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Abstract

The fast charging of lithium-ion (Li-ion) batteries is required as one means of reinforcing consumer acceptance
of future electric vehicle (EV) technology. However, the useful life of a Li-ion battery is known to be closely
related to the magnitude of applied current, the state of charge (SOC) range over which the current is applied
and the temperature of the battery during the charging period. Lithium plating on the negative electrode (NE)
is known to be one of the major ageing mechanisms associated with fast charging. Therefore, an optimal
charging profile that avoids or minimizes lithium plating is necessary for Li-ion batteries to achieve fast charging
while simultaneously maintaining a longer cycle life. The use of model-based lithium plating control techniques
that employ electrochemical models is complex to deploy and still face significant challenges in their
implementation. The aim of this research therefore primarily focuses on experimental approaches to detect

lithium plating and to derive fast-charge protocols that avoid or minimize the occurrence of lithium plating.

Within this Engineering Doctorate Portfolio, lithium plating detection techniques and their application to control
lithium plating are investigated. The contribution of this research is to provide knowledge that may underpin
future fast charging algorithms for integration with a Battery Management System (BMS). This has been

achieved through five related studies.

The experimental approaches such as neutron diffraction and voltage relaxation profiles (VRP) detect lithium
plating based on the influence of lithium plating on the electrode lithiation levels and the cell terminal voltage.
In this research, experimental evidence that establishes the influence of the CV phase of charging on the lithium
plating detection ability (study 1) is presented for the first time. Further, in this study, it is identified that the
VRP method that infers the occurrence of lithium plating using a two-stage voltage relaxation can false detect
in some charge events because of the NE phase changes. A procedure to differentiate the plating induced two-

stage recovery is suggested.

In study 2, a closed-loop control scheme is developed to derive a multi-stage charge profile for offline and online
use with the support of existing approaches of lithium plating detection where the terminating voltage of the
first stage CCis adjusted based on the occurrence of lithium plating. The Online approach bases on the improved
and validated VRP method suitable for low-temperature applications. The second one utilizes the Coulombic
efficiency method that is intended for identifying an offline charge profile. Although the developed charge
profiles have improved the battery life compared to a standard CC-CV charge profile, many limitations are

identified. One of them is their inability to detect and control lithium plating within a charging event.

In study 3, a detailed quantification of plating induced battery degradation modes in terms of Loss of lithium
inventory (LLI) and loss of active material (LAM) at the electrodes is undertaken. The results in this work highlight
that lithium plating results in significant LAM at the NE in addition to the LLI. This helps to improve our

understanding of lithium plating and its effect on battery degradation.



In Study 4, a new approach to detect lithium plating while the battery is still undergoing charge is proposed and
validated at near operating conditions (temperatures between 10 to 30 °C and Charge rates from 0.25 to 1.25C).
Impact of lithium plating as a side reaction on the high-frequency impedance of the battery is utilized to identify
the onset of plating with the proposed impedance tracking procedure. The new method is then utilised to
develop two different charge control strategies- online and offline (study 5). Experimental validation of these
charging approaches while cycling the cells has shown significant cycle life improvement (> 80%) at the cost of
up to 20% increased charging time. The results indicate that both of these approaches can be improved to extend

battery life further. Future work in this direction is outlined.

The primary area of novelty within this research is to detect the onset of lithium plating in-situ and control the
charge current accordingly to minimize lithium plating. EV manufacturers to derive an optimal charging strategy

can utilize the findings from this research.
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1. Introduction

1 Introduction

1.1 Motivation for the Research

The transport sector is one of the major contributors to rising environmental pollution levels in Indian
cities as India experiences increasing urbanization [1, 2]. To reduce pollution levels, the Indian
government like many other countries worldwide is imposing stringent emission norms [3]. Therefore,
the Indian automotive sector is under pressure to lessen exhaust emissions without a significant drop

in performance and cost escalation.

Electric vehicles (EVs) that use a battery and electric motor in their power train offer near-zero
emissions and is a promising alternative technology to meet ever-rising emission norms. Therefore,
automotive original equipment manufacturers (OEMs) including TVS motor company Itd. in India have
chosen to support the government initiative by taking up EV development activities. Currently, EV
market share in India is less than 1% of the total passenger vehicle sales [4]. The Cost of the EV
technology, battery life (3-8 years) and long charging time (> 1 h) are major limiting factors for EV
penetration given that customers expect the performance of EVs to match with the conventional
internal combustion engine (ICE) vehicles [5, 6]. For example, Tata Nexon car in its EV form is circa
40% more expensive than its petrol version [7]. Falling battery prices (5400/kWh in 2015 to $150/kWh
in 2020 [8]) when coupled with the lower running cost of the EVs, it is expected that the lifetime cost
of the EVs will reach comparable levels to that of conventional internal combustion engine (ICE)
vehicles by 2030. Besides, support from the Indian government for the EVs in terms of reduced taxes

and investments in charging infrastructure may further help reduce the overall cost of the EVs [9].

Charging the battery takes longer time (1 to 8 h) compared to a mere few minutes of refuelling a
conventional ICE vehicle and represents a significant barrier to consumer acceptance [10]. The Tata
Nexon EV that provides a driving range of 190 miles takes approximately 2 to 8 h to fully charge its
battery (capacity: 30.2 kWh). Long charging time coupled with the limited drive range leads to the fear
of running out of charge (referred to as range anxiety), particularly when covering long distances
which may limit the EV penetration significantly. According to the U.S. Advanced Battery Consortium
(USABC), the long-term goal for fast charging is to return 40% of the state of charge (SOC) of the
battery within 15 minutes [6]. Although there exist no set standards for charging speed, to make the

EVs attractive, it is essential to improve the charging speed.
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Although lithium-ion battery (LIB) that use graphite as the negative electrode (NE) is most preferred
compared to batteries with other types of NE materials (see Table 1.1) [11, 12], they need to be
charged with relatively lower charge rates to maximize their life as charging time and battery life are
closely related [13, 14]. Taking in consideration the end of life (EolL) value defined by Tata is 8 years
[15], Tata would need to replace the battery packs with new ones within its warranty period or reduce
warranty period if they allow higher charge currents that keep the charging time under one 1 h. The
price of a battery pack for the Tata EV is known to be in the order of £7000 each [16]. Therefore,
extending the battery life while improving the charging speed is vital for automotive OEMs to ensure

a commercially viable business strategy.

Table 1.1: Comparison of different NE materials

NE material Energy density Volume expansion Cost Lifetime
(mAh/g) in charge (%)

Graphite [2, 17] 372 10 Low Medium

LiaTisO12[18, 19] 175 0.1 High High

Silicon [11] 3580 400 Low Low

The limiting factor for improving the charging speed comes in the form of lithium metal depositions
or lithium plating, an unwanted side reaction at the NE. During charge, lithium ions move from the
positive electrode (PE) to the NE. While lithium ions intercalate into the NE, the NE potential (NEP) of
the battery drops and comes closer to the Li/Li* reference potential [20, 21]. When coupled with the
potential drops due to internal kinetics such as charge transfer limitations (CTL) at the electrode
surface and solid diffusion limitations (SDL) in the electrodes, the NEP may decrease below the Li/Li+
reference potential [20, 22]. Potential drops at the NE can increase because of the high charge
currents and reduced kinetics due to low ambient temperatures [23]. Once the NEP drops below the
Li+ reference, lithium plating on the NE begins in addition to the usual intercalation [24, 25]. Figure
1.1 shows the NEP in charge with the conventional constant current followed by the constant voltage
(CC-CV) profile. In the initial phase of the charging, as shown in the figure, the total charge is utilized
in lithiating the NE as long as the NEP is maintained above the reference. Once the NEP is dropped
below the Li+ reference, the charge is split into the lithiation of the NE and lithium plating over the
NE. In addition to the operating conditions, loss of active material (LAM) at the NE particularly in a
delithiated state due to usual degradation induced by cycling (charge/discharge events) can
oversaturate the NE that lead to lithium metal depositions as the NE cannot absorb more incoming
lithium from the positive electrode (PE) [26]. The active material of an electrode that is lost is no longer
available for the lithiation due to loss of electrical contact with its current collector and particle

cracking or blocking of active sites by layers formed out of side reactions. Mechanical stresses induced
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by usual lithiation/delithiation of the electrodes, corrosion of the current collectors and
decomposition of the binder that keeps the active material in contact with the current collector are

known to result in LAM [27].
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Figure 1.1: An illustration of lithium plating and stripping over the NE and its link to the NEP and charge current
Lithium metal deposited over the negative electrode surface during charge is not completely lost. The
metal, which is in contact with the electrode starts oxidising once the electrode potential becomes
positive and returns to the electrode [13, 28]. The reversible reactions are typically referred to as
lithium stripping. As shown in Figure 1.1, in rest condition after the charge is terminated, lithium
stripping begins as soon as the NEP becomes positive. In the process of stripping, some of the plated
metal is irreversibly lost due to the loss of electrical contact with the electrode as shown in Figure 1.1.
Thus, plated lithium is categorized into reversible plating and irreversible plating. The irreversible part
of the lithium metal depositions, therefore, results in loss of lithium inventory (LLI) [2]. With LLI,
cyclable lithium between the electrodes reduces. Side reactions that lead to the formation of solid

electrolyte interface (SEl) layer over the NE and decomposition reactions at the electrode-electrolyte
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surface are some other ageing mechanisms that lead to the LLI. Besides the LLI from the irreversible
plating, the lithium depositions that may grow through the SEI layer resulting in its damage, and thus
further growth of the layer that consumes additional lithium in the process [29, 30]. As a result,

reduced cyclable lithium due to lithium plating results in battery capacity loss.

To avoid or reduce lithium plating, detecting the onset of lithium plating or monitoring the NEP during
charge is essential [5, 17]. Charging at a high current until the onset of plating and then controlling the
charge current such that the NEP is maintained above the Li+ reference can increase the charging
speed while minimizing the onset of lithium plating. Based on the examples reported in [6, 23], it can
be concluded that understanding and mitigating battery degradation under fast charging is essential
to minimise its adverse effects on battery life and performance. Further, lithium plating favourable
conditions change in a battery over its lifetime [31, 32]. Therefore, any charging strategy developed
needs to adapt to battery operating conditions. In line with this, the scope of this research is to detect
and control the occurrence of lithium plating to provide an optimal charging strategy that minimizes

the charging time while extending the battery life for future EV applications.

1.2 The Sponsoring Company and their Relevance to the direction of

the Research

The direction of the research was considered from the perspective of TVS Motor Company Ltd, the
sponsoring company. TVS is a two and three-wheeler automotive company in India with sales in over
60 countries and is the fifth largest 2-wheeler manufacturer in the world in terms of sales volume [33].

TVS focuses on the design, development, manufacture and sale of bikes and three-wheelers.

Like many of their competitors (Hero, Honda and Bajaj), TVS has been adopting a vehicle electrification
strategy to meet automotive regulations (e.g., Indian emission regulation Bharat Stage six or BSVI [3]).
As evidence, TVS has launched an electric scooter (TVS iQube) in January 2020 with a driving range of
70 km [34]. When compared to the petrol-powered TVS scooter derivative (Model: Jupiter), as shown
in Table 1.2, TVS iQube costs a further 50%, offers less driving range and needs a longer refill time.
The driving range that can be increased by raising the battery capacity is limited to avoid the further
rise of iQube cost. The other option to minimize the range anxiety is to increase the charging speed so
that the scooter is charged as quickly as possible. Since high charge rates are known to accelerate

battery degradation, a charge rate of C/4 is employed for the iQube that takes approximately 4 h to
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fully charge the battery. Submission 1 provides more details about TVS and its plans and needs for EV

development.

Table 1.2: Comparison of TVS's EV product with its ICE based product

Vehicle type Model name | Drive range | Refill time | On-road price inX | Life expectancy
(km) (minutes)

Petrol scooter Jupiter 300 <2 82700 15 years

Electric scooter | iQube 70 > 240 122000 3-8 years for battery

To minimize range anxiety with minimal impact on the pricing and battery warranty period, TVS
understands the need for developing charging strategies. In this aspect, when this doctorate was

commissioned in 2016, TVS aimed to improve their knowledge and expertise in the following topics:

e Impact of fast charging on battery performance and lifetime.
e Non-invasive detection of side reactions/lithium plating associated with fast charging.
e Development of fast charging algorithms for the BMS.

e Assessment of fast charging strategies in terms of charging speed and battery life.

Based on the findings, this project proposes a systematic procedure to develop fast-charging strategies

while meeting the objectives set by TVS as follows.

e literature review to understand the state of the art of the selected topic (Chapter 2)

e Improve the existing non-invasive lithium plating detection methods (chapter 3)

e Develop optimal fast-charging strategies implementable in BMS using the existing non-
invasive techniques (Chapter 4)

e Study the fast charging impact on battery degradation (Chapter 5)

e Explore a new method of lithium plating detection to identify the onset of plating within a
charging event non-invasively (Chapter 6)

e Develop improved charging strategies with the new detection method (Chapter 7)

The impact of this research on TVS activities is given in Chapter 8. The results are also applicable to
other applications and organisations that use Li-ion battery. As evidence, part of the work performed

here has been recognised through journal publications [35-38].
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1.3 Research areas and Aims

The research objective of this Innovation Report (IR) is to minimize the degradation associated the
fast charging within the context of a real-time embedded control application such as BMS to improve
the performance of future EV. Following on from the literature review conducted in Chapter 2 and the
challenges faced by the sponsoring company (refer to Section 1.2), fast charging is studied within three

research areas as summarized in Figure 1.2 and detailed in the following sections.

1. Understanding the influence of lithium plating on battery degradation: It is well known that lithium

Understand Research area 1
the influence

of lithium
plating Overall research
Objective
Research area 2
Fast charging
without a Detect the
significant occurrence of
influence on lithium plating
battery life
Control of
lithium
plating Research area 3

Figure 1.2: Research objective and relevant research areas in fast charging strategies

plating results in capacity fade. However, it is not clear yet the underlying degradation modes (LLI or
LAM or a combination of them) of lithium plating as both LAM and LLI lead to capacity fade. Therefore,
understanding the influence of lithium plating is key to develop lifetime charging strategies. Section

2.2 explains in detail lithium plating influence on battery performance and life.

2. Detection of lithium plating in fast charging: to control lithium plating, its detection is essential.
Besides, as battery degradation modifies its internal kinetics, and thus lithium plating tendency over
different cycles, it is important to keep track of lithium plating during the battery’s lifetime. Therefore,
lithium plating detection in real-time applications is essential to improve charging strategies. Section
2.3 details the existing approach of lithium plating detection and its method, limitations and scope for

improvement.

3. Control of lithium plating in fast charging: to achieve maximum possible charging speed while

minimizing the battery degradation, the NEP needs to be maintained at the Li+ reference potential as
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detailed in Section 2.4. This is achieved by controlling the charge current and by tracking the NEP or
detecting the onset of lithium plating. A charging strategy that aims to control lithium plating needs
to adapt to battery operating condition such as operating temperature and ageing level as they modify
the lithium plating tendency. Therefore, fast charging strategies implementable in real-time
applications are key to extend battery life for future battery designs. Section 2.4 explains in detail the

existing fast charging strategies and their limitations and defines further work.

1.4 Scope of the IR

The scope of this thesis is to study the degradation associated with fast charging and provide solutions
that detect and control lithium plating within the context of real-time implementation in EVs. Since
lithium plating is a severe ageing mechanism experienced by the graphite electrodes during fast

charging, the findings in this study are limited to Li-ion batteries that employ graphite as the NE.

Although research into Li-ion battery involves many disciplines such as physics, chemistry or
engineering whose knowledge is essential, the research undertaken in this doctorate focuses on the
engineering domain of fast charging strategies. Therefore, identifying and quantifying ageing
mechanisms associated with the fast charging at material, physical and chemical level is not
undertaken in this study. The research presented in this work covers the implementation, validation
of the concepts proposed. However, it does not cover an exhaustive analysis of the optimization of
the developed algorithms and implementation in an EV BMS. Additional information regarding areas
of further work within the scope of this research is given for each respective study (refer to Limitations

and Further Work sections) and in Section 7.5.

1.5 Structure of the Portfolio

This IR is structured to follow the studies and investigations conducted as part of the EngD that are

reported through a series of research submissions.

As described in Section 1.2, the research within this EngD is focused on three key subject
areas to understand and limit the degradation associated with fast charging. As shown in Figure 1.2,
These areas are 1. Understanding the influence of lithium plating on battery degradation; 2. Detection
of lithium plating occurrence; and 3. Control of lithium plating. A critical review of the literature
covering three research areas (Chapter 2) is presented largely in the Submissions 1 and introduction
sections of the remaining submissions. The study covering Research area 2 is undertaken at two
different levels. First, validation and improvement of an existing non-invasive detection method

(Chapter 3) are performed as presented in Submission 2 and 5, respectively. While investigating new

7
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approaches to lithium plating detection, the early part of this study is focused on existing detection
approaches. Second, a new method of plating detection is proposed and validated (Chapter 6) as
reported in Submission 6. Similarly, research area 2 is executed at two different stages. First, the
improved non-invasive detection method is employed to develop a charging strategy (Chapter 4) as
presented in Submission 3. Next, two different charging strategies to reduce lithium plating using the
new detection method are derived and evaluated (Chapter 7) as detailed in Submission 7. Besides, the
experimental data gathered in Submission 3 is further used in Submission 4 to study the degradation
modes of lithium plating (Chapter 5). Although each research area covers a different topic, they are
still related to each other under the theme of lithium plating. Table 1.3 presents the IR structure that
summarizes the studies undertaken and their corresponding research submissions and papers in each

research area.

Table 1.3: Submissions and publications related to the IR structure

Chapter in this IR Studied in Submission | Published
Research Study Literature | Study | Literature | Study | in
Area review review
Influence of | Quantify the degradation of Li- 2 5 1,4 4 [36]
lithium ion battery aged under fast
plating on charge cycle regime
battery
degradation
Detection of | Study the influence of constant 2 3 1,2,5 2,5 [37]
lithium voltage (CV) phase and graphite
plating phase changes on the detection
sensitivity of the VRP method
Investigate and develop a new 2 6 1,6 6 [35]
method of plating detection
suitable for BMS use
Control of Develop optimal charging 2 4 1,3 3 [38]
lithium strategies utilizing the existing
plating detection methods
Utilize the new online method of | 2 7 1,7 7 Submitted
lithium plating detection for [39]
plating control

In addition to the IR that is derived from the submissions, a personal portfolio that presents all
assignments from the six MSc modules undertaken, published journals and conference papers from
this research project is included. The personal portfolio presents a summary of the primary
competencies gained or enhanced through the activities and research undertaken with the EngD. The

IR structure along with the personal portfolio is summarized in Figure 1.3.
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1.6 Structure of the Innovation Report

This IR presents the research undertaken and demonstrates the connection between projects
that have all contributed to the objectives of the EngD. As the chronological order of the Submissions
is different from the structure of this IR, it is recommended that the portfolio supporting this research

is reviewed in the sequence defined in Figure 1.3.

Chapter 2 critically reviews the current state of the art covering previous studies that
have investigated three research areas: 1. Detection of lithium plating occurrence; 2. Control of lithium
plating; and 3. Understanding the influence of lithium plating on battery degradation. After studying
the main findings and identifying knowledge gaps in each research area, research objectives are

determined. To meet these objectives, multiple research studies are undertaken within this EngD.

Chapter 3 investigates a procedure to improve the lithium plating detection sensitivity of non-invasive
methods. The impact of the CV phase charging on the plating detection is established. An approach
to identify the charge cut-off current in the CV phase that allows improved detection ability is
presented. It is shown that lithium-plating occurrence can be incorrectly assumed while using post-
charge voltage relaxation profiles as graphite phase changes and lithium-stripping reactions produce
a similar influence on the voltage profiles. A procedure to identify the lithium plating induced phase

changes is developed.

