impact
on battery safety. Unlike most studies in the literature (see Table 1), the contribution of this work is
to provide a systematic review of battery degradation mechanisms, the causes of battery failure, and
ways to mitigate these effects. In addition, this systematic review presents several ways of diagnosing
and proposing the different battery degradation mechanisms. In a lithium-ion battery, the cathode is
one of the key components responsible for storing and releasing lithium ions during the charging
and discharging processes. The Cathode-Electrolyte Interface (CEI) is the boundary or interface
between the cathode material and the electrolyte solution in the battery. CEI plays a crucial role in
overall battery performance and degradation that is still little discussed in the literature.

Table 1. Main papers reviews published in the literature on degradation mechanisms of LIBs.

Aging Mechanism Year | Reference
SEI formation 2022 [32]
2021 [33]
2017 [34]
2005 [35]
Electrolyte decomposition 2022 [32]
2021 [33]



https://doi.org/10.20944/preprints202306.0228.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 November 2023 doi:10.20944/preprints202306.0228.v2

4
2019 [36]
2017 [34]
Loss of cyclable lithium 2022 [32]
2020 [37]
2019 [36]
2005 [35]
Loss of active anode material 2017 [38]
Internal resistance increase 2005 [31]
Loss of adhesion of the active material 2021 [39]
Capacity loss due to reduced electronic conductivity and | 2021 [39]
lithium mobility.
Short circuit due to increased temperature and current | 2021 [39]
caused by corrosion of current collectors.
Internal short circuits are caused by mechanical, electrical, | 2017 [34]
or therm abuse.
Lithium plating 2017 [34]
Mechanical stress 2017 [34]
Structural changes and mechanical degradation. 2017 [34]
Transition metal dissolution. 2017 [34]
Surface film formation. 2017 [34]
Mechanical compression and loss of mechanical stability. | 2017 [34]
Overpotentials 2005 [31]
Inhomogeneous distribution of current and potential. 2005 [31]
Oxidation of electrolyte components. 2005 [35]
Increased impedance due to gas formation. 2005 [35]

This work aims to present the working principle of LIBs and their main degradation mechanisms
simply and directly. The purpose of Section 2 is to present the motivation for this work. The goal of
Section 3 is to answer the following questions: “How do LIBs work?”, “Which are the main
components of LIBs?”, “Which LIB chemicals are most used in EVs?”, “Which cell types are most
used in EVs?” and “How is the degradation behavior of these cells?”. Section 3 aims to investigate
the LIBs degradation in Evs, including large format cell degradation modes. Section 4 presents the
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degradation mechanisms of LIBs, and Section 5 discusses the results. Finally, a conclusion is
presented.

2. Diagnostic Methods

The volume of data derived from batteries has increased due to technological advancements,
particularly in the Internet of Things (IoT) and smart sensor systems. This information is vital for
enhanced monitoring of batteries in EVs, facilitating their remanufacturing, reuse, and recycling, and
enhancing automated disassembly procedures. Additionally, it aids in accurately estimating battery
residual value, thereby informing strategic decisions regarding battery lifecycle management [26].

The digitalization of batteries is crucial for conducting fault diagnoses, identifying fundamental
causes, and facilitating the efficient collection, classification, and determination of environmental
implications. Facilitating detailed digital characterization reduces the need for repeated and
overlapping battery supply chain examinations, significantly optimizing time and cost parameters.

Recent research has shown a significant advance in developing models to predict degradation
mechanisms. These models can be classified as electrochemical, empirical, semi-empirical, and data-
driven models. Different classifications of models can be developed to predict battery parameters.

Electrochemical models are used to simulate the behavior of cells. They are accurate because
they are based on mathematical equations describing the chemical characteristics of the cell's
materials and the design variables. The main disadvantage of these models is the difficulty of
describing mathematical equations. The chemical behavior of cells and their degradation mechanisms
are complex once many of these phenomena co-occur. They depend on numerous external factors
and have non-linear characteristics. From a computational perspective, these complex mathematical
equations require a high computational cost to be solved, which can take a long time to model and
predict. From a practical point of view, this kind of model usually requires cell disassembly and the
exposition of its operator to high voltages, making the procedure slow and challenging to be scalable
[24,40].

Empirical models are built from direct measurements of battery observables. Although
empirical models do not require battery disassembly, their major drawback is performing cycle tests
to measure the model's variables. These tests can be expensive and take a long time. This model is
built for a specific scenario, e.g., batteries employed in EVs, and consequently, cannot be used to
forecast the battery deterioration processes in a different scenario, such as the battery's use in a second
application [41]. Semi-empirical models combine batteries' physical and chemical characteristics with
measured [24,42]. Electrochemical Impedance Spectroscopy (EIS) is a non-invasive method for
analyzing a battery's increase in ohmic resistance. By employing alternating current perturbations
across a range of frequencies and analyzing the resulting impedance, EIS provides detailed insights
into the intrinsic electrochemical processes, making it an indispensable tool for real-time battery
diagnostics [43]. This technique often identifies equivalent circuit model parameters that estimate
battery states such as internal impedance, Li-ion diffusion dynamics, electrode contact impedance,
SOC, and State of Health (SOH) [43]. The EIS are signals rich in information about the aging of
batteries and are often used as input parameters to estimate the useful life of batteries. However,
most commercial BMSs still do not collect EIS on board the vehicle due to the high cost of the
equipment. In addition, the results are subject to variations in temperature, and the test is time-
consuming [45]. Figure 1 shows a methodology for modeling batteries to predict their remaining
useful life.
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Figure 1. Example methodology for modeling batteries' Remaining Useful Life (RUL). Adapted from
[46-48].

The most well-known empirical models are the coulomb counting method [46—49], the ampere-
hour counting method [50-54], and the event-driven aging accumulation method. The coulomb
counting technique accumulates the coulombs dissipated since the start of the discharge cycle and
estimates the remaining capacity based on the difference between the accumulated value and a pre-
recorded total charge capacity. The coulomb counting method has difficulties estimating the SOH in
real applications with variable loads because the discharge cycles can be irregular. In other words,
there are complete and incomplete cycles.

The ampere-hour method operates on the principle of determining the electric current's integral
over time, which corresponds, in theory, to the change in a battery's state of charge. Nonetheless, any
inaccuracies in the current sensor or variations in the Coulombic efficiency - the ratio of the total
charge extracted from the battery to the total charge placed into the battery during a complete
discharge-charge cycle - can contribute to accumulated errors in estimating the SOC. In addition, the
available battery capacity can fluctuate over time due to aging, temperature, and discharge rate,
which the ampere-hour method does not account for, compounding the estimation error.

The use of high-precision sensors can substantially reduce the SOC estimation errors associated
with the ampere-hour method in order to address these deficiencies. High-precision sensors provide
a more precise reading of the electric current, reducing the possibility of error in the integral
calculation. The weighted ampere-hour method provides a sophisticated approach to estimating
RUL. It considers the total charge/discharge, battery age, and temperature effects. By applying
weighted factors to the current, considering the rate of battery deterioration and the impact of
operating conditions, it provides a more accurate estimation, thereby reducing the errors inherent to
the traditional ampere-hour method. This method improves the predictability of the remaining
battery life, enhancing the dependability and efficacy of battery-dependent systems.

Incremental Capacitance Analysis (ICA) [55-57] and Differential Voltage Analysis (DVA) [58,59]
are non-destructive techniques that provide accurate and reliable data on electrode degradation.
These techniques can identify battery deterioration mechanisms with a high level of precision.
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ICA is an instrumental technique that converts voltage plateaus into observable charge
differences to voltage. Under conditions analogous to potentiostats, these differentials reveal
intercalation mechanisms within biphasic regions, typically associated with phase transitions during
charge/discharge processes. This arrangement of peaks and valleys is a unique identifier of electrode
materials. This method is typically carried out at a low C rate to allow for a thorough investigation
of intercalation mechanisms and material properties. Infrared thermography can supplement ICA
and DVA by validating the battery surface temperature calculated by thermal models [43].

The open-circuit voltage methods are methods that have a very long measurement time and
have margins of error. In the open-circuit voltage method, the open-circuit voltage curve of the
lithium-ion battery is obtained, and the SOC is estimated from the battery's mathematical model.
However, this method cannot be used in real time and requires initial conditions that may not be
known. Finally, the internal resistance method needs to measure the frequency response of the
battery to determine its state. As this method usually requires extra function generators and a
separate testing period, it is expensive and challenging to implement as part of the battery.

Physical model-based methods attempt to build a mathematical model that describes battery
degradation behavior. The implementation of this approach largely depends on the effect on the
battery's internal structure and material qualities and considers the battery's aging condition and
degradation mechanism in detail. The decay mechanism model is primarily concerned with the
internal reaction mechanism of the battery, with the Solid Electrolyte Interphase (SEI) and ion
concentration serving as objects of observation [63-65].

The Equivalent Circuit Model (ECM)-based method estimates the SOH of the battery by first
describing the variation of each parameter in the battery using equivalent circuits composed of
capacitors, resistors, and voltage sources. However, working conditions significantly affect these
parameters, making it challenging to identify the parameters, which limits the method to describe
the dynamic and static characteristics of batteries [66]. Capacity deterioration can also be presented
through observation and state equations. It is then processed by algorithms such as Extended Kalman
Filter (EKF) [67-69], Unscented Kalman Filter (UKF) [70,71], and Particle Filter (PF) [62] to estimate
the SOH of the battery.

The physics-based approaches offer numerous benefits. These include: (i) the capacity for
physical insights, contributing to a comprehensive understanding of the battery. Therefore, this
method has good interpretability, facilitating the comprehension of the model's predictive behavior,
(ii) good accuracy, including in scenarios beyond the operating region, with good extrapolation
capability and transferability through chemistry. On the other hand, the high computational cost,
overparameterization, the need to identify several parameters, and the complexity of understanding
the different degradation modes can limit the application of physics-based models in real
applications [44,72,73].

Data-based Models (DbMs) have become attractive due to the greater processing power of
computers [44,74]. DbMs are increasingly being applied in the industry because they can reduce the
design time, predict premature battery failures, and do not require the batteries to disassemble to
build these models. Data from EIS [75,76] and Open-Circuit Voltage (OCV) [21,24,74,77-79], among
others, are employed to build models using pattern recognition and machine learning techniques
[80]. DbM can be classified as empirical when parametric, i.e., built based on the battery’s prior
knowledge. On the other hand, DbM can also be classified as non-empirical when built from real-
time measurements, i.e., the model emits an output for each new sample measured [81,82]. Figure 2
shows a flowchart of data-driven models applied to batteries.
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Figure 2. Flowchart of battery data-driven models.

Machine learning algorithms widely used successfully in data-driven models are: the time series
model [83], Artificial Neural Network (ANN) [84], Support Vector Machine (SVM) [83], and Gaussian
Process Regression (GPR) [85]. Time series and linear regression models map the non-linear
relationships between resources and capacity or remaining battery life. Most relationships are non-
linear, which makes non-linear mapping more popular. Neural networks learn the implicit rules of a
given pair of inputs and outputs during an offline training phase and then form a non-linear black
box model for use during the online operating phase. A well-trained ANN can distinguish between
a battery system’s normal and abnormal states. Despite strong self-learning from historical data,
ANN needs a large amount of historical data, has high training time, low generalization ability, and
overfitting problems [85].

The main function of SVM-based fault diagnosis is to transform the input space into a high-
dimensional space through a kernel function and find the optimal hyperplane in this new space. This
method treats LIBS fault diagnosis as a sample classification problem and trains an accurate classifier
based on historical data. Information fusion represents a process of reasoning and decision-making
based on uncertain information [86,87]. Based on the SVM, the literature has proposed the relevance
vector machine (RVM) method, a probability prediction method. Because of its super simple
parameters and generalizability advantages, RVM has already been applied to the prediction field
[88].

GPR is a variant of non-parametric regression techniques and can effectively decipher the
complex non-linear tendencies observed in battery degradation profiles. This machine-learning
technique uniquely quantifies uncertainty in regression estimations, which confers a high level of
robustness in predictive contexts [85].

In an in-depth examination of its benefits, the capability of GPR to perceive non-linear data
associations is highlighted first. It makes no assumptions about the underlying distribution of the
data and can therefore model complex nonlinear relationships with flexibility. This is especially
advantageous when coping with complex battery degradation patterns. Second, the ability of GPR to
quantify the uncertainty associated with predictions is an indispensable advantage. In specific
contexts, the absence of this characteristic from other traditional regression methods can render their
predictions less reliable. GPR's measure of uncertainty assists in identifying forecasts that should be
interpreted with caution due to their high degree of uncertainty.

On the other hand, GPR has several limitations. The computational complexity associated with
Gaussian Processes is a significant drawback. Particularly for large datasets, the computational cost
of GPR can become prohibitive due to the necessity of calculating the inverse covariance matrix. In
addition, selecting a suitable kernel, which is essential to the model's success, can be a challenging
endeavor. Without the proper kernel, the ability of GPR to characterize nonlinearities may be
compromised. In addition, GPR tends to perform inadequately with high-dimensional data due to
the curse of dimensionality, which necessitates an exponential increase in data to sample the high-
dimensional space representatively [84].
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Estimating the State of Health (SOH) of second-life batteries is difficult due to the lack of
historical data and the variety of battery module chemistries and architectures. The lack of historical
battery data makes predicting long-term battery data challenging [87]. Non-invasive diagnostic
methods, such as X-ray computed tomography (CT), are preferable for cell analysis as they eliminate
potential cell damage associated with disassembly. X-ray CT enables the quantification of the three-
dimensional internal cell structure, providing diverse volumetric data crucial for assessing the State
of Health (SOH) of batteries. These data sets include grayscale values, electrode deformation
indications, electrolyte consumption measures, thickness metrics, and information on the size and
distribution of aging-induced gas products. Together, these parameters provide a comprehensive
evaluation of battery health, informing predictive maintenance and battery design optimization
efforts [89].

3. Motivation

To design more efficient, reliable, safe, and long-lasting batteries, it is crucial to comprehend the
mechanisms of battery degradation. By analyzing the causes of battery degradation, researchers can
develop new materials and technologies to mitigate these effects and enhance the performance of
batteries. Better BMSs that can monitor battery health in real-time and adjust their operation
accordingly are one method to enhance the next generation of batteries. For instance, if a battery
exhibits degradation due to overcharging or high temperatures, a BMS can reduce the charge rate or
decrease the operating temperature to prevent further degradation. In addition, the battery test
matrix can be designed condensed based on knowledge of degradation mechanisms to capture only
the most essential data for validating the design parameters.

While the mechanisms of degradation in small cells are presently comprehended, further
investigation is needed in specific domains, such as the particular aging behavior of large cells
compared to small cells. For example, the precise chemical and physical processes that lead to
electrode degradation are not yet fully understood, and more research is needed to develop new
materials and manufacturing techniques to mitigate this effect.

Despite existing works in the literature, several degradation mechanisms have not yet been
described clearly and comprehensively. Some concepts remain ambiguous in the literature, and an
in-depth discussion is still needed. Therefore, the present systematic review revisits the main battery
degradation mechanisms, avoiding ambiguity in the description of complex chemical phenomena,
and, finally, we present ways to mitigate these problems in the future.

4. Basic Structure of LIBs

The major components of the LIBs comprise the positive electrode, negative electrode,
electrolyte, current collector, separating membrane, and casing. Figure 3 details the atomic structure

of a LIB.
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Figure 3. Technical Scheme of LIBs. Adapted from ref. [90].
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The battery has a positive electrode and a negative electrode. The positive electrode presents a
crystalline structure, e.g., generally made of lithium manganese oxide (LMO); lithium cobalt oxide
(LCO); lithium nickel oxide, cobalt, and aluminum (NCA); and lithium oxide, nickel manganese, and
cobalt (NMC). They can also comprise olivine-type materials, such as lithium iron phosphate (LFP)
[91-94]. Positive electrodes generally consist of materials whose specific capacity is less when
compared to harmful electrode materials. However, when high-capacity materials are inserted into
the positive electrode, the battery's degradation process is accelerated, reducing its lifespan [95-99].
For this reason, several studies are being performed to develop new materials to increase the positive
electrode's specific capacity.