Chapter 4 utilizes the improved detection method presented in Chapter 3 for identifying the onset of
plating and developing a novel three-stage charge profile. Its effectiveness on the charging speed and
battery lifetime during cycle ageing are evaluated along with a conventional constant current followed
by a constant voltage (CC-CV) profile and a charge profile derived based on the Coulombic efficiency.
Performance of these profiles along with their limitations is detailed in this chapter. It is understood

that the inability to detect the onset of plating within a charging event is limiting their effectiveness.

Chapter 5 quantifies the degradation modes of cell aged in fast-charge cycling to study the influence
of lithium plating on battery degradation. For this, a new procedure to quantify the degradation
modes is proposed using the open-circuit voltage (OCV) profiles of electrodes and cell. The procedure
when applied to the cells aged in fast charge cycling indicates significant levels of LAM at the NE in
addition to LLI.

Chapter 6 presents a proposed new method to identify the onset of plating within a charging event.
The influence of lithium plating as a side reaction on the value of cell impedance allows detecting the

onset of plating. The impedance profile is tracked by inducing a current disturbance and monitoring

10
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its impact on the voltage once in every 1% capacity increase during charge. Once plating onsets, the
impedance profile starts to deviate from its usual plating free profile. Validation at different

temperatures and C-rates confirms its superiority over the existing methods.

Chapter 7 utilizes the developed detection method to derive charge profiles at 20 °C in Offline and
Online modes. A multi-state constant current (CC) profile beginning with 1.5C drops to 0.5C in steps
of 0.25C where the detection of plating onset defines the transition to the next CC stage. A pre
characterization procedure is followed to identify the cell voltages corresponding to these transitions
in the offline mode while the online one tracks the impedance during charge and identifies the
transition. Evaluation of the derived charge profiles during cycle ageing indicate significant

improvement in cycling life and scope for further improvement of the charging strategies.

Because of the research carried out within this EngD, several innovations are realised. For each
innovation achieved, the academic contribution and benefits to the sponsoring company are
described in Chapter 8. The first author publication of four Journal (three Q1) papers [35-38] reflects
the contribution to academia. Besides, one Q1 journal publication was submitted to the editor by the
time this thesis was submitted. The benefit to the sponsoring company is evidenced by the significant
contribution to the research objectives regarding fast charge strategies (refer to Section 1.3). Chapter
8 also discusses the limitations and areas of further work concerning the development of optimal
charging strategies and implementation of the findings presented. Finally, Chapter 9 presents a

summary and the overall conclusions of this research work undertaken in this EngD.

11
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2 Literature Review

2.1 Introduction

Chapter 1 places this IR in context, presenting the key research challenges regarding the fast charging
of Li-ion batteries for EV applications. This Chapter aims to translate the research challenges faced by
academia and industry in the selected areas into research questions. For each research question
within the context of fast charging, an extensive literature review is conducted. Further details of this
literature review can be found in individual submissions to the EngD portfolio [40-46] and journal
publications [35-38]. From the knowledge gaps identified for each research question, research

objectives are defined. These objectives determine the research work undertaken within this EngD.

2.2 Research area 1: Battery degradation during fast charging

Lithium plating in a charging

event
Reversible plating | | Irreversible plating | i
Damage to and regrowth of | ’| Depositions at the NE |
SEl layer
| LLI |‘ | Mechanical stresses ? |
| Capacity fade |< 1 LAM ? |

Figure 2.1: Influence of lithium plating on battery degradation

It is well understood how operating conditions of the battery such as charge current, ambient
temperature and ageing condition influence the negative electrode potential (NEP) and thus lithium
plating [17, 25]. On the other hand, although it is known that lithium plating leads to capacity fade,
the exact underlying degradation happening to the battery under the influence of lithium plating is
not clear. The capacity fade observed at the cell level can result from impedance rise, loss of lithium
inventory (LLI) and loss of active material (LAM) at the electrodes or a combination of them [27, 47].
However, the influence of the impedance change on the capacity estimation can be reduced by

performing the capacity tests at low C-rates or including the CV toward the end of discharge. Since
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capacity tests are performed with CV throughout the experimental work in this research, capacity fade

analysis is limited to LAM and LLI as shown in Figure 2.1.

The irreversible plating that reacts with the electrolyte or become electrically isolated from the
electrode, leading to a reduction of cyclable lithium between the electrodes and thus LLI. Besides,
lithium depositions on the NE can grow through the SEl layer, and thus damage to the SEl layer, which
leads to regrowth of the SEl layer [2]. Since the SEI layer growth consumes a portion of cyclable lithium

[48, 49], this further increases the LLI.

In addition to the LLI, lithium plating may also induce LAM. As discussed within [24], lithium plating
increases the volume expansion of the cell. The study proved theoretically and experimentally that
plated lithium occupies nearly four times more volume than the volume expansion experienced by
the graphite for the same amount of lithium intercalation. Besides, the SEI growth due to its damage
inflicted by lithium plating can increase its depositions and thus volume expansion locally [50]. This
volume expansion may add to the usual volume changes experienced during cycling, and thus raising
mechanical stresses. As discussed within [51], these mechanical stresses may contribute to active
material cracks at the electrode, leading to a LAM at the electrodes — another contributor to capacity

fade.

Increased mechanical stresses or LAM due to lithium plating if confirmed may indicate that higher
volume-occupying depositions from previous lithium plating can continue to cause mechanical
stresses locally and produce long-lasting negative impacts on battery life. Given all this, it is important
to study and quantify the degradation modes (LLI and LAM) in batteries affected by lithium plating.
Additionally, this information will help underpin the design of charge strategies for the older batteries
that might have experienced lithium plating in their first use. From this, a research question is

formulated:

Research question 1: Can the degradation modes that underpin lithium plating be quantified so that

the impact of lithium plating on the battery is understood better and controlled?

Itis believed that detailed quantification of plating induced battery degradation modes in terms of LLI,
LAM at the positive electrode (LAMpe) and LAM at the negative electrode (LAMne) would improve our
understanding of lithium plating and its effect on battery degradation. To study battery degradation,
many researchers use differential voltage (DV) curves (dV/dQ) and incremental capacity (IC) curves
(dQ/dV), where dQ stands for the incremental capacity while dV defines for the differential voltage
calculated from the battery OCV. By comparing the IC or DV curves of a cell at two different ageing

states, the degradation modes of the battery can be inferred [52, 53].

2
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The majority of the studies that use IC or DV curves are focused on studying the degradation modes
in cells that are in either calendar or cycle ageing where the operating conditions such as temperature
and charge currents are kept within the manufacturer recommended levels [50, 54]. The degradation
modes identified under these ageing conditions cannot be attributed largely to lithium plating as the
charge currents are not raised or temperatures are not dropped beyond the recommended limits that
could not make lithium plating as a significant ageing mechanism. However, two different studies
applied IC and DV analysis to the cycle aged cells where the lithium-plating occurrence is reported. As
discussed within [26], IC and DV curves were employed to understand the reason for lithium plating
occurrence in the later part of cycle ageing. Through the analysis, the paper reports large levels of
LAM at the NE in delithiated state (LAMgene) is leading to saturation of NE lithiation and thus lithium
plating. The second one, as reported by [31], used IC and DV curves to identify the underlying causes
that gradually reduced lithium plating with the increasing cycle number while cycling at -22 °C.
According to the authors, increasing LLI levels through cycles could reduce lithium plating. They
hypothesised that the lithiation level of the NE toward the end of charging reduces or high state of
charge (SOC) region of the NE where its potential gets closer to the Li+ reference is not accessible
anymore with increasing LLI. However, the study is not extended further to look into the other
degradation mode, LAM. Therefore, to quantify the degradation modes of lithium plating, a separate

study is required.

From the interpretations of the IC or DV curves using the cell level OCV vs Capacity profiles, it is difficult
to quantify the changes that are occurring to each electrode since both the electrodes contribute to
the features in the cell OCV profile [55]. To overcome this issue, a degradation diagnostic technique
using the electrode OCV profile was suggested by Birkl et al. [27]. Degradation within the battery
modifies the lithiation levels and their offsets at the end of charge (EoC) and End of discharge (EoD).
The degradation modes are then calculated using these levels. However, the quantification method
used within [55] can be simplified to reduce the complexity using the electrode lithiation levels rather
than their offsets at the EoC and EoD. Based on these knowledge gaps, the following research

objective is defined for the research question 1:

Research Objective: Develop a simplified degradation mode quantification procedure and identify

the degradation modes of Li-ion battery aged under fast charge cycling.

The research work undertaken to meet this objective is reported in Chapter 5 in this IR and presented

in detail in Submission 4.
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2.3 Research area 2: Detection of lithium plating occurrence

To understand the operating conditions that lead to and control lithium plating, it is essential to detect
the occurrence of plating. The literature review concerning lithium-plating detection is done in three
stages. First, the desired characteristics of a lithium plating detection method are presented. Next, the
methods suggested in the literature are reviewed. Finally, the research objectives for further

improvements in plating detection are defined.

Lithium plating, as mentioned in [24] and as illustrated in Figure 1.1, starts at some point during
charging when the NEP gets below the Li+ reference potential. The degradation caused by lithium
plating in the previous charging event modifies the cell kinetics such as diffusion in the electrodes,
which change the plating onset point, and lithium plating amounts in the next charging event.
Depending on the operating conditions and cell construction, the plating tendency can increase or
decrease [26, 31]. For example, dominant levels of LAM at the NE can increase the plating tendency
as this leads to the saturation of NE lithiation [26] while higher levels of LLI due to SEI growth can lead
to the opposite behaviour as it reduces the NE lithiation level [31]. Therefore, a selected charge profile
that avoids lithium plating in a new cell does not guarantee the absence of plating through the cycles.
As a result, to track this changing behaviour with cycling, it is essential to detect the occurrence in

real-time. The following characteristics are therefore desirable for a lithium plating detection method:

e Shall identify the cell voltage or SOC level at which lithium plating commences.
e Shall be able to track the lithium plating occurrence cycle by cycle
e Shall be suitable for implementation in BMS with minimal impact on its hardware, volume

and cost
These learnings rise the following research question:

Research question 2: Is it possible to detect the occurrence and onset of lithium plating in real-time

applications in a non-invasive manner?

The occurrence of lithium plating affects the battery in different ways. The irreversible part of lithium
plating leads to metal depositions while the reversible part influences the electrode lithiation levels,
cell voltage or impedance. Besides, battery capacity drop and volume expansion are observed under
the influence of lithium plating. Therefore, monitoring these changes allow the detection of lithium
plating. Multiple detection methods are suggested in the literature that can be broadly categorized as
two different types based on the approach they employ to infer/detect the occurrence of lithium

plating:
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e |nvasive techniques

e Non-invasive techniques

The Non-invasive approaches can be further divided into three sub-categories:

e NEP based
e Reversible lithium plating based

e Impact of lithium plating based

Each of these categories is presented within the context of real-time use in the following sections.

2.3.1 Invasive methods

The invasive techniques such as Nuclear Magnetic Resonance (NMR) [56], Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES) [57] and visual inspection of electrodes [20, 58] are used to
either quantify or confirm the metal depositions present in a cell that has experienced lithium plating
previously. Lithium plating is known to occur non-uniformly over the NE surface because of the
non-homogeneities in cell construction such as different electrode particle sizes, their distribution and
varying compression levels during calendaring [59, 60]. Visual inspection of the electrodes confirms
this localized plating tendency [20, 58]. Although the invasive methods provide definitive confirmation
of lithium plating occurrence and help in validating the non-invasive methods of plating detection,
they pose many limitations for detection and control of lithium plating or for developing fast charging
strategies. First, these methods only rely on the occurrence of irreversible plating. Second, it cannot
relate the identified lithium metal depositions to individual cycles. Third, these methods fail to identify
the SOC level or cell voltage corresponding to the lithium-plating onset within a charging event. Finally,
the need for cell dismantling makes them unsuitable for BMS application. Therefore, the application
of these approaches is largely limited to confirm the occurrence or to validate the non-invasive

methods that detect lithium plating indirectly [2, 24].

2.3.2 Non-invasive methods — NEP

The onset of lithium plating is inferred when the measured or estimated NEP gets below the Li+
reference [10, 17]. NEP is estimated by electrochemical battery modelling where the NEP is
described by a set of partial differential equations (PDEs) based on the physical and
electrochemical properties of the battery constituents such as the electrodes and electrolyte. Common
model formulations include the pseudo two dimensional (P2D) model [61], the single-particle model
(SPM) [62] and the single-particle model with electrolyte (SPMe) [63]. Lithium concentration

gradients in the electrode and the electrolyte, charge transfer limitations (CTL) at the electrode-
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electrolyte interface, etc. that govern the behaviour of the NEP are considered. However, the main
concern of this kind of method is the model parameterisation and implementation in real-time
applications due to its complex structure and equations. Besides, the physical and electrochemical
properties change as battery ages and thus the magnitude of the potential drop at the NE [31],
because of several degradation mechanisms such as electrolyte decomposition [64], active
material cracking [65], loss of lithium and porosity reduction due to previously deposited lithium
metal layers [66], etc. These effects along with the non-homogeneities in cell construction further
compound the significant research challenge of extending these models to take account of the

different degradation modes and to accurately represent battery [26, 67].

Conversely, the NEP measurement directly in a commercial cell is not possible, as they do not come
with a reference electrode (RE). The RE that has a stable and known potential allows measuring
both NE and PE potentials directly. As an alternative, to study the NEP during charge in a laboratory
setup, a reconstructed three-electrode cell using the electrodes harvested from a commercial cell
and lithium as a RE is used in [5]. Nevertheless, this modification could add large uncertainties to
the electrode potential behaviour (depending on the modifying process), leading to difficulties in
monitoring the NEP accurately. First, the separation of electrodes from the commercial cell
could increase the electrode impedance. Particularly, the process of clearing electrode material from
one side of the current collector can modify the electrode properties such as its porosity and
conductivity. Second, the use of a different electrolyte could change the internal kinetics, and thus,
the potential drops within the cell. As shown in [5], the voltage dynamics of the reconstructed cell
were significantly different from those of the commercial cell during the high-current (1C) charge.
Therefore, the results obtained from the reconstructed cell cannot be directly applied to the
commercial variant from which it is derived. Besides, this method cannot be used in real-time
applications to monitor the NEP as battery ages because existing commercial cells do not have

the third (lithium reference) electrode.

The NEP based plating detection methods pose a further challenge as there is no clarity within the
literature whether all or only a portion of potential drops at the NE causes plating. Generally, the NEP
(measured between the separator and current collector) includes potential drops due to multiple
phenomena such as concentration gradients in the electrolyte, SEI layer, CTL, SDL in the bulk
electrode, and the Ohmic resistance in the current collector in addition to the OCV of the electrode.
In electrochemical models [17, 61], potential drops due to CTL, SEl and SDL from the OCV of the NE
were considered for plating reactions. On the other hand, experimental based plating control studies

[5, 68] considered the entire drop between the current collector and the separator. Although the non-
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invasive methods can be validated using the invasive approaches [10, 17], it is difficult to verify the
onset of lithium plating and thus the NEP influence on plating as none of the existing approaches of

detection could identify the onset of plating during charge.

2.3.3 Non-invasive methods — Impact of lithium plating

Plating detection at cell level using the non-invasive methods captures the average behaviour or
influence of the non-uniform lithium metal depositions over the NE [26]. Influence of lithium plating
on the cell capacity and volume is utilized to detect plating non-invasively. Reduced Coulombic
efficiency while cycling at high C-rates or low temperatures may indicate the occurrences of lithium
plating indirectly [69, 70]. Here, Coulombic efficiency is the ratio of charge output compared to the
charge input. However, the need for high precision measurement of Coulombic efficiency (<0.01%)
limits its implementation in a typical BMS [71]. Besides, as changes to the Coulombic efficiency can
occur due to any ageing mechanism or combination of different ageing mechanisms, it is difficult to
attribute the reduction to lithium plating alone [70]. Tracking volume changes allow detecting the
presence of lithium plating [24] as plated lithium occupies circa four times more volume than the
volume expansion experienced by the graphite when lithiated with the same amount of lithium.
Detection of lithium plating by tracking the changes in cell dimensions (< 1 um) is difficult in practical

application.

2.3.4 Non-invasive methods - reversible plating

Reversible plating based methods assume significance in lithium plating studies given their ability to
track lithium plating cycle by cycle [26, 72]. A set of non-invasive methods such as tomography and
electrochemical impedance spectroscopy (EIS) rely on observable features introduced by reversible
lithium plating that occurs in the cell immediately after charging. The rise in the electrode lithiation
level indicates the amount of lithium returned and can be measured by neutron diffraction-based
Tomography techniques [73]. While lithium stripping influences the evolution of impedance spectra
during the post-charge relaxation is identified by the EIS method [74]. However, these methods cannot

be applied within a practical battery because of the measuring mechanism required.

Alternatively, the influence of reversible plating on the cell voltage can also be used to detect lithium
plating. This is done by monitoring the cell voltage in two different battery conditions: under a low c-
rate discharge and in the rest state. In the first approach referred to as differential voltage curves
(DVC) method, a high voltage plateau due to reversible plating during a low c-rate (< C/10) discharge
is observed for plating detection [26, 74]. Reversible part of the plated lithium while contributing to

the load current produces a higher voltage plateau compared to the usual delithiation of the graphite
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electrode. The second approach based on a cell voltage relaxation profile (VRP) observed in a post-
charge rest period [28, 74]. Once the charge is terminated, the NEP starts to transition to a positive
OCV level. Once the NEP becomes positive, lithium stripping begins. As long as stripping lasts, the NEP
will remain constant close to the Li+ reference level (see Error! Reference source not found.). The
voltage relaxation experienced by the NE and observed at the battery terminals continues after the
completion of lithium stripping. This reaction manifests as a change to the single-stage relaxation
profile within the cell terminal voltage, in which a two-stage voltage relaxation can be observed. This
unique feature of the cell terminal voltage during the relaxation period is used to infer the presence
of lithium stripping reactions. The VRP method is presented in detail in Chapter 3 with the support of
experimental data collected at the electrode and cell level. However, lithium plating can be incorrectly
assumed if the 2-stage voltage relaxation originates from a different phenomenon. As discussed within
[2, 20], the NE could exhibit multiple phase changes in its OCV profiles. While charging, the NE
experiences lithium concentration gradients within its particles and these differences come down
during the post-charge rest (the lithium concentration at the NE particle surface gradually drops to
the average particle concentration). This phenomenon could lead to a phase change at the NE and
thus 2-stage recovery, causing difficulties in lithium plating detection using the 2-stage voltage
relaxation profile. In addition, for both DVC and VRP methods, a reduced amount of lithium plating
and increased lithium stripping rate at high temperatures [2, 24] limit the ability to detect reversible

plating when compared to low temperatures (<10 °C).

Further to the limitations of each method, the CV phase of charging may influence the detection
sensitivity of the non-invasive techniques that are based on reversible plating. The NEP reaches a
minimum at the end of the CC phase and starts increasing during the CV phase [22, 75]. A low current
cut-off value, in the order of 0.1C, leads to a prolonged CV phase, and the negative potential has a
higher chance of becoming positive before the CV phase ends. As a consequence, a portion of the
plated lithium reverses in the CV phase itself, which will reduce the amount of reversible plating for
detection during the relaxation stage after the CV phase. Petzl et al. have mentioned such an issue in
their plating studies [76]. It was shown that the total estimated plating values went up until a certain
SOC level and then came down with a further rise of SOC. According to the authors, lithium stripping
in the CV phase is the cause. Therefore, for plating detection improvement, it is important to study

the CV phase influence on lithium plating detection.
2.3.5. Summary and research objective

Real-time lithium plating detection is needed to maximise the charging performance throughout the

battery life as plating behaviour changes with ageing and operating conditions. Table 2.1 presents the
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summary of the lithium plating detection methods and Submission 1 provides a detailed review of
these methods. The invasive approaches are not suitable for BMS use as they need cell dismantling.
When it comes to non-invasive methods, the VRP and DVC methods may be implemented within a
BMS given their dependency on current and voltage measurements alone. Since there exist many
limitations in detecting lithium plating for both these methods (see Table 2.1) and none of the existing
methods could detect the onset of lithium plating within a charging event, the research work relevant
to detection is proposed in two stages. First, to improve an existing approach that is implementable
in real-time use. Between the VRP and DVC approaches, a requirement of simple rest period (up to 1
h) provides an advantage to the VRP method when compared to the DVC method that needs a low C-
rate discharge within the context of real-time implementation. As mentioned earlier, understanding
the impact of the CV phase charging on the plating detection sensitivity and avoiding the misdetection
due to graphite phase changes can improve the efficacy of the VRP method. Therefore, the research
objective concerning lithium-plating detection for the existing approaches is defined as:

Research Objective 2: Investigate the impact of the CV phase of charging and graphite phase changes

on the VRP method and improve its detection sensitivity.