Initially, the LIBs that dominated the battery market contained LCO as positive electrodes.
Batteries with the LCO cathode have high working voltage, excellent performance rate, and good
cycling performance even at high temperatures. The main disadvantage of this technology is that
cobalt has a low specific capacity and high cost and can cause severe environmental impacts due to
its toxicity [100]. Furthermore, charging LCO-based batteries at high voltages causes instability
[101,102]. Recent research has shown that some strategies can be adopted to mitigate this limitation,
such as (i) the use of additives in electrolytes [103,104], (ii) lattice element doping [105-109], and (iii)
surface coating/modification with other active/inactive materials [100].

According to [100], deep discharge in batteries constructed with LCO cathode causes mechanical
damage and a significant change in the dimension ¢ of the shaft. The degradation of batteries starts
in the first cycles with a structural change of the structure that causes the increase of the grain size,
reduction of the surface potential, and loss of the contact rigidity, concomitant with the irreversible
fading of the capacity [105].

However, with the development of new technologies and the need to increase battery life and
safety, new technologies have been developed, such as NMC (LiNixMnyCo-O2) with the following
limits 0<x, y, z<1 [108]. The significant advantages of LIBs comprising NMC-positive electrodes are
that they present reversible capacity, lower cost, and are environmentally friendly. However, they
may show cycle and chemical instability when exposed to air, restricting their use from an industrial
point of view [110]. The increase in nickel content in the electrodes of battery cells allows greater
extraction of lithium ions at the same cut-off voltage. Therefore, it is possible to affirm that the
increase in the proportion of nickel in the battery cells allows an increase in the capacity of the battery
cells [93,108-114]. Manganese improves the battery's Depth of Discharge (DOD) [95,110-116]. The
exposition of NMC-based batteries with air components (e.g., COz and H20) produces a reaction that
forms Li2COs and LiOH, considered impurities on the NCM surface. This phenomenon produces a
large amount of highly reactive Li, which causes serious safety issues and reduces the electrochemical
performance of the battery [117].

The main degradation mechanisms of NMC-based batteries are particle breakdown, gasification,
phase transformations, and cation mixing. The breakage and deformation mechanisms within
electrode particles are triggered by the voltage differentials produced by ion diffusion processes, in
which concentration gradients lead to the movement of charged particles across the electrode
medium [99,118]. These factors are mainly caused by the formation of highly reactive nickel in
batteries. Among the main strategies adopted to reduce the instability caused by the high reactivity
of nickel is a surface coating on the electrode of the active material, doping of the active material of
the electrode, and conversion of the morphology of the NMC particles from a polycrystalline
structure to a monocrystalline structure.

Still, other materials, such as titanate or silicone, can also be employed. Specific characteristics
of lithium titanate (LTO) have attracted the attention of academia in recent years, e.g., long lifespan,
without significant structural changes during each cycle [100], safety, thermal stability, and high
potential. Also, these advantages prevent the formation of dendrites [32,100] at the cost of a
reasonably lower voltage [119].

LFP-based batteries are highly thermally stable and have high cycle life and power. This battery
technology is also beneficial in high-power applications requiring high discharge rates. Lithium
intercalation and deintercalation during charge and discharge cycles can cause phase transitions in
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the active material, leading to volume changes and mechanical stress. Specific crystalline structures
can more effectively accommodate these volume variations, reducing mechanical stress and
deterioration. For instance, anisotropic structures like those found in LiFePOus (olivine) can ameliorate
mechanical stress during phase transitions, contributing to a longer shelf life. The primary
mechanisms associated with this type of battery are the decomposition of electrolytes, the loss of
active material, the formation of lithium dendrites, the structural degradation of the electrodes, and
the modification of the separator's morphology.

The negative electrode usually consists of graphite-like material. Graphite dominates
commercial batteries because its main advantages are high cycle stability, small voltage hysteresis,
and high tap density. However, batteries with graphite anodes still have limited power and energy
density in EV scenarios and large-scale power supplies. Furthermore, new anode materials that have
low redox potential for high output voltage, excellent Li* reversibility, intercalation/deintercalation
(or plating/stripping for lithium metal anodes), structural stability during cycling, high
ionic/electronic conductivity, low cost, and should be friendly to the environment [115].

As mentioned above, LIBs have a high energy density and low memory effect, and they are
lightweight, whose benefits have targeted them as the best option for EV application. The high energy
density is critical because it enables the cell to reach a high capacity to store energy in the same cell
volume. The low memory effect allows the cell to be recharged at any current charge level without
significantly losing the maximum energy capacity [118].

LIBs' electrodes are prepared by mixing binders (i.e., polymeric-based to "glue" particles) to
connect materials among themselves and to the current collector [120]. The electrodes are assembled
face-to-face and separated by a mesoporous membrane (i.e., separator), and electrodes are soaked in
electrolytes. Under polarization, the ions move out from the positive electrode and into the negative
electrode. Electrolytes transport lithium ions and also directly influence battery electrochemistry
[107]. The electrolyte's ions move in the same direction, i.e., from the positive electrode to the negative
electrode, neutralizing each piece of the system locally. Most of the electrolytes employed comprise
carbonate solvent blends. The most widely used electrolytes are mixtures of various carbonates (e.g.,
ethylene, dimethyl, and propylene carbonate) and dissolved salt (e.g., LITFSI and LiPFs) [109].

During the charging phase, Lithium ions (Li*) migrate towards the negatively charged electrode,
a process scientifically called intercalation. Concurrently, electrons are compelled to traverse from
the cathode to the anode, facilitated by an external Direct Current (DC) source, thus maintaining the
overall equilibrium of the electrochemical cell. In the discharge cycle, the ions return from the
electrolyte to the positive electrode, and electrons are extracted spontaneously from the positive
electrode to the external circuit. In these processes, the materials are oxidized or reduced. The positive
electrode consumes electrons from the external circuit during reduction, while the negative electrode
undergoes oxidation and releases electrons to the external circuit. This electron flow is essential for
the battery's operation and the storage and release of lithium ions [103].

EV batteries can have three structural shapes: pouch, prismatic cells, and cylindrical cells.
Cylindrical cells have a lower manufacturing cost ($/kWh) because they have been mass-
manufactured for a long time, providing fast production compared to other types of cells. The
assembly of cylindrical cells consists of wrapping the electrodes in a cylindrical shape encapsulated
with a metal. This type of encapsulation reduces the delamination of the active material of the current
collector, increasing the resistance of this type of cell to mechanical shocks, thermal charging,
discharging cycles, and current collectors' mechanical expansion. They have a high energy density,
and if one cell fails on a battery package, it will culminate in a low impact. Also, the temperature
control of these cells is more accessible than that of prismatic cells [121]. Cylindrical cells are
combined into packages and modules, and the circular cross-section of the cell does not optimally
utilize the available space, which is a significant disadvantage compared to other types of shapes
[103].

Prismatic cells have higher manufacturing costs, lower energy density, and mechanical stability
than cylindrical batteries. Prismatic cells can undergo swelling due to their operation, and this
degradation mechanism is intensified when the cell operates outside of safe conditions. This swelling
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is due to increased pressure in the cell when the safety vent opening is obstructed. This cell shape
presents a lower energy density than cylindrical cells [121].

Soft pouch cells have the advantages of being lightweight, their manufacturing cost is not very
high, and they have a greater density when compared to the other two models mentioned above. On
the other hand, they need a robust mechanical structure for their protection. They are more likely to
suffer an increase in volume because they may not have a designated ventilation mechanism. The
swelling effect observed in pouch cells is due to battery degradation, which is caused by the physical
expansion of the battery as a consequence of gas accumulation or other factors [121]. This expansion
can increase internal pressure, which may eventually cause the battery to rupture. Several technical
factors influence the expansion effect, including the increased thickness and flexibility of electrodes
and separators, the cell design, and the battery shape. It is essential to carefully consider and optimize
these technical parameters to prevent and mitigate battery enlargement in pouch cells.

Gas generation is an additional form of battery deterioration that can be influenced by battery
shape. Gases can be produced inside the battery due to the chemical reactions that occur during the
charging and discharging process, leading to swelling, pressure build-up, and even battery rupture.
The leading gases these chemical reactions produce inside the battery are Hz, C2Hs, CHs, CO, CO,
HF, SOz, NOz, NO, and HCI. There are several ways in which the design of the battery can affect gas
production. For example, flat pouch batteries have a higher ratio of surface area to volume than
cylindrical batteries, which can increase gas production due to increased electrochemical reactions
on the battery's surface. Due to the design of the electrodes and separators, certain regions of a pouch
battery may be more susceptible to gas accumulation [122].