The research work undertaken to meet this objective is reported in Chapter 3 in this IR and presented

in detail in Submissions 2 and 5.

Second, develop a new method of lithium plating detection. As existing methods fail to detect the
onset of plating within a charging event and face limitations in detecting lower levels of plating
occurrence (<2.5%) [28], a new method of plating detection is required for early detection and control
for BMS use. Therefore, the research objective concerning a new approach of lithium plating detection

is defined as:

Research Objective 3: Research and develop a new approach to lithium plating detection that is

implementable in real-time use and can identify the onset of plating within a charging event

The research work undertaken to meet this objective is reported in Chapter 6 in this IR and presented

in detail within Submission 6.
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Table 2.1: Summary of li-ion plating detection methods within the context of possible BMS deployment

Category Method Advantages/Disadvantages BMS use
NMR [56], Provides definitive confirmation of lithium | No
ICP-OES [57] and plating occurrence (Cell  dismantling
Invasive Electrodes limits their BMS
inspection Not Suitable for monitoring lithium plating cycle | use)
[20, 58] by cycle
Fails to detect the onset of plating within a
charging event
Electrochemical Provides theoretical guidance No
model [56, 75] (Model complexity
Accuracy and model complexity are concerns limits its BMS use)
Model adaptability to ageing is difficult
Tracking the
NEP Not possible to validate the identified onset of
plating
Insertion of RE or | Insertion process, materials used can influence | No
reconstruction of | the NEP measurement (Commercial cells
3 electrode cell [5] do not come with
Not suitable for real-time use the RE)
Not possible to validate the identified onset of
Non- plating
invasive

Tomography [73]

Tomography: Quantifies reversible plating
cycle by cycle

CV phase of charging influences the detection

No
(Instrumentation
required limits its
BMS use)

EIS [74] Fails to detect lower levels (< 2.5%) No
(Instrumentation
Reversible Fails to detect the onset of plating within a | "equired limits its
plating charging event BMS use )
VRP [28, 74] Yes
Tomography:  Not accessible even for | (j requires
researchers monitoring of cell
voltage and current
VRP: Long rest (> 1 h) is required after the )
DVC [26, 74] charge Yes
. . . (it requires
DVC: Low C-rate discharge is required monitoring of cell
voltage and current
)
Impact  of | Coulombic High accuracy ( <0.01%) is required No
lithium efficiency [69] (High
plating Full charge/discharge is required measurement

Fails to detect the onset of plating within a
charging event

accuracy and full
charge/discharge
need limit its BMS
use)

Volume expansion
[24]

Measurement of 1 um thickness changes is
required

Fails to detect the onset of plating within a
charging event

No
(Instrumentation
required limits its
BMS use )

10
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2.4 Research area 3: Lithium plating control approaches

Use of higher charge currents to reduce the charging time can negatively influence the battery lifetime
[70]. It is well understood that lithium plating is a major ageing mechanism while charging at high C-
rates or low temperatures. Besides, many researchers have reported that conditions favouring
lithium-plating change as battery undergo degradation [26, 31]. Therefore, charging strategies that
aim to eliminate/reduce lithium plating shall adapt to battery ageing. While developing a charging

strategy, the following attributes of a charging profile are desirable:

e Reduced charging time
e No accelerated degradation or minimize lithium plating due to the charging profile

e Adaptation of the charging profile to the operating conditions and battery ageing
These learnings rise the following research question:

Research question 3: Is it possible to develop a real-time implementable charging strategy that

minimizes charging time while avoiding lithium plating?

Multiple fast charge profiles are suggested in the literature that can be broadly divided into three

categories as:

e The standard CC-CV protocol
e Use of two or more CC stages in place of the single CC stage used in the CC-CV

e A more dynamic charge profile.

While utilizing these charging strategies for real-time use, either online or offline implementation is
considered. In the online implementation [17], the charging profile is identified in real-time according
to the operating conditions such as temperature and battery ageing level. An algorithm is developed
and written to the electronic control module such as the BMS to define the self-regulating charge
current so that the NEP is maintained above the Li+ reference or lithium plating is avoided. The
advantage with the online mode is the charging profile can adapt to the operating conditions. On the
other hand, in the Offline mode, a pre characterisation procedure is employed to identify the charge
profile [5]. Depending upon the EV usage patterns, battery ageing and its internal potential drops can
be different in different EVs [77]. Therefore, while using pre-identified charge profiles, multiple
combinations of operating conditions such as different temperatures and ageing levels need to be
considered to have a charge profile for each combination. This process requires numerous testing that

may be difficult in practice. However, due to multiple challenges posed by the online strategies as

11
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detailed in the following sections, offline implementation is still of great importance. Therefore, both
online and offline charging strategies suggested in the literature are reviewed within the context of

their implementation to define the research objective.

2.4.1 The standard CC-CV protocol

With the standard CC-CV charge profile, use of a high C-rate to reduce charging time can induce lithium
plating while a low C-rate application can avoid plating but can result in longer charging time [23].
Therefore, identification of a maximum C-rate that avoid lithium plating is essential. Figure 2.2 shows
an illustration of how C-rate influences NEP. At a low C-rate of 0.1C, the NEP is sufficiently maintained
above the reference value. In the case of 1C, the NEP has become negative after the charge is initiated.
On the other hand, at 0.5C, the NEP is just reached 0 V by the end of CC stage and started to rise as

current reduces in the CV phase indicating the optimum C-rate for the CC-CV profile.

Ccc-cv
0.6

1 % End of CC
0 Onset of plating
0.4+

0.2/
0.1C,x=0.1

1C, x=1 0.5C, x=0.5

NE potetnial w.r.to Li+ reference (V)

0 011/)( 0.I2/x O.é/x 0.;1/x 0.I5/x 0.I6/x 0.I7/x O.é/x 0.5/)( 1/x
Time (h)

Figure 2.2: lllustration of the NEP at different C-rates of the CC-CV charge profile. Here, x indicates the C-rate.

Through usual cycling of cells at different C-rates of charging and frequent capacity estimation tests,
it is possible to identify the C-rate that provides a maximum number of charge/discharge cycles before
the cells lose specified capacity loss such as a loss of 20% capacity [10, 14]. However, battery life tests
need excessive testing time depending upon the charge/discharge rates and the battery degradation

rate.

Alternatively, to identify the optimum C-rate for the CC-CV profile within a few cycles, the CE method
is suggested [70]. Charge rates higher than the optimum level lead to lithium plating and thus a drop
in the Coulombic efficiency. By obtaining the CE values of cells cycling at different charge C-rates, the
optimum C-rate that produces maximum Coulombic efficiency can be selected. This approach tries to

minimize the capacity fade arising from different ageing mechanisms present under the selected
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operating conditions. Prolonged charging time at low C-rates increases the amount of SEl growth in a
cycle while a higher C-rate leads to lithium plating [69]. Therefore, the CE approach identifies the

charge C-rate that minimises the overall capacity fade not limiting to lithium plating.

Since the capacity drop in a few cycles is typically small in Li-ion batteries and to be able to observe
the minute differences between these capacity changes at different C-rates, the capacity
measurement accuracy (>0.01%) needs to be high when using this approach [71]. A full charge and
discharge are required to identify the capacity. As a result, implementation of the CE within the BMS
for online identification of the C-rate is limited. Yet, this approach is useful for offline implementation
with the pre-identified optimum C-rates at different temperatures for a new cell. However, to adapt
to battery ageing, it is difficult to perform off-line characterization at regular intervals because of
numerous tests that need to cover various C-rates and temperatures. Further, a common offline
profile identified for one particular usage pattern may not be suitable for other usage patterns of the
EVs. Therefore, each EV specific offline characterization during its lifetime is difficult considering the

test requirements.

2.4.2 Multi-stage CC protocol

As mentioned in the previous section, the NEP reach Li+ reference value at the end of the CC stage or
when the cell voltage rise to 4.2 V while using the optimum C-rate in the standard CC-CV profile. Use
of a high C-rate compared to the optimum C-rate in the early part of the charging until the NEP reach
Li+ reference or the onset of lithium plating and then reducing the charge current to keep the NEP
above the reference can improve the charging speed [5]. The simplest form of this approach is
replacing the single-stage CC with a two-stage CC profile. Figure 2.3a shows the illustration of the NEP
and charge currents for a two-stage CC in place of the usual single stage CC. At the second stage CC,
the NEP rises initially from the Li+ reference and then begins to reduce [5]. Further optimisation of
this approach is to introduce multi-stage CC as shown in Figure 2.3b to keep the NEP as close as
possible to the reference value. The charge rates are dropped stepwise in the multi-stage CC profile

[78].
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Figure 2.3: Illlustration of the NEP while using a) 2-stage and b) multi-stage CC profile.

In a study by Thomas et al., a two-stage CC-CC (0.5C-0.2C) charging profile was developed to maintain
the NEP above the Li+ reference voltage [5]. Here, the charging current was kept at 0.5C until the
cell voltage reached a level (tagged as Vi) at which the NEP dropped below the reference with the
high charging current (0.5C) and then the charge current was reduced to 0.2C. To monitor the
NEP behaviour, the authors reconstructed manually a three-electrode cell by adding a lithium
reference electrode. With the monitored NEP, the Vi is identified for a new cell. Since cell to cell
variations such as capacity and impedance differences within a set of new cells are expected to be
low compared to aged cells [79], the results obtained using the harvested electrodes from one new
cell can apply to other new cells. However, this may not be the case with the aged cells as these
differences can be significantly higher within the cells in an EV or between the cells in different
EVs. Besides, the need for a reconstructed cell to identify the CC-CC profile could add large
uncertainties to the electrode potential behaviour, leading to difficulties in the identification of Vi
accurately as described in Section 2.3.2. Therefore, this approach is not suitable for adapting the

charging profile to the ageing conditions.
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Figure 2.4: lllustration of the NEP with the dynamic charge profile that keeps the NEP at the Li+ reference

2.4.3 Optimum charge protocol

The optimum charge profile is the one that keeps the NEP at the reference voltage during charging
[13, 17]. This can be achieved by applying a dynamic charge current profile. Figure 2.4 shows the
illustration of the NEP with the dynamic charge current profile. To be able to manage the NEP with
feedback control, it needs to be either estimated or measured. To measure the NEP directly on a cell,
a RE is required as it allows monitoring of each electrode’s potential [80]. To the best knowledge of
the author, none of the commercially available Li-ion cells is provided with this additional electrode
and therefore it is not possible to acquire and control the NEP directly online. On the other hand, an
offline profile may be developed by modifying the commercial new cells in the laboratory setup.
However, the RE insertion procedure, long-term stability of the material used for the RE and
disturbance to the ionic flow due to the RE still pose many challenges to the RE based studies [81].
Besides, the NEP measured with the RE may not reflect the actual potential that causes plating as
described in section 2.3.4. Therefore, isolating the processes that do not influence lithium plating from

the NEP is another major challenge for RE based studies.

Alternatively, electrochemical models can be employed within the off-line simulation to quantify the
NEP and identify the charge current profile that keeps the NEP at the Li+ reference value. However,
model accuracy in estimating the NEP is still a major concern in utilizing them [82]. On the other hand,
online use of these models for estimating the NEP and controlling the charge current in real-time face
further challenges such as computationally efficiency and model adaption to battery ageing [32] as

mentioned in Section 2.3.2.
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2.4.4 Other charge profiles

As an alternative to the previously mentioned approaches, researchers have proposed intuitive
charge profiles such as Multi-step charging [83], Boost charging [10], Pulse charging [84] and dynamic
charging [23] profiles. These approaches use basic knowledge about conditions favouring lithium
plating. For example, compared to low temperatures, charging at higher temperatures can reduce the
chances of NEP getting below the reference because of reduced potential drops or improved kinetics.
Similarly, it is known that compared to the lower SOC range, vulnerability to lithium plating at a higher
SOC band is high as NEP drops with increasing SOC level. Utilizing this information, the Boost charging
approach proposes high C-rate application at lower SOC levels that raise the battery temperature and
then use of a lower C-rate charge in the higher SOC band [10]. Raised temperature coupled with the
lower C-rate in the later part of charging may reduce or avoid lithium plating. On similar lines, pulse
charging [84] is suggested based on the understanding that intermittent interruption of charge current

can reduce the concentration gradients in the electrodes and thus, potential drops at the electrodes.

Although some of these charging profiles have shown improvements in battery life extension, they
cannot optimize the charging process due to a lack of underpinning knowledge regarding the
potentials and the potential drops at the negative electrode which are responsible for lithium
plating occurrence [10, 23]. Moreover, these offline charge profiles suggested for new cells do not

adapt to battery ageing.

2.4.5 Summary and Research objective

Table 2.2 presents a summary of the charging strategies often cited in the literature. The NEP based
approaches such as the electrochemical model or the RE could optimize the charging profile. However,
there exist many challenges in their online or offline application. On the other hand, the intuitive
charge profiles may not optimise the charge profile as they lack theoretical guidance. While the CE
approach enables the selection of optimum CC-CV profile for offline selection and it is not suitable for
online implementation due to the need for measurement accuracy. To improve the charging speed
compared to the optimum CC-CV profile, a multi-stage CC profile is suggested with the reconstructed
cells. Nevertheless, the offline procedure followed in the reconstruction of cells can influence the
charge profile selection. Therefore, a more practical approach to derive a dynamic or multi-stage CC

charge profile is missing.
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Table 2.2: Comparison of different charging strategies within the context of their EV application

Category Methodology Primary advantages and limitations Online use Offline use
(For new
cell)

Helps to identify the optimum C-rate for Yes
the CC-CV profile No

cc-cv Coulombic efficiency It may be used for developing multi-stage

[70] CC to further improve the charge profile

Difficult to adapt to cell ageing

Multi-stage CC Reconstructed three- Method affects the accuracy Yes

electrode cell [5] No
Not suitable for aged cells

Can provide an optimum charge profile

Electrochemical Implementation and adapting to battery
Dynamic charge model [17] ageing is difficult.
profile No
Can provide an optimum charge profile No Yes

Reference electrode
(RE) [81] Process of insertion and material used for
the RE influence results

Not suitable for real-time use

Simple to develop Yes
Boost charging [10]
Intuitive charge Pulse charging [84] Cant optimize charge profile
profiles
Do not take battery ageing into account No

Not limiting to the identification of optimum C-rate for the CC-CV profile, the CE approach may be
used to improve the charging speed further by keeping the NEP closer to the Li/Li+ reference for the
larger part of the charging. This may be achieved by replacing the single-stage CC with a two-stage CC
similar to the one developed with the reconstructed three-electrode cell. For the first stage CC,
identifying the cell voltage level (or the V) that corresponds to the NEP reaching Li+ reference voltage
using the CE approach is possible. Therefore, a procedure to improve the charging speed using the CE

approach needs to be developed for offline use.

Along with the development of an offline charging profile, in the same study, the derivation of an
online charge profile using a non-invasive plating detection technique is explored. Since the VRP
method is implementable in BMS and works at low temperatures (< 25°C) as discussed in Section 2.3.4,
it can be used to derive the online profile for low-temperature applications. In the two-stage CC charge

profile, the Vi is identified by tracking the lithium plating using the VRP method. Therefore, the first
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research objective in the third research area is to develop multi-stage CC profiles for offline and online

use with the help of CE and the VRP approaches, respectively.

Research Objective 4: Develop a systematic procedure to identify multi-stage CC charge profiles

using the CE and VRP approaches and verify their performance

The research work undertaken to meet this objective is reported in Chapter 4 in this IR and presented

in detail in Submission 2 and 5.

In addition to the development of offline and low-temperature specific online charging profile, a more
practical approach to suit different temperatures and ageing levels for online implementation is
needed. Research objective 3 aims to develop a new method of lithium plating detection suitable for
different operating conditions and online implementation. The developed method will then be utilized
in developing an online charging strategy that shall adapt to varying temperatures and battery ageing
level. Therefore, the second objective of lithium-plating control is to develop an online implementable

charging strategy.
Research objective 5: Develop an optimal charging strategy that can be implemented in online mode

The research work undertaken to meet this objective is reported in Chapter 7 in this IR and presented

in detail in Submission 7.

2.5 Conclusions

Chapter 1 outlines that the development of Li-ion batteries plays an important role in future vehicle
electrification. Fast charging in Li-ion batteries is a key research area for industry and academia
because it has a direct impact on the charging time and battery life. From this, the scope of this thesis

is focused on three research areas. These areas are:

1. Understanding the influence of lithium plating on battery degradation;
2. Detection of lithium plating occurrence and

3. Control of lithium plating.

For these research areas, three further research questions are formulated as detailed in this Chapter.
For each research question, a review of the most relevant literature leads to 5 research objectives to
be addressed. Figure 2.5 summarizes the relationship between each research area and research

question.
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Understanding the influence of lithium plating on battery degradation (research area 1) will be useful
in devising fast-charging strategies. It is known that lithium plating affects the cycle life negatively,
performance, and safety of Li-ion batteries. Loss of cyclable lithium or LLI to lithium plating is believed
to be the major degradation mode. However, the literature review suggests that lithium plating may
raise volume expansion that could lead to active material cracking or LAM. The presence of high
volume-occupying lithium metal depositions can have long-lasting negative impacts on the battery
capacity. Quantifying the degradation modes of lithium plating in terms of LLI and LAM can help
understand whether LAM is rising in the presence of lithium plating. Knowledge about the short-term
and long-term impacts of lithium plating on battery degradation is essential to develop charging
strategies that provide a trade-off between the charging speed and battery life. None of the reviewed
studies attempted to understand and quantify the degradation modes of lithium plating. From this,
the research objective is to study the influence of lithium plating by quantifying the degradation

modes of a Li-ion battery in fast-charge cycle ageing.

The detection of lithium plating occurrence (research area 2) is essential to study the operating
conditions that potentially cause lithium plating. The invasive methods that confirm the presence of
metal depositions need cell dismantling which limits their application in online use. Further, they are
not suitable for studying the lithium-plating tendency cycle by cycle. On the other hand, the non-
invasive approaches that detect the presence of lithium plating after a charging event are completed.
Their dependency on reversible lithium plating indicates that the CV phase of charging can influence
their detection sensitivity. Improving the methods that allow tracking lithium plating cycle by cycle is
essential to study lithium plating at different ageing levels. Among them, the VRP approach may be
useful in cycle ageing studies as it relies on the cell voltage measurements in the post-charge rest
period. Therefore, the first research objective concerning the detection of lithium plating is to develop
a systematic procedure to improve the non-invasive methods as they facilitate tracking plating cycle

by cycle.

Further, the review of existing lithium plating methods indicates two major drawbacks when it comes
to their real-time use for fast charge development. First, these methods fail to detect lower levels of
lithium plating (< 2.5%) that occurs while charging at high temperatures (>20 °C) or low C-rates (<
manufacturer-recommended C-rate limit). Second, none of these methods can detect the onset of
lithium plating during charging. This suggests that a new lithium plating method is required to help its
improved detection and control. Therefore, the second research objective regarding lithium-plating

detection is to investigate and develop a new detection method to suit practical conditions.
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Development of fast charging strategies that avoid or reduce lithium plating (research area 3) is
required to maximise battery performance. Review of charging strategies that aim to minimize lithium
plating and maximise the charging speed suggest that an optimum charge profile keeps the NEP at the
Li+ reference value for longer. Achieving this in practice has many limitations as the implementation
of electrochemical models or the inclusion of RE in real-time applications is difficult. Alternatively, the
most optimum C-rate for the standard CC-CV profile can be identified using the CE method for a new
cell. However, the offline charge profile can be improved by replacing the single-stage CC with a two-
stage CC. Besides, the non-invasive detection methods can be studied for online implementation, as
there exists no online implementable charging strategy that adapts to ageing conditions. Therefore,
the first research objective concerning the control of lithium plating is to develop optimal charging

strategies with the Coulombic efficiency and the VRP methods.

Further, given there exist many difficulties in the online implementation of the CE approach or
application of the VRP method at room temperatures, an online implementable charging strategy
suitable for near-operating conditions is required. A new method of plating detection suitable for real-
time use once developed will be utilized for charge control. Therefore, the second research objective
regarding the development of charging strategies is to develop optimal online charging strategies at

room temperatures.

In summary, the literature review presented in this Chapter has identified the research areas, which
require further attention in terms of understanding, detecting and controlling lithium plating in Li-ion
batteries for EV applications. The identified research objectives in this Chapter directs the work

presented in the rest of the thesis.
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3 Study 1- Improvement of lithium plating
detection sensitivity in Li-ion batteries

3.1 Introduction

To ensure fast charging without accelerated battery degradation, lithium plating needs to be
diagnosed along with battery operation since operating conditions including the ageing levels
influence lithium plating tendency [31, 52]. As detailed in Chapter 2, the non-invasive approaches that
are based on reversible lithium plating allow studying lithium plating cycle by cycle [26]. Although
these methods face challenges in detecting lithium plating levels lower than 2.5% [28], they may be
suitable for controlling lithium plating at low temperatures such as below 10 °C where lithium-plating
levels are expected to be higher and the lithium-stripping rate is lower compared to charging at room
temperature [28, 76]. These approaches allow validation of any new method of lithium plating
detection non-invasively as discussed in Chapter 6. However, as discussed in Section 2.3, these
methods can be improved further to improve their ability to detect lithium plating to meet objective
2. The constant voltage (CV) phase of charging can influence the detection ability of these methods if
lithium stripping begins in the CV phase itself. In the first part of this study, an experiment-based
approach is proposed to identify the optimal charge cut-off current during the CV phase that allows
the total amount of reversible lithium plating available for stripping and thus for detection in the post-

charge conditions.

Among the non-invasive approaches, the voltage relaxation profiles (VRP) approach is deemed to be
suitable for BMS applications because the cell voltage tracked during the post-charge relaxation
enables the detection of lithium plating. As discussed in Section 2.3.4 and presented in Section 3.3 in
detail, a two-stage voltage relaxation produced by lithium stripping after completion of a charging
event is used to infer the occurrence of lithium plating within that charging event. However, lithium
plating can be detected incorrectly if graphite experiences phase changes during the relaxation and
produce a similar two-stage voltage relaxation. Lithiation level of the electrode and its potentials in
the 2-stage relaxation at half-cell level are studied in the second part of this study to develop a
systematic procedure to distinguish the plating-induced phase change from the graphite phase

changes at the cell level.

The remainder of this chapter is divided into two sub-studies. The first one as described in Section 3.3

analyses how the graphite phase changes impact on the 2-stage voltage relaxation and proposes ways
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to distinguish the plating induced 2-stage recovery from it experimentally. A step-by-step procedure
that utilizes voltage levels during the relaxation and electrode lithiation levels towards the end
charging to identify the plating induced two-stage recovery is presented. The second study presented
in Section 3.4 deals with the CV influence on the detection of lithium plating. An experimental
procedure to identify the cut-off current in the CV phase that avoids lithium stripping in the charge is
detailed. The application and limitations of the study within the context of BMS are discussed in

Sections 3.5 and 3.6, respectively. The main conclusions of this study are presented in Section 3.7.

3.2 Objectives of this study

The main objective of this study is:

e To improve the sensitivity of the non-invasive detection methods by studying the CV cut-off
current impact on plating detection
e To study and distinguish two-stage recoveries occurring due to lithium plating and graphite

phase changes.

The half-cell level studies look into the processes between the separator and the current collector that
contribute to lithium plating experimentally and theoretically. Such analysis is utilized in the process

of developing a new method of lithium plating discussed in Chapter 6.

3.3 Influence of graphite phase changes

A phase change introduced by the lithium stripping at the graphite electrode produces a two-stage
voltage relaxation at the electrode and cell level that allow detecting lithium plating [28, 74].
However, usual phase changes of the graphite electrode may produce a similar two-stage recovery
and thus affect the detection ability. Therefore, to develop a procedure to identify the source of the
two-stage recovery at the cell level, it is essential to study the graphite electrode potentials. To
monitor the NEP, its phase changes of the OCV profile and post-charge relaxation behaviour, half-cells
are prepared in a coin cell (2032) format. These half-cells with graphite as the working electrode and
lithium foil as counter electrode allow monitoring the graphite potential or the NEP against the Li/Li+
reference during its lithiation or delithiation. Experimental work, results and a procedure to identify

the plating induced two-stage relaxation are detailed in the following sections.
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3.3.1 Experimental

3.3.1.1 Half-cells preparation

The objective of the experiments is to monitor the NEP using graphite half-cells to study the
correlation between lithium plating and the NEP. Each of the electrochemical half-cells used in this
work is assembled in a 2032 coin cell housing as per [85] using a graphite electrode (@ 14.8 mm), a
lithium foil (@ 14.8 mm, 0.38 mm thickness) as the counter electrode, a trilayer separator (@ 19 mm
and 25 um thickness, Celgard® 2325) filled with 100 uL of LP50 (1 M LiPFs solved in EC: EMC with 3:7
volume ratios) as the electrolyte. The graphite electrodes are manufactured in the lab from a slurry
coated onto a copper (as current collector) sheet. The slurry is prepared using graphite (SFG-6,
TIMCAL C-NERGY), carbon conductive additive (C45, TIMCAL C-NERGY), and binder (CMC and SBR with
1:1 weight ratio) with a weight ratio of 91:5:4 respectively. To estimate the half-cell capacity, the active
mass of the graphite in the electrode is calculated by subtracting the measured mass of the copper
current collector from the measured mass of the electrode (graphite coated current collector). The
half-cells are estimated to have an average 4.18 mAh capacity based on the average 11.2 (+ 0.33) mg
graphite calculated from the eight half-cells prepared [11]. This estimated capacity is used for setting

the initial charge/discharge currents to measure the actual capacity.

3.3.1.2 Half-cell test setup

To support tests on the half-cells, BioLogic VMP-3 potentiostats are employed. Cell voltage and current
are recorded on the half-cells and the specification and parameter setting for the proposed test plan
are listed in Table 3.1. Since the potential of the graphite half-cells can reduce gradually from a
positive to a negative level with respect to Li reference while charging, the voltage range of the

potentiostats is setto-1to +1 V.

Table 3.1: Measurement parameters and their range and accuracies

Measuring parameter  Use range Accuracy Resolution Sampling time
Voltage -1tolV +/-1mV 5uv 1s
Current +10to-10 mA +/-0.02% 1nA 1s

To control the environmental temperature during the experiments, the cells are placed inside a
thermal chamber (Lucky Reptile Herp Nursery Il -incubator). As the maximum dissipating power of the
cell is less than 4.5 mW (4.5 mA or 1C current at a maximum voltage of 1 V) during charging or
discharging, the temperature of the coin cell is assumed to be similar to the set environment

temperature.

24



3. Study 1- Improvement of lithium plating detection sensitivity in Li-ion batteries

3.3.1.3 Test procedure
As detailed in Table 3.2, the half-cells have undergone preconditioning (to stabilize their energy
capacity), OCV (to observe the graphite phase changes) and plating tests in sequence. This section

presents the test procedure.

Table 3.2: Test plan at the half-cell level

Step. no Sub- Exp. Setup Current rate limits
step no
11 Equilibrate at 25°C - t>4 h
1.2 Constant current charge 0.25C V<0V
1.3 Constant voltage charge variable 1<1/40C, V=0V
Pre-conditioning 14 Rest - t>1h
1.5 Constant current discharge 0.25C V>1V
1.6 Constant voltage discharge variable 1<1/40C, V=1V
1.7 Rest - t>1h
1.8 Repeat steps 1.2 to 1.7 - Cycle number <6
2.1 Partial constant current charge 1/40C AQ>Qnom/120
ocv 2.2 Voltage relaxation - t>1h
measurement 2.3 Repeat steps 2.1 & 2.2 until V. - V<OV
limit reached
3.1 Equilibrate at 10°C t>4h
3.2 Constant current discharge 0.25C V>1V
33 Constant voltage discharge variable 1<1/40C, V=1V
3.4 Rest - t>1h
SOCs > x
Plating tests Cycle number 1: x=20%
35 Constant current charge 1C Cycle number 2: x=30%
Cycle number 3: x=40%
Cycle number 4: x=50%
Cycle number 5: x=60%
cycle number 6: x=70%
cycle number 7: x=80%
cycle number 8: x=90%
3.6 Rest - t>4 h
3.7 Repeat steps 3.2 to 3.6 - Cycle number >8

Generally, side reactions between the electrolyte and graphite electrode that form the SEI layer over
the graphite electrode [29] leads to cell capacity reduction. The decomposition reaction slows down
within the first few cycles as the thickness of the passivating SEl layer increases. Consequently, it slows
down the growth rate of the SEl layer and thus the capacity reduction. Besides, electrode material
wetting with the electrolyte improves significantly within the first few cycles that could affect the
capacity delivered [86]. To eliminate the unwanted influence of SEI layer growth and the wetting on
the OCV measurement, all the cells are firstly preconditioned by cycling them six times at 25°C and

0.25C using CC-CV protocol for both discharge (or delithiation) and charge (or lithiation) [54]. Step 1
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in Table 3.2 presents the preconditioning test procedure. Once the pre-conditioning tests are

completed, the cells are ready for the OCV measurement.

Cell OCV measurement is necessary to capture the graphite phase transitions [21]. The cells are
delithiated to 1 V at 0.25C using CC-CV discharge profile and rested for one hour before the OCV
measurements are obtained on the following charge. At room temperature, the OCV of the NE is
measured during charge as per the test plan presented in Table 3.2 (Step 2). To capture true OCV over
the potential range of the cells between 1 and 0V, the half-cells are charged incrementally, in steps
of 1/120 of the nominal capacity (AQ = Qmax/120), by applying small currents (1/40C) and subsequently
allowing the cell voltage to relax for one hour as discussed within [85]. Here, Qmax Of the cell refers to
the maximum capacity delivered in the preceding discharge event. Higher the number of steps or OCV
profile data points, the more accurate the OCV profile. Similarly, lower the C-rate current, lower the
potential drops to relax in the rest period. The OCV measurements are recorded at the end of each
rest period. This kind of OCV measurement is referred to as the galvanostatic intermittent titration
technique (GITT) [85]. Since the minimum OCV of the graphite is zero and the capacity levels are
significantly low for the potentials higher than 1 V, the normalized charge capacity or the state of
charge (SOC) between the voltage levels of 1 and 0 V can be expressed as the lithiation level of the

electrode from 0 to 1 [27].

After the OCV experiments, the half-cells are charged at 1C and 5 °C to study the NEP under lithium
plating. During charging, due to the lack of access to lithium ions directly to all the graphite crystals
(especially those at the centre of the particles), the graphite particle experiences higher levels of
lithiation at the surface compared to the inner crystals within the particle [87]. Since the particle’s
surface is in electrical contact with the current collector, the surface potential of the particle
represents the electrode potential while in charge and this potential is lower than the average
electrode particle potential or the electrode OCV [56, 88]. Diffusion of the lithium from the boundary
graphite crystals to the inner crystals continues even after the termination of charge because of the
concentration gradients. This results in a reduction of lithiation level at the particle surface in the post-
charge relaxation, and thus electrode potential rises following the OCV vs lithiation profile. Since the
OCV profile of the graphite electrode consists of multiple plateaus and transitions [21], there is a
potential for a 2-stage voltage relaxation during the post-charge rest period as discussed in section
3.3.2. This, therefore, could lead to the wrong detection of lithium plating since the VRP method

attributes the 2-stage recovery to lithium plating.

To monitor the NEP relaxation trends when charged to different SOC levels, the cells are charged at 5

°C and 1C current from 0 % SOC to different SOC set-points (denoted as SOC¢, ranging from 20 to 90%)
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in sequence as shown in Step 3 of Table 3.2. The selected low temperature combined with the high C-
rate of charge current increases the concentration gradients in the electrode and could potentially
provoke plating in some cases where SOClevels are relatively high [56]. Before every charging event;
first, the cells are discharged to 1 V using CC-CV discharge profile (0.25C at the CC and 1/40C cut-off
current at the CV) and rested for one. Next, for the i" cycle, the cells are charged from 0% SOC to a
level of x% SOC and then allowed to rest for four hours to monitor the voltage relaxation. This

procedure is then repeated and each time the SOC; is increased by 10% until it reached 90%.

3.3.2 Results and Discussions

3.3.2.1 Capacity stabilization in pre-conditioning tests

Through the pre-conditioning tests (as discussed in Section 3.3.1), capacity changes of the half-cells
are more than 1% in the first cycle and reduced with increasing cycle number. Three half-cells with
the lowest capacity fade rates after the sixth cycles (below 0.5%) are selected for the OCV
measurement and plating tests. Table 3.3 presents the measured capacities and capacity fade rates of

these cells at the end of the pre-conditioning procedure.

Table 3.3: Capacity levels and drops of the selected half-cells at the end of the pre-conditioning test

Cell number Capacity at 6'" Cycle AQ in the sixth cycle
1 4.03 mAh 0.021 mAh
2 4.21 mAh 0.019 mAh
3 3.95 mAh 0.015 mAh

3.3.2.2 OCV profile measurement

Figure 3.1a shows voltage and OCV points measured on cell number one (following the GITT test for
OCV as discussed in Section 3.3.1) for a given charge current profile shown in Figure 3.1b. The OCV
profile as a function of SOC for this cell is constructed as illustrated in Figure 3.1c by normalising the

charged capacity between 0 and 100%.
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Figure 3.1: OCV measurement by incremental charge (or lithiation) and subsequent relaxation on cell one: a) cell voltage (line)
and OCV measurements (markers), recorded at the end of each relaxation period, b) Incremental discharge current and c)
OCV as a function

As seen from Figure 3.1c, with the lithiation of NE, there are three obvious voltage plateaus (denoted
as A, B and C), and four transitions (marked as 1, 2, 3 and 4) in the OCV profile. On the plateaus, near
to the voltage levels of 210, 125 and 87 mV, the OCV gradients are in turn 1.6, 0.4 and 0.2 mV per 1%
SOC change. Meanwhile, in the transition regions between the voltage levels of 200-130, 116-94 and
78-20 mV, the OCV drop rates are high at 8.4, 6 and 7.9 mV per 1% SOC change, respectively. One
potential reason for this phenomenon could be the graphite phase changes. The coexistence of two
lithiated graphite phases such as LixCs and LixCi, could lead to the nearly flat voltage regions with a
low OCV gradient while the single-phase such as LixCs could lead to the transient regions with high
OCV gradient [20]. Irrespective of the reasons for the features in the OCV profile, during the relaxation,
if the electrode lithiation at the surface drops from one voltage plateau to another (for example, C to

B or B to A), a 2-stage potential recovery can be observed in the full-cell voltage profile.

3.3.2.3 Two-stage voltage relaxation for plating detection in half-cells

Figure 3.2a and Figure 3.2b display the charge currents and electrode potentials respectively, during
the charge and relaxation periods (following the different SOCs set-points, Section 3.3.1.3) while Figure
3.3a shows only the potentials in relaxation zones in all the test cases for a half-cell. As seen from
Figure 3.3a, the voltage relaxation behaviour of the cell with the SOCt > 50% is in a 2-stage recovery
where the voltage recovered quickly at the beginning and then became quite stable before recovering
again until reaching a constant level. For example, in the case of 80% SOC;, the cell voltage increased
from its initial level of -180 mV to 22 mV within the first 100 s and then mostly stayed constant at circa

27 mV for the next 3000 s. After this, the voltage increase continued considerably to 80 mV in less
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than 2000 s to reach a final level of 85 mV by the end of a 4 hours relaxation period. Conversely, the
voltage relaxation profiles of the cell with the SOC; < 40% are with a single-stage where the voltage
recovery speed is monotonously reducing. For the case with SOC: of 40%, the cell voltage recovery
profile stayed between the single and two-stage form. To demonstrate recovery phases of the tested
cells, the cell voltage in the relaxation period is differentiated (dv/dt) and plotted as shown in Figure
3.3b. For the cases with SOCt > 40%, the voltage differential shows peaks and valleys presenting a 2-
stage recovery that indicates the lithium-plating occurrence according to the VRP method. However

as discussed earlier, phase changes of the graphite could also cause a 2-stage recovery profile.
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Figure 3.2: Fast charge profiles when charged to different SOC levels on half-cell one: a) Charge current and b)
NEP over time.

To help identify the source of the 2-stage recovery, the NEP monitored in the relaxation period is
analysed. As further discussed in Section 3.3.2.5, after 10 s into the relaxation, except the potential
drops due to diffusion limitations in the electrode rest other potential drops between the separator
and the current collector recover by that time. Therefore, the NEP measured after 10 s of relaxation
could be used to track the particle surface. Here, the lithiation level of the particle surface drops with
the diffusion of lithium from the surface to the inside until there exists a lithium concentration
difference within the particle. Therefore, the electrode potential increases with the decrease of
lithiation level at the particle surface. In the case of lithium plating, the drop in the lithiation level at
the surface slows down in the initial period of relaxation and thus the potential change because of the

incoming lithium from the reversible lithium plating. On the other hand, in the absence of plating, the
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NEP can still produce a 2-stage recovery when the lithiation level of the particle surface drops from
one voltage plateau to another due to lithium concentration differences within the electrode. Since
graphite has a specific voltage level in each plateau region (as seen from Figure 3.1c, voltage ranges
of plateau zones A, B and C are observed within 206 to 220, 122 to 132, and 79 to 94 mV, respectively),
the voltage levels of the plateaus in the 2-stage relaxation shall indicate whether it is due to graphite
phase changes. To identify the plateau voltage level in a 2-stage relaxation, the voltage differential
(dv/dt) is plotted against the measured voltage as shown in Figure 3.3c. Here, the vertical dotted lines
indicate the voltage level at which the differential attained a local minimum because of the voltage
plateau in the middle of relaxation as seen in Figure 3.3a. For example, the voltage level in the plateau

region is about 27 mV in the case of SOCs= 80%.
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Figure 3.3: a) Voltage during the 4-h rest period displayed over time for different final SOC levels. b) Differential voltage during
the 4-h rest period displayed over time for different final SOC levels. c) Differential voltage during the 4-h rest period displayed
over the NEP measured for different final SOC levels. Vertical markers in differential curves indicate the plateau regions of 2-
stage relaxation

31



3. Study 1- Improvement of lithium plating detection sensitivity in Li-ion batteries

As depicted in Figure 3.3c, for the cases with SOC¢ > 60%, the voltage plateau levels were below 46
mV, and less than the last voltage plateau of the graphite OCV profile (within range of 79 to 94 mV,
Figure 3.1c). This indicates that there is a new voltage plateau caused by lithium plating. On the other
hand, for the cases with SOCs of 50% and 40%, the voltage plateaus levels were in turn 84 and 95 mV
(in Figure 3.3c). In these cases, the voltage plateaus could be due to the graphite phase change (zone

Cin Figure 3.1c) or plating or their combination.