The study presented in [122] examined thermal runaway in lithium-ion batteries under various
abuse conditions and SOCs. The results showed that the first indication of thermal runaway is the
ejection of white vapor. This white vapor can contain flammable and toxic gases, some of which are
heavier than air and which include vaporized solvent.

The investigation [122] examines thermal runaway at different battery charge levels. This study
contributed to understanding the initial signs of thermal runaway, the most prominent of which is
an opaque, white vapor emission. The white vapor contains a mixture of flammable and toxic gases.
Intriguingly, a subset of these gaseous constituents, including the vaporized solvent specified in
[123], has a relative density more significant than that of atmospheric air. Such a gaseous mixture
naturally condenses when exposed to an environment with a reduced temperature. The effects of this
condensation process within a confined spatial domain are of particular interest. Given an adequate
oxygen concentration, the condensed aerosol mixture is capable of causing a phenomenon known as
a vapor cloud detonation [100,101]. Extrapolating these observations necessitates additional research
into the requisite safety measures and operational parameters for systems susceptible to these
potentially dangerous reactions.

The results in [105,123] explain the significant SOz emission at reduced SOCs in the investigated
systems. In addition, it identifies CO as the predominant gaseous component, whose abundance is
directly proportional to the SOC concentration. According to the results shown in [124], a
comparison of the LCO and NMC chemistries reveals that both emit the same amount of CO. This
similarity does not apply to the LFP cell, which exhibits a more moderate CO release than the NCA
cell. These findings highlight the variation of gaseous emissions as a function of battery chemistry,
SOC, and possibly other operational parameters, highlighting the complex interplay of factors
contributing to lithium-ion batteries' overall safety profile. This concept necessitates further
investigation to comprehend better and mitigate the dangers associated with such energy storage
systems.

Lithium plating is another form of battery deterioration that can occur, particularly during rapid
charging or at low temperatures. This occurs when metallic lithium accumulates on the anode's
surface, decreasing the quantity of available lithium ions and causing a capacity loss. The geometry
of the battery can influence lithium plating in several ways. For example, cylindrical batteries have a
lower ratio of surface area to volume than flat pouch batteries, thereby reducing the likelihood of
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lithium plating. In addition, the geometry of the anode and cathode can influence the distribution of
lithium ions and the likelihood of lithium plating.

The formation of an SEI occurs when a layer of solid electrolyte forms on the anode's surface,
reducing the availability of lithium ions and resulting in capacity loss. By affecting the ratio of surface
area to volume and the geometry of the electrodes and separators, the battery's configuration can
influence the distribution of lithium ions and the likelihood of SEI formation.

Separator cracking is an additional form of battery degradation that can occur, especially in LIBs.
This occurs when the separator, typically made of polymer, dissolves due to excessive heat or flame
exposure. The geometry of the battery can affect this process by altering the thickness and thermal
conductivity of the separator, as well as the cell's design.

Generally, these EV batteries can reach an energy density of nearly 300 Wh/kg [105,124], and the
predominant average cost of current battery generation is approximately 100 to 200 $/kWh [105,125].
During the phase design of LIBs, the goal is to maximize the potential difference between the positive
and negative electrodes, minimize the active material mass and volume, and prevent the electrolyte
from undergoing the oxidation/reduction process [126].

4. Degradation of LIBs

LIBs are subject to the “thermal runaway” phenomenon when subjected to abuse conditions,
such as vehicle collision, overvoltage, overcurrent, and deep discharge [127,128]. Thermal runaway
is an exothermic phenomenon in which reactions inside the cell cause an increase in temperature
[129-132]. These reactions within the cell can lead to electrolyte decomposition, gas formation,
voltage drop, and internal pressure increase. It can culminate in the cell's rupture and swell, causing
electrolyte leakage, which may cause fire/flame and explosion in contact with air.

The gases inside the cell can also be produced by the electrolyte reduction, resulting from the
decomposition reaction of electrolyte solvent and by the structural release of cathodic materials
[36,133]. These released gases, such as hydrogen, organic products, and ethylene, can be toxic and
flammable, which can cause severe harm to the individual's health [44,107,124,133]. These gases can
also cause uncontrolled thermal runaway in the cell and compromise the vehicle's safety [36,107,133].
The gas evolution inside the cell is also associated with electrolytic displacement, increased internal
resistance that reduces the battery's efficiency, the number of cycles, and its lifespan [36,107,134]. The
aging of LIBs is still the subject of research to understand and minimize electrolyte decomposition
and gas evolution. By understanding the phenomena at the electrode/electrolyte interface,
researchers can gain insights into the mechanisms that cause battery degradation. The
electrode/electrolyte interface facilitates the transfer of ions between the electrode and the electrolyte
during battery operation. Any changes or disruptions in this interface can affect ion transfer efficiency
and lead to degradation. The electrode combines lithium ions and electrons in the
electrode/electrolyte interface. The ion is stored in the electrode, intercalated, as an alloy, or as Li
metal. The Li* intercalation implies electron absorption for electrode neutrality [44,107,126,135]. The
charge transfer in and out of the electrode also affects the current collector, which suffers from
corrosion due to cycling. This corrosion effect occurs at the negative electrode (the degradation
mechanisms that occur at this electrode are discussed in more detail in Section 3.2) and causes
irreversible capacity loss in the cell [44,95,104,109,110,135].

In aging, the main problems are the effects of the cycle and the calendar, as these effects influence
both the energy (capacity) and the power (impedance) of the battery due to loss of lithium inventory,
loss of active material, negative electrode capacity, and positive electrode capacity
[44,95,104,109,110,136]. Loss of cell power happens due to loss of local contact, reduction of electrode
reaction surface, structural changes in host materials, changes in electrolyte properties, structural
changes in the separator, and the current collector's corrosion [95]. The decrease in battery capacity
refers to reducing the charge that a battery can store per unit of time, usually expressed as a
percentage. The decrease in energy minimizes the ability to supply energy because of increased
internal resistance [105,106,111-113,125]. In practice, the cycling and calendar effects are interrelated,
especially when batteries have low cycle depth and low current rates [105,106,111-113,126]. The two
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effects coexist simultaneously, undergoing a mutual action with each other. Thus, every degradation
mechanism has its behavior influenced by each other [113,115,116,120].

The cycling effect is directly related to the battery charging and discharging and refers to the
degradation mechanisms and capacity loss caused by the electrode and electrolyte decomposition
[72,104,120]. In cycling, detecting battery degradation due to impedance increases is possible. That is
caused by the formation of passivation layers in the electrode-electrolyte interfaces, resulting from
the mechanical stress in the electrode's active materials or lithium coating [72,114]. Therefore, the
cycling effect mainly impairs the reversibility of materials, and it is directly related to battery
parameters, such as SOC, high/low temperature, time, charge and discharge currents, deep-of-
discharge, and charge efficiency [72,105,106,114].

The calendar effect is irreversible and refers to all battery degradation processes over time
regardless of the battery's charge/discharge cycle. When batteries are stored in open circuit
conditions, no current flows inside the battery [105,120]. This effect has no linear behavior on the
SOH and can be accelerated at high temperatures that increase the dissolution of the metal and
produce a reduction in the cell capacity [130]. Calendar aging results from electrolyte reduction,
oxidation, and surface film growth on active materials [44,74,125,135]. It is accelerated at higher SOC,
longer time intervals, and/or high temperatures [131].

In general, some factors greatly influence the battery degradation process. They are (i)
temperature, (ii) SOC variation, (iii) DOD, and (iv) voltage limits on charging and discharging. The
temperature affects cell aging because high temperatures increase the agitation of the molecules and
consequently accelerate the processes of insertion and/or removal of lithium in the host network. At
low temperatures, lithium metal grows due to the slow transport of lithium into and within the
negative electrode host network. This increases the local lithium-ion concentration and makes the
lithium metal stable. The high temperatures accelerate the side reactions, alter the composition of the
SEI layer and its thickness, increase the battery's internal resistance, and enhance the degradation
process. This makes the cell more prone to thermal leakage, leading to the fire and explosion of
batteries. It is also important to mention that a very thick SEI layer is the main factor for the power
loss in the cell. Low temperatures only matter if the cell is operating. Low temperatures can reduce
the electrolyte viscosity, decrease the lithium-ion conductivity process, and cause the slow diffusion
of the lithium ions within the electrode, reducing the battery discharge capacity [137-140].