In addition to the potentials, the charge level of the NE as well supports the observed 2-stage recovery
link to the lithium plating for the cases of SOCt > 60%. As shown in Figure 3.4, the last voltage plateau
of the graphite, C, begins from the SOC level of circa 57%. In a case where the NE is charged to an
average lithiation level of 57% or higher, a drop of lithium concentration at the particle surface from
a higher level to the average lithiation level does not produce a step increase in the voltage (see Figure
3.4) after the initial recovery and thus does not produce a 2-stage recovery. As a result, for the cases

with SOC; > 57%, the 2-stage recovery is not expected from graphite phase changes.

The results, therefore, highlight that the VRP method could only effectively detect lithium plating
when the electrode lithiation level is above 57%. This observation is useful for plating studies since
the majority of the plating studies are performed at low temperatures or at higher C-rates where
charge levels at the end of charging will be lower than 100% SOC due to increased potential drops. To
confirm lithium-plating detection using the VRP method, the average NE lithiation at the end of
charging must be higher than the 57% level. This applies to plating studies performed on half-cells as
those examined in this study and full-cells as it is typically performed on a commercial cell. To identify
the lithiation level of NE at the end of a charging event at the full-cell level to confirm the plating

occurrence using the VRP method, the following procedure is suggested in this work.

3.3.2.4 Lithium plating detection at the full cell level

To facilitate practical application, it is desirable to identify the phase transitions (and thus the lithiation
level) of the NE at full cell level without the need for constructing half-cells. First, graphite phase
transitions could be identified using its dV/dQ curve at the half-cell level as shown in Figure 3.4. The
OCV profile vs charge capacity measured on a half-cell is used for the derivation of dV/dQ. Looking at
this dV/dQ curve, two-phase transitions occur between voltage plateaus. The first transition with a
peak marked as N1 between the voltage plateaus A and B, is at circa 16% SOC while the second one

whose peak marked as N2 between the voltage plateaus B and C is at circa 53% SOC.
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Figure 3.4: OCV and DV curves of a half-cell (graphite electrode) as a function of SOC. The last plateau begins at circa 57%
SOC level as shown in the inset.

The next step is to obtain the NE lithiation level from the full cell-level test data. In commercial cells
(or full cells) where NEP cannot be monitored directly, it is necessary to confirm that the NE is charged
beyond the critical level (57% lithiation level, see inset in Figure 3.4) to attribute the observed 2-stage
recovery to lithium plating. As discussed within [21, 26, 89] covering NCA, NMC and LFP chemistry
cells, phase transitions of the NE (N1 and N2) can be identified using full cell dV/dQ curves based on
the OCV profile captured at room temperature. To utilize the previously proposed dV/dQ curves for
the plating studies, this study suggests the following approach. First, prior to fast charging
experiments, dV/dQ analysis on the OCV curve at the full-cell level shall be performed to identify the
transitions N1 and N2 and their corresponding charge levels. Next, with the measured capacity levels
between the peaks N1 and N2 that correspond to the NE lithiation levels of 16 and 53% respectively,
the critical charge capacity required to lithiated the NE to the level of 57% shall be calculated using
the linear relationship between the NE lithiation level and its capacity. Finally, to attribute any 2-stage
recovery observed during the post-charge relaxation to lithium plating, the full-cell needs to be
checked whether it has been charged beyond the critical charge level. Application of this approach at

the full cell level is presented in Section 3.4.2.

3.3.2.5 NE potential influence on lithium plating

In all the test cases (Step 3 in Table 3.2), the NEP is found with potentials below the Li reference as
shown in Figure 3.2b. However, the 2-stage voltage relaxation phenomenon is not detected in all the
test cases as indicated in Figure 3.3a. When the half-cell is charged to 20% SOC, the electrode
potential towards the end of charge is -86 mV and the voltage recovery curve in the rest period is in a

single stage (Figure 3.2b). This shows that the NEP potential below the reference during the charge
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does not always lead to lithium plating and could be influenced by a subset of the voltage drops

occurring between the separator and the current collector.

To identify the voltage drops that influence plating, the schematic of the graphite electrode between
the separator and the current collector as presented in Figure 3.5a is analysed. Lithium ions moving
through the separator towards the working electrode cross the electrolyte and the SEl layer leading
to potential drops Vg, and Vgg; due to theirimpedances represented by Zg and Zsg respectively. While
lithium ions entering the electrode whose surface potential is represented by Vygs they face
additional potential drop (V1) due to the CTL at the electrode interface. The impedance due to CTL
is identified by Zcr. On the other side, electrons, before combining with the lithium ions in the
electrode, pass through the current collector and the conductive network in the electrode whose
combined impedance is referred by Zo and cause a potential drop (Vg). As discussed within [90], the

NEP can be represented by

NEP =Vygs —Very = Vopr — Ve — Vg (3.1)

where Vyg s = Vygocy — Vspi (3.2)
Here, Vyg s is the surface potential of the electrode; Vyg ocy is the electrode OCV; and Vgp,, is the
potential difference between them that represent the potential drop in the electrode due to its SDL

whose impedance is identified by Zsp.. As shown in Figure 3.5a, the total charge current (i;) contributes

to the intercalation current (iiy) if there is no lithium plating.

Electrolyte Electrolyte

Li* Li*

Separator
Separator

+ NEP

Figure 3.5: Schematic representation of charge flow and potential drops between the separator and the current collector in
two scenarios: a) Prior to plating with 100% charge current contributing to graphite intercalation and b) during plating where
charge current is split into interaction current and plating current

In the case of charging with the existence of lithium-plating as shown in Figure 3.5b, the total charge

current (it) is split into the intercalation current (iin) and lithium plating current (is). As discussed within
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[56, 75], lithium metal deposits over the NE surface which lies between the SEl layer and the electrode
(Figure 3.5b). Therefore, lithium ions after crossing the SEl layer divide into intercalating ions that
enter the electrode and plating ions that cause lithium metal depositions over the electrode surface.
On the other side, electrons after passing through the current collector split where one portion enters
the electrode for intercalation (intercalating current) and the rest contributes to lithium plating
(plating current). As a result, the total current both in electronic and ionic movement splits only at the
electrode interface. According to the Kirchhoff’s voltage law [91], the current splitting between the
branches of a parallel network is independent of the potential drops occurring outside this parallel
branch. From this understanding, the current distribution between the intercalation and lithium
plating does not depend on the voltage drops Vg, Vg, and V,,. Therefore, lithium plating depends

on the potential drops due to Zgp;, and Z¢ty, and occurs when:

VNE,S - VCTL < O (OI‘ eqUIva|ent|y) VNE,OCV - VSDL - VCTL < 0 (3.3)

During lithium plating, as discussed within [56], the plating current faces a potential drop (V¢ry,);) due
to the CTL at the interface whose impedance is denoted by Zcr ;i similar to the intercalating current.
Unlike the graphite electrode that is intercalated with lithium in its structure, lithium plating does not
exhibit solid diffusion limitations or concentration differences because of its metallic form. Lithium
depositions are at the same potential as the electrode surface since they are deposited over the
electrode. Therefore, the total current split into intercalation and plating currents is governed by the

following condition:

VNE,OCV —Vopr = Ve = _VCTL,li
(3.4)
(or equivalently) Vg ocy — lin * Zspr — bin * Zerr, = —liy * Zerwu

In the case of charging up to 20% SOC (Figure 3.2b), although the NEP is sufficiently below the
reference, non-detection of plating suggests that Vygocy — VspL — Verw is higher than the Li
reference potential throughout the charging in this case. Therefore, the experimental results backed
by the theoretical understanding supports that the NEP measured between the separator and the
collector cannot be directly related to lithium plating. Since the electrode OCV along with the diffusion
limitations in the electrode and interfacial drops at the electrode interface (Vg ocv, Vsprand Very)
are influencing the favourable condition for lithium plating as shown in equation (3.3), considering
them instead of the NEP measured between the separator and the current collector in plating
mitigation studies will help in improving the plating control strategies. This finding applies to the
charge control methods that employ an RE in commercial cells or a reconstructed cell. Besides, since

potential drops or impedance due to CTL and SDL are largely influencing the plating tendency and the
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corresponding impedance is getting affected after the onset of plating (see Figure 3.5b), it may be
possible to identify the onset of lithium plating by tracking the impedance at the electrode surface
during charge. Study 4 presented in Chapter 6 tracks the changes in impedance of the CTL from the

cell impedance to investigate a new method of lithium plating detection.

3.4 Influence of CV phase

As mentioned earlier, lithium plating starts reversing once the NEP becomes positive. This can occur
in the CV phase of charging if the cut-off current is sufficiently small [76]. Figure 3.6 illustrates the NEP
during charge and the I.itical Where the NEP regains positive levels. Identifying the lcitica and terminating
the charge at the l¢itical Will provide an improved scope to observe the total reversible plating in the
post-charge relaxation and thus improving the sensitivity of plating detection. Experimental work,

results and a procedure to identify the l.iical are detailed in the following sections.
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Figure 3.6: An illustration of plating and stripping and their link to charge current in CCCV profile [5, 76]

3.4.1 Experimental

3.4.1.1 Test procedure

Since the NEP cannot be monitored in a commercial cell, identification of the lcritical Using the VRP
method is proposed here. Charge terminating current levels higher than the Igitical reduce the amount
of lithium plating and thus the lithium stripping level in the post-charge relaxation. On the other hand,
CV cut-off currents lower than the I itical do not influence lithium-plating amount. However, it can
reduce the lithium available for stripping in the post-charge relaxation as stripping begins in the CV
phase itself. Therefore, to avoid lithium stripping in the CV phase and to detect the total amount in

the post-charge relaxation, it is necessary to terminate the charge in the CV phase with a cut-off
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current higher than the lgitica. To identify the leitical, €Xperiments are conducted on a commercially
available (Panasonic BD) 18650-type cell. The NE material is graphite and the PE material is LiNiCoAlO,,
known as NCA. Product specifications given by the manufacturer show that these cells have a rated
capacity of 3 Ah between 2.5 and 4.2V. It is noteworthy that the same type of cell is used throughout

this EngD for consistency.

Since the amount of lithium plating in a charging event depends on the temperature, charge C-rate
and ageing level [31, 52], the value of l.itical May vary according to the operating conditions. Due to
the test feasibility, this study focuses on identifying the lqitical at a selected temperature (5 °C) and C-
rate (1C). These operating conditions are beyond the manufacturer recommended limits (charge
temperature range: 10 to 45 °C; maximum charge C-rate: 0.5C) and therefore, could potentially cause
lithium plating. Nine cells with different ageing levels are chosen from a group of 32 cells with
unknown history by characterizing their capacity levels. Experiments on the nine cells are categorised
into characterization tests and plating tests. A flowchart for the overall test plan is presented in Figure

3.7.
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Step 1: Characterization tests at 25°C

Temperature Soak for 4 h

Capacity tests: 6 cycles of charge/discharge at C/4 CC-CV with C/40 cut-off current

OCV test: C/25 charge, 1 h rest, C/25 discharge

1C charge test: 1CC-CV charge with 0.5 A cut-off current, 4 h rest, C/4 CC-CV discharge
with C/40 cut-off current

Step 2: Plating tests at 5°C

Temperature Soak for 4 h

Cycle 1: 1CC charge to 4.2 V, rest 4 h, discharge to 2.5 V rest 30 minutes

Cycle 2: 1CC-CV charging to 4.2 V with 1 A cut-off current in CV, rest 4 h, discharge
Cycle 3: 1CC-CV charging to 4.2 V with 0.75 A cut-off current in CV, rest 4 h, discharge
Cycle 4: 1CC-CV charging to 4.2 V with 0.5 A cut-off current in CV, rest 4 h, discharge
Cycle 5: 1CC-CV charging to 4.2 V with 0.25 A cut-off currentin CV, rest 4 h, discharge
Cvcle 6: 1CC-CV charging to 4.2 V with 0.05 A cut-off current in CV, rest 4 h, discharge

Step 3: Characterization tests at 25°C

Temperature Soak for 4 h

Capacity tests: 3 cycles of charge/discharge at C/4 CC-CV with C/40 cut-off current
EIS test: Charge to 50% SOC, 4 h rest, EIS measurement

\ 4
End

Figure 3.7: Flowchart of the experiments

The characterization tests at 25 °C prior to the plating tests (Step 1 of the flow chart shown in Figure
3.7) are performed in three stages. First, cells are subjected to six cycles with a CC-CV charge and
discharge between 2.5V and 4.2V with a cut-off current of C/40 to precondition the cells as few of
them can be unused previously and to measure their capacity. The CV during discharge in both
preconditioning and capacity estimation tests is included in this work to alleviate the impact of
impedance on the measured capacity of the cell. The kinetics of lithium exchange between the
electrodes, and thus the impedance to the current flow in the battery varies according to the
electrode’s inhomogeneities [92], deactivation of electrode particles due to porosity reduction [66],
anode overhang that is the excess area at the NE that does not face the cathode [93, 94] and battery
degradation level [95]. As discussed within [92], using a CV discharge with a sufficiently low cut-off
current can reduce the impedance effect on the battery capacity estimation. Once the pre-
conditioning tests are completed, the cells are then deemed ready for fast charge experiments and

further capacity characterisation.

The discharge capacity measured in the last preconditioning cycle is taken as the cell capacity before
the plating experiments starts. Next, the cells are tested for OCV to identify the NE signatures N1 and

N2 at the cell level. As discussed within [52], a pseudo-OCV profile that is the mean of voltage profiles
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taken at C/25 charge and discharge enable the identification of electrode level signatures with
sufficient accuracy. Therefore, the cells are subject to the low C-rate charge and discharge. Finally, the
cells are charged at 1C to 4.2 V with a cut-off current of 0.5 A in the CV phase followed by a 4 h rest to

verify whether lithium is detectable at room temperature (25 °C).

After the characterization tests, the cells are allowed to soak at 5 °C for 4 h before the lithium-plating
experiments are performed. The fully discharged cells are then charged at 1C rate (or 3 A) in the CC
phase but with different CV phase cut-off current (3, 1, 0.75, 0.5, 0.25 and 0.05 A) in each charging
event as per the Step 2 in the flowchart in Figure 3.7. The purpose of this test is to identify the optimal
cut-off current at which the plated lithium starts reversing or that allow detecting maximum lithium

stripping amount in the post-charge rest period.

After the plating tests, the cells are once again tested for capacity at room temperature to measure

the capacity drop during the experiments as shown in Step 3 of the flowchart in Figure 3.7.

3.4.1.2 Experimental setup

Figure 3.8a shows the experimental setup block diagram. To maintain a constant ambient
temperature, the tests are performed inside a thermal chamber (Model: ESPEC PL-3KPH). The cells are
placed on a Perspex plate fixture through which the cells are connected to a Bitrode cell cycler (Model:
MCV 16-100-5). The Bitrode program running on a compatible computer controls this cycler. The
supported program is capable of setting and monitoring charge/discharge, rest durations, voltage cut-
off limits and chamber temperature. If the temperature exceeds 60°C or the voltage falls outside the
desired operating range of 2.5 to 4.2 V, the Bitrode program automatically stops the test. The
operating limits are set based on supplier recommendations. For the analysis, the Bitrode unit enables
data records of the cell voltage and current within +\-5 mV and +\- 10 mA, respectively. Furthermore,

a Bitrode probe using J-type thermocouples with an accuracy of £ 2.2°C is attached to the negative
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tab of all the cells based on the accessibility to measure the cell surface temperature synchronously.

The setting parameters for the proposed test plan using the Bitrode are listed in Table 3.4.

a)
currents

Voltages
temperatures
/F

Cell
cycler

Bitrode

Liquid circulation

LAUDA
temperature
controller

Figure 3.8: Experimental setup: a) Block diagram and b) active cooling mechanism

Table 3.4: Measurement parameters and their range and accuracies

Measuring parameter  Use range accuracy Resolution Sampling time
Voltage 2.5t04.2V +5mV 1mVv 1s
Current +3to-3A +10 mA 1mA 1s
Temperature 0to30°C +2.2°C 0.5°C 1s

During operation, the temperature of the cells may rise even while remaining in the thermal-
controlled chamber due to internal heat generation. Varying CV phase cut-off currents and different
levels of ageing together may lead to large variations in temperatures across the cells [96]. This makes
the comparison of reversible plating amounts difficult since lithium stripping rate depends on the
temperature [76]. To keep the cell temperature as close as possible to the desired level, liquid cooling
over the cell surface is applied using a LAUDA temperature Controller with +/- 0.01°C accuracy (Model:

Proline RP 845 C) (see Figure 3.8b).
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3.4.2 Results & Discussions

3.4.2.1 Cell characterization

The conditioning tests are undertaken at room temperature to stabilize the capacity of the cells. The

results show that the discharge capacity is lower than the charge capacity in every cycle. By the sixth

cycle, the magnitude of capacity change per cycle and the capacity difference between charge and

discharge has reduced, indicating that the cells are asymptotically stable in terms of capacity retention

with less than 0.03% change in capacity reduction per cycle. The value of cell capacities measured at

the 6" cycle is taken as the initial capacity of the respective cells. For completeness, Table 3.5 presents

the actual values of capacity measured for each cell at the end of the 6" conditioning cycle.

Table 3.5: Results in the cell characterization test

Cell number Capacity (Ah) Capacity at N1 (Cy1) Capacity at N2 (Cyz) Cru (Ah)
1 3.13 0.30 1.61 1.75
2 3.09 0.29 1.58 1.72
3 3.06 0.29 1.62 1.76
4 2.97 0.32 1.55 1.68
5 2.96 0.28 1.57 1.71
6 2.95 0.35 1.62 1.76
7 2.88 0.31 1.61 1.75
8 2.71 0.31 1.53 1.66
9 2.52 0.35 1.57 1.70
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In the OCV test, OCV vs capacity profiles are captured for the cells and dV/dQ is performed. Figure

3.9a and b show OCV profile and its differential for Cell number 4. As mentioned in Section 3.3.2, the

@
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w w
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0] 0:5 1 1.‘.5 2 25
Capacity (Ah)

Figure 3.9: a) Pseudo OCV profile and b) its differential

two-stage relaxation observed in the post-charge relaxation does not originate from the graphite
phase changes if the lithiation level of the NE rises beyond 57% at the EoC. Therefore, to confirm
lithium-plating occurrence using the VRP approach, lithiation level of the NE needs to be identified. As
discussed within [21, 50] and in Section 5.5, the NE signatures N1 and N2 correspond to the cell level
dVv/dQ signatures C1 and C2. Since N1 and N2 mark the graphite lithiation levels of 16 and 53%,

respectively, cell capacity (referred to as Crnu) when graphite lithiation rises to 57% can be calculated

as:

Cry = Cyz +4/(53 —16) * (Cyz — Cy1) (3.5)

where, Cy1 and Cy; are the cell capacities at the signatures C1 and C2, respectively. Table 3.5 shows
the Cni, Cn2 and Cry for the nine cells. Two-stage voltage relaxation in cases where a cell is charged

beyond its Crn confirms the occurrence of lithium plating.
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3.4.2.2 Detection of lithium plating
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Figure 3.10: Voltage relaxation behaviour with and without
lithium plating: a) Cell voltage and b) its differential

To create favourable conditions for lithium plating, cells are charged with 1CC-CV at 5°C. The post-
charge cell voltage is monitored for four hours to observe the VRPs for plating detection. Figure 3.10a
shows the voltage relaxation behaviour of cell number 4 in the post-charge rest at both 25°C and 5°C.
The cell voltage is monotonically decreasing with time at room temperature. However, at the low
temperature, the cell voltage is recovered in two stages which can originate from the graphite phase
changes or lithium plating. Since the cell is charged beyond 2.4 Ah (> Cry), this additional stage of

recovery can be attributed to lithium plating as discussed in Section 3.3.

By the end of the first stage recovery, lithium stripping completes and cell voltage recovery accelerates
once again. Since the stripping period is known to be proportional to the amount of reversible plating,
the time point at which the second stage starts needs to be identified [28]. This is better captured by
performing the rate of change profile, dv/dt, as depicted in Figure 3.10b. During lithium stripping, the
slope of the dv/dt curve reaches minimum levels because of near to steady-state voltages and attains
a maximum point thereafter at the end of reverse reactions [28, 74]. The stripping period (t) which is

approximately 2030 s as shown in the figure indicates that lithium stripping lasted over this period.
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Figure 3.11: 1CC-CV charge with a) different cut-off currents in the CV phase and corresponding b) cell
voltage and c) capacity profiles. Cut-off current levels and charge capacities are indicated in each case.

3.4.2.3 lIdentification of Cut-off current

At 5 °C, as shown in the flowchart presented in Figure 3.7, six test cases are performed in sequence
on each cell. In each case, the cells are charged from the fully discharged state to a different CV cut-
off current level as indicated in Figure 3.7 and then the cells are rested for four hours. After this, the
cells are fully discharged to 2.5 V with a C/3 current until the cell reached 2.5 V for the next test case.
Figure 3.11 shows the cell voltage, current and capacity profiles measured during these tests on cell 4

where positive levels of current indicate charging. Cell voltages in the post-charge relaxation and their
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time differentials are shown in Figure 3.12 for the same cell. With the CV cut-off current reducing from
3 A (with CC alone) to 0.75 A, the stripping period has increased from 541 to 2253 s. Since stripping
time (1) is proportional to the amount of reversible lithium [28], increased stripping period suggests
that the majority of lithium plating occurs in the CV phase compared to the CC phase. If the rate of
reduction of the NEP towards the end of CC phase is higher than the recovery rate of the NEP in the
CV phase, the NEP can be maintained below the Li+ reference for a longer period and thus larger levels

of lithium plating in the CV phase compared to that of the CC phase.
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Figure 3.12: a) Voltages in rest and b) differential of them with
different CV cut-off currents

Cut-off current levels below 0.75 A are seen with reduced stripping periods of 2170 and 1854 s for cut-
off currents of 0.5 and 0.25 A, respectively compared to that of 0.75 A. As discussed within [28], longer
the stripping period, higher the observable amount of reversible lithium plating. Therefore, detectable
levels of reversible lithium plating are found to be reducing with the decreasing cut-off current level
from 0.75 A, although the use of a lower cut-off current in the CV phase does not reduce the amount
of lithium plating. Therefore, it can be concluded that litical is circa 0.75 A for the cell. For a more

precise critical current, the current step size in the test cases can be reduced further.

No two-stage recovery, and thus zero stripping period is observed when the cut-off current is further

reduced to 50 mA as seen from Figure 3.12b. This indicates that lithium stripping that begins at circa
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0.75 A'is completed in the extended CV phase that is 6090 s longer than that of CV phase with 0.75 A

cut-off level as seen from Figure 3.11a.
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Figure 3.13: Voltage relaxation profiles and their differential for the other eight cells
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3.4.2.4 Cut-off current variation with ageing

Figure 3.13 shows the voltage profiles and their differentials for the other eight cells with different CV
cut-off currents. Two-stage relaxation is observed for cells numbered 1, 2, 3, 5 and 9 as shown in Figure
3.13 at some cut-off currents. As charge capacities of the cells are higher than their respective Cry
levels (see Table 3.6), all these cases indicate the presence of lithium plating.

Table 3.6: Cell charge capacities at different CV phase cut-off currents and capacity threshold (Cry) to reach 57% lithiation of
the graphite. The blue coloured date indicates the test cases with lithium plating

nucn‘::;er C(Ah)  Ce (Ah)  Cia(Ah)  Cossa(Ah)  Cosa(Ah) Cozsa(Ah)  Coosa(Ah) gi‘c’)’:‘(';’;
1 1.75 1.9 2.51 2.52 2.61 2.7 2.85 3.5
2 1.72 1.73 2.38 239 2.47 2.59 2.73 2.6
3 1.76 1.68 2.37 2.38 2.46 2.57 2.72 2.5
4 1.66 1.67 2.32 233 2.42 2.47 2.61 9.3
5 1.71 1.57 2.29 231 2.4 2.51 2.65 13
6 1.76 13 1.99 2.24 2.37 2.55 2.71 0.7
7 1.75 1.26 2.17 222 2.36 2.54 2.67 0.35
8 1.66 0.9 2 2.08 2.23 2.41 2.57 0.3
9 1.7 0.7 1.66 1.73 1.85 2.01 2.15 7.5

On the other hand, two-stage voltage relaxation is not observed for the cells numbered 6 and 7
irrespective of the CV cut-off current (see Figure 3.13e and f). This indicates that either these cells
have not experienced lithium plating or lithium-plating levels are below the detectable level (2.5%).
While cell 8 is observed with a 2-stage relaxation for the CC case alone. However, the charge capacity
of the cell, in this case, is found to be much lower than its Cry (0.9 against 1.66 Ah, see Table 3.6).
Therefore, it is difficult to confirm the occurrence of lithium plating as graphite phase changes can as
well cause such a recovery. Besides, low capacity fade observed for these cells (numbered 6,7 and 8)
when compared to other cells identified from the pre and post capacity tests (see Table 3.6) as well

indicate they have experienced relatively low or no lithium plating at the 5 °C tests.

As seen in Table 3.7, l.itical levels for the cells with different ageing levels are different. As cells undergo
ageing, depending upon the degradation they encounter, their internal kinetics, and thus their lithium-
plating tendency can vary. Therefore, the lqitical level needs to be recalibrated as the cell ages to

maximize the reversible lithium plating available for detection in post-charge conditions.
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Table 3.7: Stripping periods with different cut-off currents. Case with the maximum stripping period is highlighted with blue
colour for each cell.

Cell number Tec T1a To.75A To.sA To.25A To.05A
1 511 1823 1990 2105 1760 0
2 0 1351 1428 1353 1020 0
3 0 1201 1205 1217 870 0
4 541 2114 2253 2170 1854 0
5 0 740 1370 1420 1415 0
9 0 655 519 0 0 0

On the other hand, it is interesting to note that the range of the lqitical lies between 0.5 and 1 A
irrespective of the cell ageing condition at the selected temperature as seen in Table 3.7. This may

indicate that use of 0.75 A as cut-off current may facilitate lithium plating detection over the cycles.

3.5 Implications for fast-charge strategies development

The results show that the improved and validated VRP method enhances the detection sensitivity and
provides a definitive confirmation of lithium plating occurrence. However, it faces a challenge in
detecting lithium plating when the stripping period is lower than circa 500 s (see Figure 3.13)
potentially at high temperatures due to increased stripping rate or low lithium plating level as both
the stages of recovery merge. Nevertheless, it is still useful for practical applications and research
studies in the following aspects given there exists multiple challenges with the other approaches as

highlighted in Table 2.1.

1. AsEVsare expected to operate in a wide range of ambient temperatures (> 0 °C), it is essential
to avoid lithium plating irrespective of the operating conditions [25, 78]. The improved
method helps to study lithium plating in commercial cells and identifies a charge profile that
minimizes lithium plating in batteries, particularly for low-temperature applications where
lithium depositions can be higher than the minimum detectable level (2.5% of the cell
capacity). Chapter 4 presents a procedure based on the VRP method to identify the optimal
charge profile for the selected commercial cell.

2. Given its ability to detect lithium plating cycle-by-cycle and dependency on the cell voltage,
the improved VRP method can be used to validate any future detection method non-

invasively. Chapter 6 presents one such application for a new method proposed.
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3.6 Limitations and future work

The half-cell level studies indicate that the two-stage relaxation infers the occurrence of lithium plating
if the average lithiation of the NE at the EoC crosses 57%. On the other hand, it is difficult to identify
the source of the two-stage recovery when the average lithiation is less than 57%. Therefore, the VRP

method application shall be limited to charging events that lithiated the NE above 57%.

The leiticai for the CV phase identified at a particular temperature can vary with temperature and C-rate
as kinetics within the cell change. Therefore, to study the lciical at different temperatures and C-rate,
a separate study is required. By identifying the lqitica for cases where lithium plating levels are low, the

VRP method may detect lithium plating even at room temperatures.

3.7 Conclusions

Non-invasive approaches of lithium plating detection assume significance as they allow detection
cycle-by-cycle. To improve these methods as stated by objective 2 in Section 2.4, the study is
conducted in two parts. First, the influence of the CV phase of charging on the detection ability of
these methods is studied. The experimental results indicate that the CV phase cut-off current
influences the accuracy of these methods. The reversible part of the plated lithium can start stripping
in the CV phase if the cut-off current is too small, which reduces the detection sensitivity at the
subsequent relaxation phase. Therefore, the charging process can be ended before the start of lithium
stripping to improve the detection. The optimal cut-off current in the CV phase is identified
experimentally to maximize the plating detection sensitivity.

Second, the influence of the graphite phase changes on the VRP approach is studied. The VRP method
can be applied in real-time as it depends on the voltage profile obtained in the post-charge relaxation.
A two-stage relaxation in the voltage profile is used to infer the presence of lithium plating in the
previous charging event. The lithium plating studies with graphite half-cells give insights into the phase
changes of the graphite electrode in the post-charge relaxation, its dependence on the electrode
lithiation levels, and its possible impact on the reversible lithium plating detection using the VRP
method. The careful examination on the interplay of these factors results in the inference that the 2-
stage relaxation behaviour does not always come from the lithium plating. The required distinction
between the graphite phase change and the plating induced phase change is established with the SOC
(or lithiation) of the electrode. To identify the critical SOC level of the NE over which 2-stage relaxation

does come from lithium plating, the cell level dV/dQ analysis is employed.
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The improved and validated VRP method is useful for improving plating detection capability non-
invasively and developing optimal fast charge profiles that improve the charging speed while reducing

plating as demonstrated in Chapter 4.
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4 Study 2- The Development of Optimal
Charging Strategies

4.1 Introduction

Several studies have been reported within the literature the need to address the challenge of reducing
lithium plating for lithium-ion batteries as detailed in Section 2.4. As electrochemical model-based
approaches still face multiple research challenges in terms of their accuracy, implementation in
a BMS and adaptability to battery degradation [26, 67], experimental means to identify a charge
profile that minimizes the charging time and lithium plating, are of great interest [5, 10]. To meet
research objective 4, two different approaches are proposed to develop optimal charging profiles for

offline and online use using the existing methods of lithium plating detection.

The offline charging profile is derived using the CE method. The CE method can be employed to
identify the optimum C-rate for the CC-CV profile [70]. However, the use of the optimum CC-CV charge
profile does not minimize the charging time although it can avoid lithium plating as detailed in Section
2.4. To improve the charging speed further from the optimum CC-CV profile, the CC phase can be
replaced by a multi-stage charge profile. A feasible solution is to (1) apply a high-rate CC charge until
the cell terminal voltage has reached a pre-defined level (defined as Viccend) lower than the full charge
terminating voltage (V) and then, (2) reduce CC charge rate to reach the Vi. However, the selection of
Vhcc-end IS critical since the use of a lower value for Vyccend cOmpared to the cell voltage (referred to as
Vi) at which the NEP drops below the reference prolongs the charging time unnecessarily, and a
higher value fails to avoid lithium plating completely. Therefore, for the proper selection of Viccend, it
is necessary to identify Vi.. The occurrence of lithium plating is inferred by measuring the CE after
every charge cycle to regulate the Vicc.end in such a way that it approaches the unknown V. where CE
begins to drop as lithium plating begins to occur. The resulting Viccend is then used for cell optimal

charging. The pre-identified charge profile using the CE approach can be applied to EV batteries.

The online charging profile that can adapt to battery ageing is derived using the VRP method. Given
the high accuracy needs of the CE approach, its implementation for online use is limited. Therefore, a
different approach implementable in a BMS to modify the charge profile according to the operating
conditions is required. Within the non-invasive methods such as tomography [28], impedance
spectroscopy [74], DVC [26, 76] and VRP [28, 74], the VRP has the potential for deployment within

real-time charge control applications because it relies only on the cell terminal voltage measured in
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post-charge relaxation. Therefore, the VRP method is proposed to identify the Vic and thus to derive
the two-stage CC charge profile. To facilitate comparison, results are presented for cells charged with

the proposed charging profiles along with the traditional CC-CV charge profile.

This chapter is structured as follows. The research methodology associated with the development of
modified charge control strategies underpinned by lithium plating detection and the CE is
presented in Section 4.3. In Section 4.4, the experimental plan and experimental setup are
introduced. Section 4.5 presents the experimental results that demonstrate the effectiveness of the
new charge profiles when compared to conventional battery charge methods. The application and
limitations of the study within the context of BMS operation are discussed in Sections 4.6 and 4.7,

respectively. The main conclusions of this study are presented in Section 4.8.

4.2 Objectives of this study

The main objective of this study is:

e Develop a procedure to derive multi-stage charge profiles using the VRP and CE method
e Verify the performance of the proposed approaches in comparison to the standard CC-CV

profile

4.3 Methodology

In this work, a three-stage (CC-CV-CC) charge protocol is derived to reduce lithium plating and
therefore plating induced battery degradation while concurrently minimizing the charge profile
impact on the charging time. Two methods are introduced that both employ the same three-stage,
CC-CV-CC, charge profile. The primary difference between their implementation is the method used
to regulate and optimize the terminating voltage level of the first stage CC, Vuccens. Detection of
lithium plating and thus regulation of Viccend is achieved using either a measure of t derived from the
VRP method (discussed in Section 4.3.2) or from a direct estimate of CE per cycle defined as
ASOH/cycle (discussed further in Section 4.3.3). Where the state of health (SOH) is defined as the ratio
of the measured capacity vs the nominal value when the cell was new. Figure 4.1 shows a generalised
block diagram representation for the proposed charge control strategy online implementation that
would underpin its application within a BMS. Since a standard BMS monitors the cell voltage and tracks
the SOH changes, both these approaches can be incorporated into the BMS that updates the charger
with the latest Vycc_eng for the next charge event. Development and Implementation of both the

charge profiles are detailed in sections 4.3.2 and 4.3.3.
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Figure 4.1: Online charging control proposition

4.3.1 CC-CV-CC Charge Profile Development

Figure 4.2 presents a comparison of the proposed CC-CV-CC protocol with the conventional CC-CV
charge profile. In the CC-CV-CC profile, the first CC phase is applied until the cell voltage reaches V...
In this study, 1C charge rate is employed in the first CC stage. The CV phase is applied once the terminal
voltage equals Vi avoiding the NEP reducing below the reference value and therefore the onset of
plating [5]. This is in contrast to the traditional CC-CV process in which the CC phase is maintained
until, or close to 4.2V and the NEP reduces below the reference value at a time of 1800 s. The CV phase
is maintained until the value of the charge rate falls to 0.25C. To avoid lithium plating and to improve
charge time, the charge current in the third stage must be appropriately selected. From Chapter 3, for
this cell, it was found that lithium plating was not detected with charge rates lower than 0.25C at
ambient temperatures above 5°C and reversible plating detection ability was maximum with a cut-off
charge rate of 0.25C. As discussed in Chapter 3, lithium stripping begins in the CV phase itself if the CV
cut-off charge rate is below 0.25C that reduce the stripping lithium amount in the rest period and thus,
the detection ability of reversible plating using the VRP method comes down. Therefore, the CV phase
is maintained until the charge rate reduces to 0.25C and then the constant 0.25C charge rate is
maintained until the cell voltage measures 4.2 V. Hence, the proposed charge profile becomes 1C-CV-

0.25C as shown in Figure 4.2.

It is noteworthy, that as discussed within [75], the value of Vi will vary as the cell ages and other
degradation mechanisms impact the overall capacity and impedance of the cell. As a result, the value

of Vic must be re-evaluated during the operational life of the battery.
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Figure 4.2: Proposed 3-stage and the conventional CC-CV charge protocol: a) cell
voltage b) charge current and c) indicative negative electrode potential

4.3.2 Plating Detection-Based Charging Control Strategy

To identify the correct value of Vi, the VRP method is employed to detect the occurrence of reversible
lithium plating within the proceeding charge event. Within the context of this experiment, Vi is
assumed to be unknown at the start. As a result, the CV phase voltage or the high rate first stage CC
terminating voltage (Vuccend) can commence from a fixed value during the first cycle. In this study,
Viccend fOr the first cycle is set to be 4.2 V. If lithium plating is detected after the first battery charge
event it implies that the value of Viccena is greater than Vi The value of Viccend is therefore reduced
by an amount equal to AV for the next charge event. Conversely, in the case when lithium plating is
not detected, Vhccend Can be increased by AV for the next charge cycle (while maintaining the upper

and lower limits for cell voltage defined by the manufacturer). This adjustment to Vicc.end CONtinues at

54



4. Study 2- Development of optimal charging strategies

the end of each fast charge event until Vicc.end reaches the target value Vi as depicted in Figure 4.3a.

The selection of the voltage step size (AV) is detailed in the next section.

r - i
| Charge with 1C to Viccend-CV-0.25C to 4.2V; : I Charge with 1C to Vhccena-CV-0.25C to 4.2V; Rest 4 1
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Figure 4.3: Flowchart for charging control using a) plating detection and b) CE

4.3.3 CE-Based Charge Control Strategy

In this technique, the value of Viccend is determined using the estimated capacity reduction per charge
cycle to minimise battery degradation. It is noteworthy that this technique employs overall capacity
fade as the control variable and therefore considers other battery degradation mechanisms that may
occur, such as SEl formation, when the cell is under charge. To facilitate CE-based charge control, the
target value of capacity reduction per cycle, defined as ASOHrget Needs to be defined. Obviously, the
lower the ASOH:arget is set, then conceptually the longer the battery life, but with the implication that
charge times will become excessively long. Generally, when lithium-ion cells are continually cycled
at low charge/discharge rates (e.g. less than 0.25C) and ambient temperature, after the initial few
cycles, the battery will exhibit an almost linear capacity fade [14] for much of its operational life.
The ASOH:arget can be defined based on this linear capacity reduction rate. The ASOH:arget in this work
is selected based on the previous low-temperature battery cycling results, reported within Chapter
3. A maximum of circa 10% capacity loss in ten cycles at 5°C and 1C charge/discharge rate with the CC-
CV charging protocol is observed as shown in Table 3.6. This equates to a 1% ASOH per complete
charge cycle. Therefore, by setting ASOH equal to 0.1%, the assumption is made that this would,
in principle, extend the life of the cell by a factor of 10. On this basis, if the ASOH/cycle in the
current cycle is higher than ASOHuarget, Viccend is decreased by AV for the next cycle as depicted in
Figure 4.3b. In this approach, an accurate estimate of ASOH and therefore cell capacity measurement

is necessary. To measure a ASOH/cycle value of 0.1% with a relative error of + 5%, the current
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measurement accuracy must be in the order of £ 0.005%. An alternative approach is not to calculate
ASOH after each charging event. For example, if the capacity is measured once in five charge cycles, a
0.5% ASOH change can be measured using a + 0.025% accurate current sensor. This yields an average
ASOH/cycle between 0.095 and 0.105% which meets the target requirement of 0.005% accuracy.
However, the consequence of this hardware limitation is that Viccend is regulated only once in five
cycles instead of cycle-by-cycle and therefore the cell may be subject to extended periods of

degradation.

4.4 Experimental Approach

Three cells for each charge method (CC-CV; CC-CV-CC VRP based charge control and CC-CV-CC ASOH
based charge control) are used. As shown in Table 4.1, nine cells are therefore employed during the
experimentation to minimise the effects of cell-to-cell variations on the experimental results. For ease
of reporting, the cells are classified as being within one of three groups: A, B or C with individual cell

markings, for example, Ca1, Caz, Cas define the three cells within Group A.

Table 4.1: Test cases and cell requirements

Charge protocol Cells used (group: cell marking)
Conventional CC-CV Three new cells (A: Ca1, Caz, Ca3)
VRP based charging control Three new cells (B: Cg1, Cs2, Cs3)

CE or ASOH based charging control Three new cells (C: Cci, Ccz, Ce3)

4.4.1 Experimental setup

All experiments are performed inside a thermal chamber (Model: ESPEC PL-3KPH), with the cells
electrically loaded using a Maccor cell cycler (Model: Series 4000). The Maccor unit enables the
measurement of the cell voltage and current with an accuracy of £ 1 mV and + 0.6 mA respectively. In
addition, K-type thermocouples with an accuracy of £ 1.5°C are attached to the negative tab of each

cell to measure the cell surface temperature. The test parameters are summarised in Table 4.2.