The thermal stability of battery cells and the kinetics of internal battery reactions can be
evaluated using the Accelerated Rate Calorimetry (ARC) technique. ARC involves heating the battery
at a high rate while monitoring its temperature and heat output using a sensitive calorimeter. This
enables the observation and analysis of the battery's thermal behavior, including the onset and peak
temperature of thermal events, the heat generated during thermal events, and the heat generation
rate. This is feasible because ARC is an adiabatic system. It facilitates quantifying the system's
inherent heat generation and the development of gaseous products via pressure evaluation. Battery
safety can be investigated by lithium content, particle size, material density, lithium salt, solvent,
additive, binder, and initial heating temperature using ARC [44,74,127,137]. By analyzing the data
obtained from ARC experiments, researchers can gain a detailed understanding of the thermal
behavior of LIBs under different conditions, such as changes in SOC, c-rate of discharge, and
temperature. This information can be used to develop more accurate models of LIBs, which can be
used to design safer and more reliable batteries.

The SOC refers to the amount of lithium stored in the electrode, which means that a higher SOC
implies an increase in the amount of cycling active material and, consequently, a reduction in battery
capacity. In [44,74,127,141], it is shown that the variation of SOC (ASOC) strongly influences battery
degradation. The scientists demonstrated that more significant battery degradation is achieved at
high ASOC rates caused by changes in the material structure of the positive electrode associated with
phase changes. Another study published in [138] shows that the cathode and anode SOC imbalance
reduces capacitance and complicates the relationship between cell voltage and internal resistance.
The results were obtained by investigating the EIS for a given SOC of the electrode and suggesting
that the electrodes should be designed in a way to minimize this imbalance. Another parameter
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widely discussed and investigated in the literature is the DOD, which is complementary to the SOC.
The study shown in [142] shows that high DOD rates cause a reduction in cell capacity and energy.
Finally, the battery charge/discharge voltage threshold can also accelerate or reduce the degrading
effects of the battery. This means that high and low charge and discharge voltages increase
impedance and accelerate cell degradation mechanisms [3,21,33,143].

The SOC should be estimated mainly to equalize the cells and reduce the customers' range
anxiety. However, collecting labeled samples for training data-driven models is expensive and time-
consuming. In [140-142], the authors investigated this problem by developing a deep neural network
to estimate the SOC for a limited number of available labeled samples and considering many
unlabeled samples. The results were promising, and the SOC estimation error was less than 0.6%.

The SEI layer process can explain these effects associated with battery degradation. In the SEI,
there is a thin layer of electrolyte decomposition products (i.e., carbonates) known as the SEI layer. It
is formed at the electrolyte/electrode interface when the electrode's redox potential is not within the
electrolyte's Electrochemical Stability Window (ESW) [144-146]. The composition of the SEI layer is
not yet known in detail, but it is known that this layer is formed by the products of the decomposition
reactions between the electrolyte, electrode, and lithium [147]. The main products reported in the
literature are lithium fluoride (LiF), lithium carbonate (Li2COs), lithium methyl carbonate
(LiOCO2CHp), lithium ethylene dicarbonate (LiOCO2CHz)z, and lithium oxide (Li20) [143,148]. The
reactions must take place within the electrode's ESW. Thus, reversibility is guaranteed, and the
batteries are rechargeable [149]. This passivation layer is usually (but not exclusively) formed in the
first load cycles of the LIBs, mainly at the negative electrode because this electrode operates at
voltages outside the electrolyte’s ESW.

The SEI layer is also formed at the electrode/electrolyte interface on the surface of the positive
electrode and, in such cases, is called the CEL It is crucial to note that one of the significant
shortcomings of the literature concerns the lack of an adequate description of CEL. The CEI improves
coulombic efficiency and overall battery capacity retention [150]. This layer's detection,
measurement, and characterization are not trivial due to the high potentials in this electrode that are
close to the stability window of commercial carbonate electrolytes [33,151-153]. In addition, the
complexity of determining and understanding the formation phenomena of CEI is increased due to
the numerous chemical reactions that occur near the positive electrode. Among them, nucleophilic
reactions, induced polymerizations, and dissolution of transition metals stand out.

On the other hand, understanding SEI is also of great importance. The formation of SEI
consumes cyclable lithium and electrolytic materials due to the irreversible electrochemical process
of electrolyte decomposition. Therefore, there is a reduction at the negative electrode interface and
oxidation at the positive electrode interface [31,146,152].

It is essential to mention that SEI prevents Li ions from bringing their solvation layer during
intercalation. Any graphite electrode would break into pieces without this protection function after
a few cycles. The most significant development in LIB technology was the discovery of an electrolyte
that could produce stable SEI layers. These layers can perform this filtering operation while limiting
their sustained growth.

The SEI layer is essential to ensure the chemical and electrochemical stability of the battery
because it allows the transportation of Li* while blocking electrons, ensuring the continuation of the
electrochemical reactions but avoiding the additional electrolyte decomposition because it is almost
impenetrable by the electrolyte molecules [145,152,154,155]. In addition to these factors, SEI stabilizes
the electrode, allowing a more significant number of battery charge and discharge cycles [156].
However, the SEI layer is formed by four main factors: (i) breakdown of solvents and electrolytic
salts, (ii) chemical breakdown of electrode materials, (iii) consumption of lithium, and (iv) co-
insertion of organic solvents in the electrodes. These effects cause battery capacity loss, reducing the
energy density and increasing the cell's internal resistance and temperature. Consequently, it is going
to accelerate the battery degradation mechanisms [147,157,158].

A parameter that significantly impacts the battery degradation process is the temperature. The
temperature affects cell aging because high temperatures increase the agitation of the molecules and
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consequently accelerate the insertion and/or removal of lithium in the host network. At low
temperatures, lithium metal grows due to the slow transport of lithium into and within the negative
electrode host network. This increases the local lithium-ion concentration and makes the lithium
metal stable. The high temperatures accelerate the side reactions, alter the composition of the SEI
layer and its thickness, increase the battery's internal resistance, and certainly enhance the
degradation process. This makes the cell more prone to thermal leakage, leading to the fire and
explosion of batteries. It is also important to mention that a very thick SEI layer is the main factor for
the power loss in the cell. Low temperatures only matter if the cell is operating. Low temperatures
can reduce the electrolyte viscosity, decrease the lithium-ion conductivity process, and cause the slow
diffusion of the lithium ions within the electrode, reducing the battery discharge capacity.
Consequently, there is an increase in the internal resistance of the batteries and the parasitic reactions
during the battery charging process, such as the metallic lithium coating and the growth of lithium
dendrite. Therefore, low temperatures also accelerate the degradation of batteries, reducing their
safety [31,159-161].

Battery degradation can happen in two ways: decreased capacity and decreased power due to
loss of inventory lithium, loss of active material, negative electrode capacity, and positive electrode
capacity. The decrease in battery capacity refers to the decrease in the charge that a battery can store
per unit of time, usually expressed as a percentage. The energy decrease refers to reducing the ability
to supply energy because of increased internal resistance [139].

The negative and positive electrodes are related to several battery aging mechanisms. Therefore,
the following sections aim to explain in detail the degradation processes that occur in the negative
electrode, positive electrode, separator, and electrolyte, and, finally, a discussion will be presented.