Table 4.2: Measurement parameters and their range and accuracies

Measuring parameter Measurement range accuracy Resolution Sampling time
Voltage 25t04.2V +/-1mV 0.1 mvVv 0.1s

Current +3to-3A +/-0.02% 0.030 mA 0.1s
Temperature 0to30°C +/-1.5°C 0.01°C 1s

Similar to Study 1, the cells are installed within a manifold and liquid surface cooling used to maintain

cell temperature at the desired value using a LAUDA controller (Model: Proline RP 845 C) with the
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ability to regulate temperature to an accuracy of £ 0.1 °C. As observed in this work, irrespective of the
operating conditions, the surface temperature of these cells are maintained at the set temperature

within £0.5 °C with the active cooling mechanism.

4.4.2 Experimental Procedure

Figure 4.4 presents the procedure for cell experiments using the three different charge control

strategies. The experiments comprised of three stages:

e Cell Pre-Conditioning,
e Fast Charge tests, and

e Capacity Characterization

Pre-conditioning test
Six cycles of C/3 CC-CV Charge/Discharge at 25°C with C/60 cut-off

current; OCV test

|Fast charging test
Soak for 4 hours at 5°C; N cycles of Charge/Discharge at 5°C with CC+
CV or CC-CV-CC charge profile then CC-CV discharge; Cycle count++

Capacity test

Soak for 4 hours at 25°C; Capacity estimation at 25°C
with 3 cycles of CC-CV (C/3 as charge/discharge rate
and C/60 as CV cut-off rate) charge/discharge; Cycle

count=0; Decide N based on capacity fade rate

Update charge profile

Group A: No change for CC-CV
Group B: Update CC-CV-CC
Group C: Update CC-CV-CC

SOH<80%

OCV test

Capacity tests at 25°C
e FASt charging at 5°C

End

Figure 4.4: Procedure for experiments with cell charging
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4.4.2.1 Cell Pre-Conditioning Tests

Side reactions between the electrolyte and electrode surface are known to form an SEl layer over the
negative electrode which leads to cell capacity reduction as discussed in Section 3.3.1.3. The side
reactions that lead to the SEI growth reduce within the first few cycles as the SEI thickness increases
[29]. Consequently, this slows the growth rate of the SEl layer and thus the capacity reduction within
the cell. To minimise the contribution of the SEl layer growth to the ASOH/cycle estimation, all nine
cells irrespective of their charge protocol are cycled six times at 25 °C with CC-CV (CC charge/discharge
rate of 1/3C and CV cut-off charge/discharge rate of C/60). The CV during discharge in both
preconditioning and capacity estimation tests is included in this work to alleviate the impact of
impedance on the measured capacity of the cell as detailed in Section 3.4.1.1. After the
preconditioning tests, the cells are tested for OCV whose test procedure and application is detailed in
Chapter 5. Once the pre-conditioning and OCV tests are completed, the cells are then deemed ready

for fast charge experiments and further capacity characterisation.

4.4.2.2 Fast charging cycle tests

To provoke lithium plating and to enable its control, the cells are cycled at low temperature with high
charge currents. The cells are allowed to soak for 4 hours at a temperature of 5 °C before performing
the fast charging tests to ensure that they have reached thermal equilibrium. For all cells, a high
charging current of 3 A (1Crate) is applied in the first CC phase and the charge is terminated when the
cell voltage reached 4.2 V with 0.75 A (0.25C) current in the final stage. However, the current profile

between these two values is varied based on the charge control strategy adopted.

e For the traditional CC-CV charge protocol; the 1C charge rate is applied until the cell voltage
reached 4.2 V and then the CV phase was maintained at 4.2 V until the charge rate reduced to
0.25C.

e Forthe ASOH charge protocol; the 1C charge rate was applied during the first stage CC phase until
the cell voltage reaches Viuccend. CV charging was then maintained until the charge rate dropped
to 0.25C. The 0.25C value was maintained until the cell voltage reached 4.2 V. Identification of

Vhccend Was based on the method defined in Section 4.3.3.

e For the Plating Detection Charge Protocol; the same 1C charge rate was applied during the first
stage CC phase until the cell voltage reached Viccend. CV charging is again maintained until the
charge rate reduces to 0.25C. The 0.25C value is maintained until the cell voltage reached 4.2 V.

However, the identification of Viccend is based on the VRP method described in Section 4.3.2.
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For all conditions, once charging has ceased (cell voltage equal to 4.2 V with a 0.25C/h charge current),
a rest period of 4 h is allowed to monitor cell voltage and temperature and to allow the cells to
equilibrate. After 4 h, the cells were discharged to 2.5 V with CC-CV (using a CC discharge rate of C/3

and a CV cut-off discharge rate of C/20) to complete one fast charge cycle.

4.4.2.3 Capacity characterization tests

To support derivation of the ASOH cycle-based charge profile development, the fast charging profiles
are interrupted and the temperature of the cells raised to 25 °C and left to rest for 4 hours. The number
of fast-charge cycles (defined as N) between capacity tests is varied according to the measured rate
of capacity fade. Adjustment of N helps in two ways. Firstly, a low value of N when the capacity fade
rate is deemed to be high (e.g. greater than 0.5%) permits a faster intervention in the charge profile
to reduce the magnitude of battery degradation. Secondly, a higher value for N when the capacity
fade rate is slow (e.g. less than 0.1%) reduces the overall test period. As seen in Table 3.6, the rate of
capacity reduction was comparatively high during the early cycles and then slowed as the level of
battery degradation increases. Hence, for the first four fast-charging cycles, the capacity test is
performed after each fast charge cycle (N=1). The capacity assessment is then undertaken every three
cycles (from 5% to 13™ fast charge cycles) and after six fast-charge cycles, from that point onwards.
Table 4.3 summarises the frequency variation of capacity tests with cycle number during the ASOH

cycle-based charge profile development.

Table 4.3: capacity test interruption to the fast charging cycles

The fast Charging cycle number Capacity test frequency

lto4 After every fast charging cycle
5t0 13 Once per 3 fast charging cycles
14 to 52 Once per 6 fast charging cycles

To facilitate comparison, all capacity tests used a CC-CV profile with C/3 charge/discharge rate in the
CC phase and a cut-off charge/discharge rate of C/60 in the CV phase at 4.2 V and 2.5V for both charge
and discharge respectively. Further, all the cells are tested for capacity at the same intervals of fast
charging cycles for a better comparison of results since the capacity estimation procedure that

interrupts the ageing tests has a significant influence on battery life [97].

In the capacity test, when the capacity retention level measured is found to be greater than 80% of
the initial capacity for all cells, the cells are subject to a further set of fast-charging tests as shown in
Figure 4.4. While the fast charge profile is unaltered for the cells loaded with the traditional CC-CV

protocol, Viccend Values are updated for the cells from sets B and C (from Table 4.3). As discussed, for
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the cells from set B, the charge profile is updated based on the level of lithium plating detected in the
last fast charging cycle. Here, the step-change (AV) was set to 100 mV in the initial cycles until lithium
plating is detected and then it is reduced by 25 mV to further fine-tune the desired value of Viccena.
For cells from Set C, the charge profile is updated based on the capacity tests at 25 °C and the AV value
is initially set to 50 mV until the ASOH/cycle reached the ASOHarget of 0.1% and then it is reduced to

25 mV to further fine-tune the transition point between the CC-CV phase of battery charging.

4.5 Results and discussions

4.5.1 Results

4.5.1.1 Conditioning Tests

The preconditioning tests are undertaken at ambient temperature to reduce the impact of the SEI
layer growth rate on the fast charging experimental results. By the sixth cycle, the magnitude of
capacity change per cycle is asymptotically stable in terms of capacity retention with less than 0.03%
change in capacity reduction per cycle. The value of cell capacity measured at the 6 cycle is taken as
the cell initial capacity prior to the fast-charge cycles. For completeness, Table 4.4 presents the actual

values of capacity measured for each cell at the end of the 6™ conditioning cycle.

Table 4.4: Measured nominal capacity values for each cell under test, after 6 conditioning cycles

Cell Identifier Capacity after 6" Conditioning cycle (Ah)
Ca1,Caz, Ca2 3.151, 3.171, 3.167
Cs1, Cs2, Ca2 3.182, 3.169, 3.172
Cc1, Cez, Ces, 3.174, 3.191, 3.168
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Figure 4.5: Reversible plating detection using cell voltage relaxation in rest period - Cells under CC-CV protocol a) cell
voltage and b) its differential; Cells using plating detection-based charging protocol changing c) cell voltage and d) its
differential; Cells using ASOH based charging protocol e) cell voltage and f) its differential at different fast charging
cycles

4.5.1.2 Traditional CC-CV Charging Control

Set A cells are operated under the traditional CC-CV charge profile until they lost an average of 20%
of their nominal capacity. In addition to capacity fade and charging time trends, these cells are also
monitored for lithium plating occurrence using the VRP method with the help of a 4 h rest period at
the end of every fast charge event. Figure 4.5a and Figure 4.5b present the post-charge voltage
relaxation profiles and their differential respectively at different fast charging cycles. The onset of
lithium plating can be observed and reversible plating decreasing with increasing cycle number. In the
first cycle, the stripping period is found to be circa 4300 s, which reduced to 2800 s in the next charge
cycle. Since, as discussed within [28], the stripping period is deemed to be in proportion to the amount
of reversible plating, it can be assumed that reversible plating detection levels are equally reducing
with cycle number. One possible reason is a loss of active lithium because of lithium plating can reduce
the NE lithiation levels towards the end of a charge, and thus decreases lithium plating amounts with
the increasing cycle number [26]. With further progress of fast charging cycles, no reversible plating
is detected after the 11" fast charge cycle. To confirm the plating detection using the VRP method,
one cell from each Set and one new cell for comparison are opened in an argon-filled glove box and
the graphite electrodes are inspected visually for metallic depositions following a method described
within [58]. Visible areas at the side edges of cell A are covered by silver colour depositions as shown

in Figure 4.6a. These silver colour depositions are found to be lower for the Set B cell and much-
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reduced levels for the Set C cell (see Figure 4.6b, c) compared to the Set A cell. Meanwhile, the
graphite electrode of the new cell appears black as shown in Figure 4.6d, as is expected from a
functional fully discharged graphite-based electrode. As discussed within [58], since the graphite
electrode does not appear in silver colour at any of its lithiation levels, these depositions can be
attributed to irreversible lithium plating. Therefore, cell A and cell C are exhibiting higher and smaller

lithium metal depositions, respectively, which is in line with the lithium plating detection results using

the VRP method as seen from Figure 4.5.

Figure 4.6: Photographs of graphite electrodes: a) Set A cell, b) Set B cell, c) Set C cell and d) new cell

4.5.1.3 Plating Detection-Based Charging Control

Similar to set A, in the first cycle where Viuccend is predefined to 4.2 V, significant levels of lithium
plating are observed using the VRP method in the cells contained within set B. Figure 4.5c, d shows
the cell voltage and its differential respectively in the post-charge 4 h rest period. By employing the
charge control method, Viccend is reduced to 4.1 V in the second cycle to reduce the level of plating
occurring. Accordingly, the observed stripping period is reduced to 1250 s from 4100 s. Since lithium
plating is still observed in this cycle, Viccendis further reduced by another 100 mV to 4.0 V for the third
fast charge cycle. In the third cycle, no reversible plating is detected, indicating that Vi is between 4.0
and 4.1 V. To further refine the estimate of the critical voltage where the NEP reduces below the
reference value, Viccendis increased over the next fast-charge cycles in steps of 25 mV until the lithium
plating is again detected. However, for these results plating is not identified in any subsequent fast
charge cycle. This resulted in the rise of Vuccena back to 4.2V. The drop in reversible plating detection
levels with cycle number indicates that the reversible plating is either reducing or becoming too
difficult to detect using the VRP method. The possible reasons for the detection failure using the VRP

approach are further discussed in Section 4.7.2.

4.5.1.4 ASOH Based Charging Control
The CC-CV-CC charge protocol is applied for the ASOH-based charging control with the Vicc.end initially
set to 3.9 V in the first cycle. Since the first four cycles are found with ASOH/cycle values lower than

0.1%, Vhccend is increased in four steps from 3.9 V in the first cycle to 4.025 V in the fourth cycle as

62



4. Study 2- Development of optimal charging strategies

shown in Figure 4.7. A further increase of Viccend to 4.05 V in the next three cycles (cycle 5, 6, 7)
resulted in a rise of ASOH/cycle to circa 0.25%. To reduce the capacity reduction per cycle, Viccend is
subsequently decreased to 4.025 V for the eighth cycle. This reduced the ASOH/cycle level to below
the ASOH:arget (0.1%). From this point, any rise of Vicc.end from 4.025 to 4.05 V consistently resulted in
a ASOH/cycle value above the threshold of 0.1%. Figure 4.7 shows the variation of Vucc.endand capacity
fade rate with cycle number. A Vicc.end Value of 4.025 is seen as the optimum value to maintain the
ASOH/cycle lower than 0.1%. The result also shows that reversible lithium plating is not observed (as
per Figure 4.5e and Figure 4.5f) for the cells under this charging control strategy during any fast charge
cycle. One reason for this may be because of the lower initial starting voltage of 3.9 V that is employed

to transition the charging profile between the CC-CV phases.
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Figure 4.7: First stage CC end voltage and capacity fade with the cycle number for the ASOH based charge profile

4.5.1.5 Comparison of Results between the Three Charging Profiles
Figure 4.8 compares the performance of the cell sets (A, B and C) for the different fast charge
strategies. The discussion is focused on the rate of capacity reduction due to fast charging each cell,

the value of Vicc.end and the corresponding charge time.

a) Capacity Fade Analysis

From Figure 4.83, it can be seen that battery life could be extended by employing the proposed fast
charge control techniques. By using the plating detection-based method, the cells lost an average of
11% capacity compared to an average of 20% reduction for cells using the traditional CC-CV protocol.
The reason for the large capacity reduction for the CC-CV charge protocol is the existence of lithium
plating observed in the first ten cycles (see Figure 4.5b) and potential secondary effects of lithium
plating accelerating the formation of SEI growth and changing the porosity in the electrode [66]. This
is in contrast to the cells charged using the CC-CV-CC profile with the transition between the CC and

CV phase governed by the plating detection-based control. The results show that reversible lithium
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plating is only found in the first two fast charge cycles. This reaffirms the findings from [98] and the
literature contained within [58, 99] that higher levels of plating lead to increased levels of capacity

reduction and therefore must be avoided to prolong battery life.

With the ASOH-based charge strategy, the level of capacity reduction is further reduced for cells from
set C, when compared to set A and B. The cells with the ASOH-based control lost only an average of
6% capacity after 52 cycles, compared to an average of 11% capacity reduction from set B cells. The
reason for this is the maximum operated voltage in the ASOH-based control, Vicc-end, is only 4.05 V.
Low values of Vuccend can benefit the cell in two ways. First, terminating the high CC stage at a lower
cell voltage level can reduce or avoid lithium plating since the probability of occurrence of lithium-
plating is higher at higher SOC or higher cell voltage levels [5, 6]. The experimental results show that
reversible plating is not observed for the cells using the ASOH-based control method, which means
that either lithium plating is completely avoided or reversible plating is below the detectable level
using this technique. Besides, it can be hypothesised that the low level of Viccend Voltage below 4.05
V could reduce other ageing mechanisms such as SEI growth or cycle induced mechanical stresses
within the cell. Section 4.6 discusses these factors further within the context of overall battery

degradation.
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Figure 4.8: Comparison of the average cell performance using different charging control strategies: a) Charge retention, b)
first stage CC end voltage value and c) charge time as a function of cycle number

Cells observed with lithium plating in the early cycles continued to lose higher levels of capacity in the
later cycles where plating is not detected. For the cells from set A charged using the CC-CV profile,
lithium plating is observed to occur until the fast charge cycle number 10 (Figure 4.5b). During the
next 42 cycles, these cells lost 11% capacity where lithium plating is not detected (Figure 4.8a), which
equates to an average capacity loss per cycle of 0.162%. Similar results are observed for the cells from

set B that used the plating detection control method. For this case, lithium plating is not observed
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after the first 2 cycles (Figure 4.5d). The cells proceeded to lose 9.2% capacity in the next 50 cycles
where plating is not detected (Figure 4.8a), i.e. 0.184% loss per cycle. Conversely, lithium plating is
never observed for the cells from set C that employed the ASOH control technique. For these cells
only a 5.9% capacity reduction throughout the 52-cycles of fast charging (Figure 4.8a), i.e. 0.113% per
cycle is experienced. This implies that the previous exposure to lithium plating for the cells may have
a long-term negative impact on battery life and therefore cell SOH. As discussed in section 4.6, several
possible reasons for this include: 1) the deposited lithium metals from the previous plating events may
cause further battery degradation; or 2) the ability to detect lithium plating may be reducing with

ongoing battery degradation, which fails to detect the occurrence of plating.
b) Charge Time Analysis

From Figure 4.8c, the cell charging time is normalised for improved ease of comparison. The
normalized charging time is defined as the charging time per ampere-hour (time/Ah). From Figure

4.8c, the following observations can be made:

e The value of charging time is highly dependent on the duration of the first stage CC phase during
fast charging when the charging current is high. Figure 4.8c shows the charging time variations
over each cycle of the three charge profiles. For newer cells, the higher the Viccend threshold is,
the longer the duration of the first stage CC phase is. As a result, the charging time overall is lower.
For example, to charge one Ah capacity, the cells in set A (Vuccenda = 4.2 V) took only 1420 s while
the cells in set C (Vicc-end = 3.9 V) took 2860 s, an increase of just over 100%.

e Theimpact of ViccendaOn the overall charge time could reduce with the value of capacity reduction.
As seen in Figure 4.8c, the charging time for cells from set C, using ASOH based control protocol is
100% higher than the CC-CV protocol at the start of experimentation. This is improved to a value
circa 20% higher than the CC-CV protocol towards the end of experimentation.

e More noticeably, it is found that plating-based charge control (set B cells) experienced an
improvement in both charging time and battery life when compared to cells charged with the
traditional CC-CV profile. Figure 8c shows that the value of charge time varied from 50% higher
after the fifth cycle to 15% lower for the 50" cycle. The key crossover point is the 30" fast-charge
cycle. This observation is highly significant because it implies that over time, the modified charging
approach simultaneously yields reduced battery charge times and extends battery life. The reason
for this is that the increased impedance associated with battery degradation reduces the CC phase
charge time because of the increased potential drop. As a result, the charging speed of the CC-CV
profile with the highest levels of degradation is significantly reduced in the end and the charging

time difference between the CC-CV and proposed new charge profiles was reduced.
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4.5.2 Discussion of Results

4.5.2.1 Large Reversible Plating Levels

As shown in [28], the minimum threshold for reversible plating detection for the selected cell at 0°C
was around 2.5% of the nominal capacity using the VRP method. According to the authors, observable
features from the cell terminal voltage are not identifiable when the reversible plating levels are lower
than 2.5% [28]. This threshold level can increase with increasing ambient temperature because of the
reverse reactions rate rise or the stripping time may reduce [76]. From Section 4.5.1.2, in the first cycle
of set A test results, reversible plating was observed with a stripping period of circa 4300 s (Figure 4.5).
The minimum stripping period identified from the results was about 800 s that was found after the

10%" cycle.

If an assumption is made that the 800 s stripping time corresponds to a reversible plating level at 2.5%
of the charged capacity, as identified within [15], then the 4300 s stripping time found for the first
cycle implies that circa 13.4% of the charged capacity could form part of the reversible plated lithium.
From the experimental results shown in Figure 4.8a, the cells lost about 1.5% capacity after the first
cycle. This further implies that irreversible plating was no more than 1.5% of the charged capacity.
Therefore, the ratio between reversible and irreversible plating may be estimated as being 13.4%:1.5%
or 8.96:1. This simplified analysis reinforces our assumption and that previously made within [26, 72]

that lithium plating is largely reversible within new cells when they are charged.