4.1. Degradation Process at the Negative Electrode

Negative electrode aging is mainly caused by lithium coating, electrolyte decomposition, solvent
co-intercalation, gas evolution, decreased accessible surface area (due to the SEI layer formation),
changes in porosity, loss of particle contact (due to changes in volume due to cycling), decomposition
of the binder and electrolyte, and corrosion of the current collector, as detailed in Figure 4 [157-160].


https://doi.org/10.20944/preprints202306.0228.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 November 2023 doi:10.20944/preprints202306.0228.v2

17

Cause Effect Leads to Reduced by Enhanced by

Loss of lithium |——-H Capacity fade }—-}| Stable SEI (additives) |-I| High temperatures ‘

Impedance rise - Power fade - Rate decreases High SOC
‘ . I_ ->| + > with time (low potential)

Electrolyte
decomposition | ‘
(Continuous side | |

reaction at low rate)

Gas evolution and

Loss of active

subsequent ; —
! — material ——_— Stable SEI (additives) H—p» Overcharge
cracking I (graphite exfoliation) ” ( )+ | g ‘
Decrease of

formation
in particles - Loss of lithium Carbon pre-treatment
accessible surface - Hiah temperatures
area due to —-h - || Stable SEI (additives) —p| "IN teMP

continuous SEI High SOC
growth (low potential)
Changes in

High cycling rate

High SOC
(low potential)

poostyceo ([T - [ P 1l e |
volume changes, -
Overpotentials Stable SEI (additives)|-

SEI formation and
growth

Contact loss of
active material

i High cycling rate
particles due to  —Jp Loss of active _—|->| Capacity fade }—}‘ External pressure t%r

volume changes material High DOD
during cycling High SOC
(low potential)

High temperatures

— ithi —1» i .19 Proper binder choice
Decomposition of Loss of lithium | Capacity fade )’ ’| p t
binder Loss of mechanical
stability

Overdischarge
i Current collector
T | Overpotentials l‘_*’| Power fade )'—’ pre-treatment Low SOC

Current collector (high potential)

corrosion
Inhomogeneous Enhances other

— istributi H agein
| distribution of cyrrent —p mecﬁanigms
and potential

plating : "
and subsequent Loss of lithium l - Narrow potential High cycling rates
sl » (Loss of electrolyte) byl > window /\r Poor cell balance

decomposition by

metallic Li " Geometric misfits

Figure 4. Lithium-ion negative electrode aging: causes, effects, and influences. Adapted from ref.
[143].

After assembly, the batteries are initially discharged because the carbon lithium is unstable in
the air. Therefore, lithium ions may exist only in the electrolyte or interspersed at the cathode. As
mentioned above, the SEI layer is formed in the battery's first cycle, which is a thin film formed at the
anode due to the reaction of the lithium ions of the cathode and the organic compounds of the
electrolyte solvent [158-161].

The formation of the SEI layer can consume 10 to 15% of the battery's initial capacity, but during
the operation, this capacity loss is lower than when the SEI layer is formed, and this passivation layer
is stable most of the time, the batteries operate within their stability window [162-165]. This SEI layer
formation process requires controlled conditions and technical knowledge about the batteries.

The battery manufacturers must carry out the first charge before placing them on the market to
prevent them from losing much of their capacity on the first charge [147]. Despite this capacity loss,
batteries can be used in EVs for many years [152]. The SEI depends on the Specific Surface Area (SSA)
of graphite and the conditions of the passivation layer. The specific surface area is related to the type
and morphology of the graphite. On the other hand, the formation conditions of SEI depend on the
electrolyte's concentration, electrochemical conditions, and cell temperature. After long periods,
corrosion of the SEI occurs, and the formation of an additional SEI produces a new capacity loss [162].

The interaction between the solvent and the graphite induces the exfoliation of the graphite and
produces a gas capable of breaking the SEI. Therefore, it expands, increasing the internal cell's
pressure and causing mechanical stress [166]. The cycling effect increases and reduces the graphite
particle diameter, which implies a variation in the cell volume, and the graphite structure is lithiated
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and de-lithiated in this process. This volume variation causes an increase in the cell's mechanical
tension, which results in graphite exfoliation by breaking the particles. The reduction in the amount
of active material available allows the growth of the SEI layer in a more significant number of
locations that become available at the electrode/electrolyte interface. The simultaneous insertion of
the electrolyte components with the insertion of lithium in the spaces available by the cracks caused
by the negative electrode expansion in the SEI layer increases the thickness and the cell's resistance,
consuming the cyclable lithium and reducing the system's capacity [89,147].

Moreover, the accumulation of lithium ions on the SEI causes an increase in localized resistances
[43]. In conjunction with the lithium plating, this factor results in non-uniform resistances and current
distribution [43]. This non-uniformity contributes to the non-uniform degradation of second-life
batteries.

An observed correlation exists between the augmentation of the SEI layer thickness and the
corresponding rise in the rate of battery over-discharge. Based on the findings presented in
reference [167], it is evident that there is a notable rise in cell temperature as the thickness of the SEI
layer and discharge rate increase. The capacity of batteries tends to decrease as the particle size of
both the anode and cathode increases.

Delamination can occur in two ways: the first occurs when the increase in the electrode volume
breaks the connection between the electrode and the collector. The second possible way of
delamination is caused when the current collector is not able to insert lithium. In that case, the
electrode does not increase in volume but increases the surface tension of the interface between the
negative electrode and current collector, causing the connection between the electrode and current
collector and resulting in delamination. Delamination implicates higher internal resistance and
current congestion at the interface, which can cause short circuits [168,169]. Current congestion at the
interface can induce local lithium metal growth, which can eventually lead to dendrites and short
circuits.

A high SOC decreases the potential of the negative electrode that is highly lithiated, allowing
for a thermodynamic process where lithium is deposited on the electrode instead of being
intercalated during charging. To avoid this problem and to prevent the negative electrode from being
fully lithiated, battery manufacturers design this electrode with 10% of the positive electrode capacity
[89,168]. In addition to the SOC, the temperature also influences the batteries' degradation; once the
high-temperature increases, the SEI solubility can create lithium crystals less permeable to lithium
ions, which increases the negative electrode impedance [168,169].

The lithium coating and the SEI formation are some of the main degradation mechanisms and
compromise the safety of batteries. The lithium coating consists of the coating of negative electrodes
with lithium. This is caused because the lithium ions (Li*) move from the positive electrode to the
negative electrode while the battery is charging. Then, they intercalate in the active material of the
negative electrode, which in most cases is graphite.

Two factors cause lithium coating. The first factor is charging batteries at low temperatures with
a high current rate and high SOC. This factor is caused by charging batteries at low temperatures,
with high current rates and high SOC, which limits lithium diffusion and the transfer of charge at the
interface formed by the particle and the SEI This makes the graphite particle surface saturated with
lithium ions, polarising the negative electrode and forcing the graphite potential to reduce below the
lithium potential limit (0 V). Consequently, the negative electrode is coated by lithium [169,170]. In
this context, the potential difference between Li intercalation in graphite and the formation of metallic
lithium must be less than 90 mV if the cell is nearly fully charged [171]. Other negative electrode
materials (e.g., LTO) are safer than graphite-like electrodes but at the cost of lower cell voltage and
reduced energy density.

The second factor is an imbalance in the capacity of a cell, specifically a capacity loss of the
negative electrode, which drives it below one of the positive electrodes. This can create (local)
litigation and lithium plating even at higher temperatures. The lithium coating can be responsible for
serious safety failures because the deposition of lithium on the negative electrode forms dents or
mosses, which can cause a short circuit in the cell and capacity loss [169,170]. It also increases cell
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resistance due to the formation of thin films in the coated lithium metal and reduces electrolyte ionic
conductivity [169].

Negative electrodes of batteries that have reached the end of their useful life can be recycled.
Such procedures necessitate the purification of graphite impurities and the reconstitution of particle
morphology. This can be accomplished by applying acid-washing techniques for graphite
decontamination and high-temperature annealing for particle structure restoration. Further research
is required to address the significant initial cycle losses resulting from the graphite's increased
exposure to the electrolyte during annealing and morphology restoration. Innovative, low-
temperature refining techniques for electrodes are advantageous. The effectiveness of the anode
recycling procedure depends on the ultimate lifecycle conditions of the electrode, which include cycle
history and battery usage variation [35,148,154].

Despite its abundance and low price, graphite recycling presents a significant challenge. There
is no established method for regenerating battery-recovered graphite to electrochemical grade
specifications [35,152,158].

4.2. Degradation Process at the Positive Electrode

The positive electrode degradation mainly results from material loss and SEI layer growth. The
active material loss occurs due to the dissolution of the transition metals in the positive electrode and
reacts with the electrolyte. These effects can occur, and they are accelerated at high temperatures.
Water in the batteries can cause hydrolysis with the LiPFs salt to form hydrofluoric acid, causing the
dissolution of the transition metals. Positive electrodes containing manganese usually dissolve the
transition metals when the electrode is fully discharged. The cathode transition metals that have been
dissolved in the electrolyte can react with the SEI layer formed on the negative electrode's surface,
increasing the conductivity, forming additional SEI and dendrites, and reducing the amount of active
material available in the electrode [167].

When the cathode is exposed to the electrolyte, a reaction between them causes the loss of
inventory lithium. The SOC also influences the positive electrode degradation, considering that a low
SOC can reduce the amount of lithium that can intercalate in the positive electrode, promoting
structural changes in this electrode and reducing the amount of active material in that electrode. At
the positive electrode, high temperatures can culminate in the loss of oxygen from the metal oxide,
and, together with the electrolytic decomposition promoted by high voltages, it can generate the
cracking of particles and produce gases inside the batteries [171].

Therefore, based on the factors that affect the battery's degradation mechanisms, it is possible to
say that the batteries are degraded more quickly when the cell operates outside its ESW. The ESW
consists of a voltage range and temperature the cell can safely operate with minimized degradation
mechanisms. When the cell operates outside its ESW, effects can occur that accelerate cell
degeneration, and other more severe effects that degrade the cell quickly can also compromise its
safety. That is why a BMS is required to control the parameters (e.g., voltage, current and
temperature) to keep the cell operating within its stability window.

To summarize the degradation mechanisms, it is possible to highlight that the positive electrode
degrades due to a combination of factors. These include active mass attrition, electrolyte degradation,
gas generation, binder corrosion, and the formation of an SEI (please, see Figure 5). Concerning the
positive electrode, wear is strongly related to SOC and temperature [168].
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Figure 5. Cause and effect of aging mechanisms of cathode materials. In (a) degradation due to
inactive components and (b) degradation of lithium oxide metal. Adapted from ref. [172].

4.3. Degradation Process in the Electrolyte

Electrolytes undergo a degradation process caused by the decomposition of salts and solvents
and the formation of electrolyte interphases during cycling [172]. In the first few cycles of the cell, the
electrolyte comes into contact with the negative electrode, which generally operates at voltages below
the window of electrochemical stability of the electrolyte. This contact between the electrolyte and
the negative electrode on the surface of the electrode accelerates the redox processes, causing the
electrolyte's decomposition and reducing the battery's performance. In a nutshell, it is possible to say
that the decomposition of electrolyte solvents is the main degradation mechanism that occurs in
electrolytes.

The products formed by the reactions that result from electrolyte decomposition can be used as
a marker of the health status of electrolytes in batteries [173]. In [173], the authors noted that
organophosphate molecules can be a type of marker to assess the health status of LiPFe-based
electrolytes. However, the products of the reaction can have a variety of molecules, such as ether,
organocarbonate, and organophosphate species [174]. Therefore, further studies should be
performed to identify more markers that can be used to assess electrolyte health status. This will
make it possible to assess the need for predictive battery maintenance for the second-life battery
market, develop a unique identifier, and estimate the battery safety level.

The decomposition of solvents also causes the formation of CEI and SEI. Multifunctional
additives can be used to form protective films on the cathode and anode surfaces to prevent these
electrolyte decompositions. In [174], researchers evaluated the degradation mechanisms in an
electrolyte of lithium hexafluorophosphate dissolved in a binary mixture of cyclic and linear organic
carbonates. The results showed that the electrolytes undergo thermally and electrochemically
induced degradation. Furthermore, therefore, high temperatures can accelerate the degradation
mechanisms in certain types of batteries because it causes the formation of ethylene glycols via EC
polymerization and subsequent decarboxylation. Ways to suppress electrolyte decomposition still
need to be explored to increase batteries' thermal and electrochemical stability.

The results discussed in [175] show that the performance of batteries built with nickel-rich
cathodes, for example, NMC811 (LiNiosMno,1C00,10z2), can be limited by the main component of
conventional electrolytes, known as Ethylene Carbonate (EC). The main reason for this limitation is
that in scenarios where batteries are charged at high potentials (above 4.4 V vs Li/Li*), EC can increase
oxygen release, causing oxidation/breakdown of electrolytes and degradation of the cathode surface.
However, this increase in oxygen release was not observed in NMC111-based batteries independent
of the electrolyte. Therefore, it is possible to observe that the development of electrodes with different
chemistries has increased the useful life of the batteries and improved their performance. On the
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other hand, electrolytes compatible with these electrodes need to be developed to ensure battery
safety.

Degradation of NMC811-based batteries can also occur below the cutoff potential. In this case,
the electrolyte over-decomposition processes are mainly caused by electrolytic oxidation of
electrolytic solvents [175]. This electrolytic oxidation is caused by the release of oxygen, as discussed
earlier.

Existing literature on investigating electrolyte degradation mechanisms in secondary lifecycle
batteries is limited. The findings delineated in [43] elucidate the impact of electrolyte degradation on
ionic mobility and ion diffusion phenomena. Lithium-ion deposition on the SEI subsequently causes
an increase in local resistance. Subsequently, this phenomenon induces lithium plating, resulting in
an uneven resistance and current distribution. This results in selective conduction pathways due to
the thickness of the SEI and the consequential loss of material conductivity.

4.4. Degradation Process in the Separator

The separator is of fundamental importance to avoid short circuits and, consequently, to ensure
the safety and reliability of the batteries. The separators are a fundamental component for battery
safety and must be disconnected in the event of an abnormal temperature increase or a thermal
runaway [127,177]. Short circuits are responsible for serious safety failures in batteries. The short
circuit can cause fires and explosions. A brief circuit occurs when a path of minimal resistance
connects both electrodes, causing a sudden current surge and accelerating the generation of ohmic
heat [177]. Short circuits can be classified as external or internal. An external short circuit occurs when
the tabs are aligned along a low-resistance path; in contrast, an internal short circuit occurs when the
separator layer between the electrodes fails. In the case of nail penetration, a metallic nail penetrates
the separator, connecting the positive and negative current collectors and causing an internal short
circuit. In addition, the penetration of the separator by impurities or lithium dendrites, which
facilitate low-resistance connections between the electrodes, can cause an internal short circuit [177].
As a result, an increase in temperature is observed and, consequently, the melting of the separator
[178].

In [178], the authors highlighted four main phenomena that cause separator degradation: (i)
growth of lithium dendrites caused by separator pores, (ii) blocking passes in the separator during
cycling, and (iii) structural degradation due to high temperature or a high number of cycles. Internal
Short Circuit (ISC) was also investigated in [179]. The authors conducted electrochemical impedance
spectroscopy tests of cells without LiPFs to assess the short-circuit resistance. Additionally,
accelerated calorimetry and separator oven tests were used to evaluate thermoelectric behaviors and
short-circuit failure modes. The findings suggest that voltage failure occurs due to self-discharge
brought on by ISC, such as those of the Al-Cu and Al-An types, at low SOC. In contrast, voltage
failure occurs due to separator collapse, and at high levels of SOC, a distinct extension of the ISC
region, such as the Al-An type of ISC, indicates a more significant potential hazard. The expansion
behavior of ISC, which affects the safety characteristics of the battery, is significantly influenced by
the separator's thermal stability.

The aging of the separators causes a reduction in the mechanical strength of the separator as the
number of cycles increases. This reduces the battery's ability to withstand mechanical impact,
reducing battery safety.

However, high temperatures can overheat the cell, causing thermal shrinkage or even melting
the separator, resulting in short-circuit. The first stage of separator disintegration is dependent on the
separator's constituents. The melting values of polyethylene and polypropylene are 130 °C and 170
°C, respectively, according to existing literature [36,179]. Thermal shrinkage is typified by a
decrement in the polymer separator's pore size, an effect induced by the separator's swelling. This,
in turn, curtails the comprehensive coverage of the separator, leading to a consequential decrease in
pore dimensions. This alteration precipitates a decline in the velocity at which lithium ions traverse
the separator, thereby impairing the battery's capacity to supply elevated current rates. Existing
works in the literature also showed that increasing the number of cycles causes a reduction in pore


https://doi.org/10.20944/preprints202306.0228.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 November 2023 doi:10.20944/preprints202306.0228.v2

22

size. The reduction of separator pores is accentuated at high temperatures. Pore reduction causes an
increase in battery impedance and a reduction in ionic conductivity.

The electrode cycling process influences the separator. the battery charging process, the
electrode undergoes expansion and compresses the separator. This understanding causes the
reduction of the useful life of the separator. The electrolyte can also influence the elasticity of the
separator and, consequently, the performance of the separator. Therefore, elasticity is an important
indicator of the degradation level of the separator. The penetration of the electrolyte liquid into the
separator causes a reduction in the elasticity of this separator.

In [180], the authors evaluated the performance of polyolefin separators in puncture, expansion,
and softening tests in electrolytic solvents. The exposure of the separators to cyclic understanding
caused a reduction in the ionic conductivity, a reduction of the C-rate capacity, and a worsening of
the electrochemical performance of the separator in the scenarios of cyclic understanding.
Consequently, the battery has reduced its useful life.

4.5. Degradation of Large-Format LIBs

Large-format cells are designed to provide the necessary power and energy for the vehicle's
operation. Increasing the size of the cells, however, causes higher energy density and vulnerability
to safety-related incidents due to the more significant stored energy and cooling difficulties because
of the lower surface/volume ratio [181]. The increase in battery size also leads to an increase in
degradation processes. Degradation refers to the gradual loss of battery capacity and performance
over time. Inhomogeneities mainly cause the degradation processes in large-format EV batteries.
Inhomogeneities refer to the lack of uniformity or consistency within the battery pack. This can be
due to variations in cell manufacturing, differences in cell performance, or uneven distribution of
electrical and thermal loads within the battery pack [182].

These inhomogeneities can have a significant impact on the degradation processes of the battery.
They can lead to uneven distribution of current and heat within the battery pack, which can accelerate
degradation in specific cells or regions. Inhomogeneities can also result in variations in the cells'
current density, voltage, SOC, temperature, and SOH, further contributing to degradation [183].

The degradation process involves the initiation of lithium deposits in regions with high current
density, which then propagate and cause pore closure in the separator. A peak height in the
differential voltage curve can be used as an indicator to detect inhomogeneity and guide the design
and management of large-format cells [184].

Temperature variations across the cell accelerate degradation in hot spots. Temperature
fluctuations can cause inhomogeneous temperature ranges, influencing degradation behavior. High
temperatures accelerate side reactions, altering SEI layer composition and increasing internal
resistance. In the reference [184], researchers confirm that homogeneities affect battery degradation.
This is because the authors observed that battery degradation first occurred in regions close to the
battery tabs, which experienced the initial degradation effects before spreading to the central regions
of the battery. Furthermore, the authors employed Scanning Electron Microscopy (SEM) and Nuclear
Magnetic Resonance (NMR) techniques and discovered that lithium plating was the primary side
reaction responsible for the non-uniform degradation. This lithium plating caused the deformation
of the battery during the aging process. Finally, the results showed that the region with a high current
density, which is the area where the most degradation occurs, shifted towards the center of the
battery after the tab-near regions were covered with deposited lithium. This shift in the high-current-
density region supports the idea that the degradation starts in the tab-near regions and then spreads
to the central regions.

The current inhomogeneities in large-format cells are discussed in many papers on the literature.
Another important factor refers to the distance that ions need to travel within the battery during
electrochemical reactions. In [185], the authors observed the uneven distribution of the degree of
lithiation/delithiation within the cathode material. According to the authors, this distribution is
generally uneven and causes particle damage, cracks and spraying. Like the authors of [184], the
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authors also identified that the effect of degradation was more severe in regions close to the near flap
and the bottom of the electrode.

In [186], the authors investigated degradation in large-format prismatic LIBs under a preload
force of 2.5 kN at 25°C while charged and discharged. The authors observed that degradation occurs
in two stages. The first stage is characterized by a linear degradation, meaning that the degradation
occurs at a constant rate. The second stage is characterized by a nonlinear degradation, meaning the
degradation rate varies. The two-stage degradation behavior is also referred to as rollover failure.
The term “rollover” is used to describe the phenomenon where the degradation rate of the batteries
increases significantly after a certain point, leading to a rapid decline in their performance. The
postmortem analysis revealed that in the curved areas of the jelly roll, there were instances of lithium
plating, which is the formation of metallic lithium on the surface of the electrodes.

Additionally, the cathode materials were found to be delaminated, meaning that they were
separated or detached from the electrode structure. The SEM images showed that the graphite
particles in the curved areas of the jelly roll were deformed and cracked. When the LIBs were
subjected to a higher preloading force of 5.5 kN, it was observed that their cycle life, which refers to
the number of charge-discharge cycles the batteries can undergo before their performance
significantly deteriorates, was reduced. This suggests that mechanical force is one of the factors
contributing to the rollover failure. The Shift Voltage-Resistance Voltage analysis (S5V-RV) indicated
that the formation of lithium plating on the electrodes typically occurs after approximately 300
charge-discharge cycles. The results showed that battery degradation in the non-linear stage is
attributed to two factors: loss of active materials, which refers to the degradation or depletion of the
electrode materials, and loss of lithium inventory, which refers to the loss of available lithium ions in
the battery. Finally, the loss of lithium inventory and the loss of active materials are the dominant
degradation mechanisms in this stage, as these factors contribute to the increase in resistance within
the battery.

In large-format cells, the non-uniform distribution of the SOC leads to local degradation,
necessitating a deeper understanding to improve battery management systems. The non-uniform
distribution of SOC in large-format cells is mainly caused by the non-uniform distribution of current
during charge and discharge cycles, temperature differences that cause side reactions, and the change
in the voltage window within which a battery operates due to side reactions such as passive film
formation. Side reactions can lead to an incompatibility in lithiation levels between the cathode and
anode, increasing the risk of thermal runaway. Furthermore, SOC window slippage is the main cause
of irreversible capacity loss in NCA-type large-format battery cells [187].

The aging of large-format cells should be investigated under fast-charging conditions. In [188],
the authors investigated the aging of large format cells under fast charging conditions. The result
showed that cell aging is mainly due to electrolyte consumption in fast-charging scenarios. The cell's
charging capacity was lost due to the deposition of metallic lithium and its reaction with the
electrolyte. According to the authors, the electrodes did not significantly impact the batteries' fast
charging capacity. Furthermore, the authors found that battery aging caused a significant loss of
accessible cathode material but no loss of accessible anode material. These results are important for
optimizing the BMS design to adjust the charging currents based on the battery's health status.
Furthermore, controlling the amount of electrolyte in the design contributes to increasing the useful
life of the batteries.

The battery’s internal impedance is also an important parameter for evaluating battery
degradation. In [189], the authors observed a more significant degradation in pouch-type cells that
were cycled under a high-pressure level. Furthermore, the authors reported that cell heterogeneity
increases as cells age. This result is important for the second-life scenario, in which many cells with
high heterogeneity are expected. Therefore, BMSs for these applications must be designed to deal
with these degrees of heterogeneity.

For small-scale Li-ion batteries, the macroscopic parameters, such as aspect ratio, the thickness
of active materials, current collector, separator, or tab size, do not play a significant role. However,
when the cells are upscaled, these dimensional parameters gain importance and may not be neglected
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anymore [183]. Because of the size, inhomogeneities are also more noticeable than in small format Li-
ion cells [190].

When increasing the size of the cells, higher effects of inhomogenous current distribution result
[191]. Inhomogeneities in the discharge currents become apparent, particularly in case of higher
discharge rates. Especially in the area of the cell tabs, the discharge currents are significantly higher
than in the surrounding area. This also results in an inhomogeneous discharge of different cell areas
[192]. With unevenly distributed discharge currents, inhomogeneous temperature ranges across the
cell co-occur [183].

The temperature gradients within large-format battery cells profoundly impact their
degradation mechanisms. The surface-to-volume ratio decreases when the cell size increases,
reducing heat dissipation efficiency. This phenomenon results in elevated heat flux within the cell.
Concurrently, the diminished cooling surface relative to volumetric heat generation reduces the cell's
overall cooling capacity. Furthermore, the more considerable heat diffusion distances in such cells
increase thermal resistance, further complicating heat removal efficiency. These factors contribute to
developing temperature inhomogeneities within the cell, accelerating aging processes such as
electrolyte oxidation, SEI layer growth, and lithium plating [181]. Finally, elevated cycling
temperatures facilitate local overload reactions, accelerating degradation [187].

Moreover, localized hotspots, potentially due to internal short circuits, can initiate a thermal
runaway, which is particularly hazardous in large format cells due to their substantial energy content.
This can lead to uneven aging across the cell, causing capacity to fade and impedance to rise,
ultimately reducing the cell's lifespan and operational safety. Mitigating thes