4.5.2.2 Adaptive Charge Control

Unlike previous studies which derived the charging strategy off-line [5, 6], both the proposed methods
of fast-charge control can be adapted to online use with the ability to adapt their behaviour as the
overall degradation of the cell changes. This is because the identification of Vuccend is based on the
latest battery operation information and requires simply measurements of current and cell terminal
voltage. As can be seen from Figure 4.5d and Figure 4.8b, Viucc.end for the plating control strategy
reduced when the reversible plating is detected and then increased after the onset of reversible
plating is no longer observed. This shows that lithium plating detection-based control has the potential
to develop into an adaptive charge control strategy that can adjust the battery charging approach
based on the real-time working conditions experienced by the cell. Similarly, the ASOH-based control
approach relies on the measurement of the capacity fade of the current cycle to regulate the Viccend
to control the capacity fade rate and therefore can also adapt to the battery ageing within a real-time

control application.
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4.6 Implications for fast-charge strategies development

Both the proposed non-destructive approaches are valuable in devising offline charge profiles for EV
applications to avoid the onset of lithium plating. The research within this study focuses on a specific
case where the charge rate and temperature were set to 1C and 5°C respectively. This same
methodology and test procedure can be more generalized to other working conditions to identify the
optimal Vi at the end of the first CC stage. For the 2" stage CC current, a plating sensitivity analysis
as described in Section 3.4 is necessary to identify the corresponding current at each temperature and
fast charge current value. Once the offline characterization is completed, this model can then be used
in a real-time application where Viuccend is selected according to the operating conditions. This can help
avoid large levels of lithium plating in the initial few cycles (as observed in set B cells in this work during
the optimization of Vuccend) and thus, can extend battery life further compared to the performance of

set B cells.

To take account of the VRP method’s insensitivity to low levels of plating (below 2.5% of plating as
discussed in [28]), an additional safety margin while selecting the Vucc.end can be considered to further
guarantee the plating free charging event. For example, fast charging can be terminated 25 mV below

the identified Vhcc-end.

While using the ASOH-based method for the development of offline charge profiles, the impact of
interruption frequency of capacity tests on the capacity fade rate of fast charging cycles needs to be
considered. As discussed within [97], increased interruption of fast charging cycles for capacity tests
reduces the capacity fade rate. Therefore, to avoid a significant drop in the SOH level while identifying
the Vi at a selected SOH level, the capacity estimation test can be performed after every fast charging
cycle. Further, for a fair comparison of different fast charging algorithms, the fast charging
tests shall be designed such thatall the battery cells in different groups undergothe same

frequency of capacity characterization tests.

4.7 Limitations and future work

4.7.1 Online implementation

The proposed methods are based on onboard measurable parameters and their rate of change
measured in real-time applications and can be, this way, integrated into a BMS for the development
of dynamic charge profiles. However, there exist challenges towards the online implementation of

these techniques that must be addressed.
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The ASOH based charge control strategy can be extended to different types of lithium-ion cells
irrespective of their format and chemistries since it is based on a direct measure of capacity fade.
However, use of such a technique in real-time applications, particularly in EVs is difficult because of
the high-accurate current measurement and regular operation of full charge-discharge requirements
to estimate the retained capacity within the cell accurately. Future development of battery research
may lead to an accurate online battery capacity estimation method that can meet the requirement
for the ASOH based charging control, but until then, it can be employed for offline profile

development.

For the VRP based method, two major challenges need to be addressed. First, the detection sensitivity
of plating can drop as the battery ages [73], and thus the VRP method can fail to detect the occurrence
of plating. As evidenced by the continued capacity losses even after lithium plating becomes
undetectable in Set A and Set B cells, there is a possibility of battery ageing influence on the VRP
method. The detection sensitivity of reversible lithium plating is highest if charging is terminated as
soon as the NEP regains to a positive level [76, 98]. As presented in Chapter 3.4, cells with different
ageing levels are found with different optimal cut-off currents in the CV phase (lcritical). As the range of
the leritical is Observed to be within 1 and 0.5 A (see ), a fixed level of 0.75 A as the lcitical is employed in
this study through the cycles. However, tracking the litical as the battery ages and terminating the CV
at that level can improve the detection sensitivity. Further work is therefore required to study the
detection sensitivity of the VRP method for different cell ageing levels for real-time use. In addition,
new approaches either through experimentation or modelling may be required to improve the

detection sensitivity in such a manner that is transferable to different cell technologies.

Second, since the VRP method depends on the relaxation in post-charge conditions, a further study is
necessary to fully understand the usage patterns in real-time that might affect the periods
immediately after battery charge. For example, charging the battery in fast-charging stations may not
allow the cell to undergo the required relaxation. However, the usual end of day charging at home
may provide sufficient time (> 1 h) to observe the voltages in relaxation. Therefore, further study is
required to combine offline and online charge control strategies based on the charging patterns

observed in real-time use.

The VRP method faces a challenge in detecting lithium plating at room temperature or higher as the
amount of lithium plating reduces and lithium-stripping rate rises with increasing temperature [100].
Therefore, further study is necessary to develop a different approach to detect and control the

occurrence of lithium plating to suit the wide range of operating temperatures.
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4.7.2 Long-lasting impact of lithium plating

Charging strategies that aim to reduce lithium plating may fail to limit the degradation rate if lithium
metal depositions from previous lithium plating continue to impact the battery performance
negatively. As explained in [24], the plated lithium occupies nearly four times more volume than
intercalated lithium within the electrode. Therefore, this may cause additional LAM in the electrodes
in both cells from sets A and B which experienced plating. Previous work [26] assumes that lithium
plating caused only an LLI while LAM rate was assumed to be constant over cycle number. However,
as discussed in [24] and evidenced by the continued capacity losses even after lithium plating becomes
undetectable in Set A and Set B cells, there is a possibility of increased mechanical stresses during and
after charge cycles where lithium plating has occurred. This could be another potential reason for the
continued capacity losses even after lithium plating becomes undetectable in Set A and Set B cells.
Alternatively, the capacity loss can continue to be high if the ability to detect lithium-plating drops
with ageing. Therefore, further study is necessary to better understand the limitations of the charging
control strategies and the VRP method within cells that have experienced lithium plating at some point
during their operational life by quantifying the degradation modes using differential voltage (DV)
curves [26, 27]. Further, DV analysis along with an assessment of Coulombic efficiency (CE) [69] may
help to understand whether plating becomes increasingly irreversible as the battery ages. For
example, capacity imbalances between the electrodes and lithiation level of the NE at the end of
charge may indicate the occurrence of lithium plating [26]. Reduced Coulombic efficiency and non-
detection of reversible plating under potential plating conditions may highlight large levels of

irreversible plating.

4.8 Conclusions

To meet objective 2 as defined in Chapter 2, a multi-stage (CC-CV-CC) charge profile using the existing
approaches of lithium plating detection is proposed. A simple reduction of the first stage CC
terminating voltage level (Vuccend) from the V¢ (or 4.2 V) can reduce lithium plating. However, to
minimize the impact of the modified charge profile on the charging time while concurrently avoiding
lithium plating, identification of Vi (or Vuccend Selection) is required. The Vi is identified in two
different approaches in this study. In the first approach, the VRP-method of lithium-plating detection
is used to identify the Vi where the NEP reduces below the Li\Li* reference value and defines the
condition for lithium plating to occur. Unlike previous research, this approach enabled the
identification of Vi directly on commercial cells without modifications being required. This potentially

makes the technique more suitable for practical implementation. The second method studied how a
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measure of CE or overall battery capacity reduction per cycle, ASOH, can be used to identify the Vi.to

minimise battery degradation.

Performance of the proposed charge profiles in terms of charging speed and capacity fade rate is
compared with the standard CC-CV profile. From the experimental results obtained for the commercial
NCA cell at 5°C and 1C charge current, significant lithium plating is observed within the cells charged
using the CC-CV charge protocol. Accordingly, the cells are found to have lost 20% of their nominal
energy capacity over the 52 fast charge cycles. On the other hand, the capacity fade of cells using the
proposed charging strategies is significantly reduced compared to when charged using the conventional
CC-CV approach by 45 and 70% respectively, while concurrently achieving a charge time reduction of

up to 10%.

The proposed CE based approach can be used for identifying the offline charge profile for practical
applications. While the approach based on the VRP method is suitable for identifying the Vi and
adapting it to battery ageing, particularly for low temperature ( < 20 °C) applications as the method

still face many challenges in detecting lithium plating at high temperatures.
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5 Study 3- A study on the influence of lithium
plating on battery degradation

5.1 Introduction

Understanding the influence of lithium plating on battery degradation (research area 1) is essential to
derive optimal charging strategies. From the existing literature, as presented in Chapter 2, there has
not yet been a study conducted to quantify the degradation modes under the influence of fast
charging or lithium plating. To meet research objective 1 defined in Chapter 2, this study proposes a
degradation modes quantification procedure and quantifies the degradation modes of lithium plating
with the support of experiments conducted at half-cell and full-cell level. From the half-cells, OCV
profiles of the electrodes are obtained. Based on this information and the cell-level OCV profile, the
lithiation levels at the end of charge (EoC) and the end of discharge (EoD) of the NE and PE are
identified [27]. A procedure to quantify the degradation modes of a cell is proposed with the support

of the lithiation levels obtained for the cell before and after fast charge cycle ageing.

The remainder of this chapter is organized as follows. Section 5.3 discusses the experimental stage of
this research and presents the data acquired. Section 5.4 presents the methodology in quantifying
battery degradation modes. The degradation modes estimated under the fast charging regime are
presented and analysed in Section 5.5 by applying the methodology to the data acquired in Section
5.3. The application and limitations of the study within the context of EV are discussed in Sections 5.6

and 5.7, respectively. Overall conclusions of this research are given in the final section.

5.2 Objectives of this study

To study the impact of plating induced degradation and to simplify the degradation quantification

procedure, the following objectives are defined for this study:

e Toimprove the degradation diagnostics model presented in [27] to simplify the quantification
procedure of LLI, LAMne and LAMpe
e To identify the degradation modes of a commercial cell aged under a fast charge regime and

analyse the underlying degradation mechanisms.
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5.3 Experimental

To quantify the LAM and LLI, measurement of OCVs of the half-cells (electrodes) and the full-cells is
required. The experiments are then categorized into full-cell level and half-cell level tests. Degradation
analysis is performed on the cells used in study 2 (Chapter 4). For this, OCV profiles of the cells
captured before and after their fast-charge cycling are utilized here. For the half-cells, OCV profiles of
the electrodes are obtained with the help of harvested electrodes from a pristine full-cell. The detailed
setup, experimental procedure and the results for each are presented in the following sections. The
experimental data collected in this section is used for the degradation analysis presented in Sections

5.4 and 5.5.

5.3.1 Full-cell experiments

Two test cases Set A and Set C that detected with and without lithium plating (referrer to Section 4.5),
respectively are considered for the degradation analysis. As part of the experimental work presented

in Chapter 4, the cells are tested for OCV before and after the fast charge cycles.

The OCV tests are performed at room temperature (25°C) on the full-cells using the test procedure
presented in Table 5.1. The cells are charged to 4.2 V with CC-CV (C/10 C-rate in the CC and 50 mA
cut-off current in the CV) charge profile and rested for four hours before the OCV measurements are
obtained on the following discharge. To capture a true OCV over the entire capacity range of the cells,
the full cells are discharged incrementally following the GITT procedure defined in Section 3.3, in steps
of 1/120 of the nominal capacity (Q = Qnom/120), by applying small currents (C/20) and subsequently
allowing the cell voltage to relax for one hour between pulses [85]. Here, Qnom Of the cell refers to the
maximum capacity when the battery is completely charged. The OCV measurements are recorded at
the end of each rest period. Figure 5.1a and b show the cell voltage and its OCV measurements for
the given discharge current profile. The OCV profile as a function of capacity is then constructed as

illustrated in Figure 5.1c.

73



5. Study 4- A study on the influence of lithium plating on battery degradation

Table 5.1: Full cell test procedure

Test sequence Step no Exp. Setup Current/ Control limits
voltage
1 Soak to 25°C - t>4h
OCV test 2 Constant current charge c/10 V>4.2V
current
3 Constant voltage charge 42V 1<C/60
4 Rest - t>4 h
5 Partial constant current discharge C/20 AQ>Qnom/120
current
6 Rest - t>1h
7 Repeat steps 5 & 6 until V limit - V<2.5V
reached
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Results of the ageing experiments from Chapter 4 as seen in Figure 4.5 and Figure 4.6 indicate that
Cell A that lost 20% capacity is exhibiting at a much higher level of lithium plating compared to Cell C
that lost 6% capacity in the same number of cycles. Further details for these cycle ageing tests can be
found in Section 4.3. After the ageing tests, the cells are once again tested for the OCV profiles using

the same procedure described in Table 5.1.

5.3.2 Half-cell experiments

To measure the OCV of each electrode, half-cells are prepared in a 2032 coin cell format using the
electrode materials harvested from the fresh cell of the selected cell type. This new cell is fully
discharged to 2.5 V with C/10 current. It is then opened in an argon atmosphere inside a closed glove
box to access the jellyroll following the systematic procedure described in Figure 5.2. Next, the PE and
NE samples (active material on the current collectors) are collected from the inner layers of the jellyroll

since outer layers experience greater physical stresses during the cell opening process.

Six half-cell samples (03 NE-type units and 03 PE-type units) are prepared as described in [85] using a
trilayer separator (@ 19 mm and 25 pum thickness, Celgard® 2325) and LP50 (1 M LiPF¢ solved in EC:
EMC with 3:7 volume ratios) electrolyte. The capacity of each cell is estimated based on the specific
capacity of the electrode active material (PE: 180 + 5 mAh/g, NE: 370 = 5 mAh/g [11]) and its mass
calculated from weights of the current collector with and without active material. The capacities of NE
and PE half-cells are then theoretically found to be 7.5 £ 0.15 and 6.98 + 0.16 mAh, respectively [11].
Based on these estimated capacities, the pre-conditioning test with C/10 charge/discharge currents is

undertaken to measure the actual half-cell capacity.
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Figure 5.2: 18650 cell opening process illustration
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To support the half-cell OCV tests, Biologic BCS-805 potentiostats are employed and placed in a
temperature-controlled room maintained at 25°C. The potential ranges for the tests are setto0to 1
V and 2.8 to 4.3 V, respectively. The selected voltage ranges can represent the full-cell OCV between

4.2 and 2.7 V [21] and could limit the electrode degradation during the OCV measurement [56, 101].

The half-cells are first pre-conditioned for 6 cycles with C/10 current prior to the OCV measurement.
Figure 5.3 shows the voltage, current and capacity profiles of the NE in the preconditioning cycles. The
result indicates that the PE half-cells are consistent with their delivered capacity with less than a 0.2%
capacity fade/cycle. Conversely, the capacity change of NE half-cells is more than 0.5% in the first cycle
and then reduced over the next cycles (below 0.2% in the sixth cycle). The average capacities delivered
in the sixth preconditioning cycle by the NE and PE half-cells are measured to be 7.7 mAh and 7.1 mAh,
respectively. A loading ration (LR = NE capacity/PE capacity = 7.7/7.1) of 1.08 indicates the NE half-cell
has an 8% higher capacity than the PE half-cell [55].
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Figure 5.3: Half-cell preconditioning: a) voltage, b) current and c) capacity profiles measured on a NE half-cell. Positive

currents and capacities indicate the discharge or delithiation of the electrode.
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The half-cells were tested for OCV using the GITT procedure similar to the full-cell test procedure
except for the voltage limits. For each NE or PE half-cell group, the root mean square error (RMSE)
between any two OCV profiles measured is less than 1 mV. This confirms that the reliability of the OCV
measurement method as well as the repeatability of the half-cell manufacturing process is acceptable.
Figure 5.4 shows the OCV profiles as functions of normalized capacities delivered by the NE half-cells

(between 0.03 and 0.8 V) and PE half-cells (between 4.3 and 3.35 V).
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Figure 5.4: OCV as a function of the capacity and lithiation level of a) PE half-cells b) NE half-cells

The normalized capacity of an electrode can be expressed as the lithiation level (ratio of occupied to
available lattice sites in a host structure, ranging from 0 to 1) since the capacity delivered by the
electrode is proportional to its lithiation level [85]. As discussed within [27], to enable the degradation
diagnostics, tested capacity range (or lithiation range) of the electrodes is normalized between 0 and
1. The relationship between half-cell OCVs and lithiation level can be described as shown in Figure 5.4

where x refers to the lithiation and delithiation levels of the PE and NE respectively.

5.4 Quantification procedure of LAM and LLI

LAM at an electrode reduces the available material for lithium intercalation and deintercalation, and
thus decreases the electrode capacity [52, 55]. LLI due to parasitic reactions, such as SEIl growth,
lithium plating, etc. reduces the lithium inventory in a cell; accordingly, lowers the cyclable lithium
between the electrodes. LLI or LAM affects the lithiation levels of the electrodes at the EoC and EoD
and the capacity delivered between the EoC and EoD. This study presents the extensions of the
previous work [27, 55] and quantifies the LAM and LLI from the lithiation levels of the electrodes rather

than the lithiation level offsets.

For the quantification of LAM and LLI, the electrochemical behaviour of the electrode is assumed to

be unchanged during the cell ageing, i.e., the OCV vs lithiation of the electrode remains the same.
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Similar assumptions have been made within [21, 55]. With this assumption, the OCV profiles of the

electrodes are captured by using the harvested electrodes from a new full-cell.

To quantify LLI and LAM between two ageing levels of a cell, identification of each electrode’s lithiation
range used at each ageing level is necessary. An approach to identify the used lithiation range by fitting
the OCV of the full cell from the OCVs of the two electrodes is presented in Section 5.4.1. Next, the
proposed quantification procedure of LAM and LLI using the identified lithiation use ranges of the

electrodes is described in Section 5.4.2.

5.4.1 Cell OCV fitting

5.4.1.1 Identify the Cell OCV fitting range

The full cells are characterized, in terms of OCV between 4.2 and 2.5 V. However, in this work, the cell
OCV range used for the degradation analysis is limited within 4.2 and 3.3 V. As shown in Figure 5.53,
the relaxation behaviour of the cell voltage is analysed by tracking its variation towards the end of the
relaxation period to verify whether the selected one-hour relaxation period is sufficient for the battery
to equilibrate resulting in the correct OCV measurements. When the OCV is above 3.3 V, the cell
voltage changes in the last fifteen minutes of the rest period are well below 1 mV. This indicates that
the battery has reached equilibrium and the OCV measurements are reliable. For OCV voltages below
3.3 V, the battery voltage change is still noticeable in the last 15 minutes of the 1-hour relaxation
period, and thus the OCV measurement is less reliable. The reason for the insufficient 1 h relaxation
time at lower SOCs can be explained by the anode overhang effect that deals with the lithium transfer
between the active and passive parts of the anode as discussed within [102, 103]. Further, improved
relaxation at lower SOCs for the aged cell compared to the new cell (Figure 5.5a) indicates that the

effect of anode overhang reduces as the cell ages [104].

Considering the relaxation behaviour, cell voltage levels corresponding to the EoC and EoD are
redefined as 4.2 and 3.3 V. Figure 5.5b shows that capacities delivered between these two limits for
a cell (3.045 Ah against the total capacity of 3.196 Ah before the ageing tests and 2.46 Ah against the

total capacity of 2.53 Ah after the ageing tests) represent more than 95% of the of total capacity.
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Figure 5.5: Full-cell OCV range selection: a) Change in cell voltage in the last fifteen minutes of the one-hour relaxation during
OCV characterization; b) Cell OCV vs delivered capacity and the selected voltage range (between the two red dots) for cell A1.

The OCV profile against the delivered capacity between the EoC and EoD must be identified. At the
full-cell level, OCV is measured (defined as Ecei meas) in 120 equal intervals of capacity delivered (Qmeas),
as shown earlier in Figure 5.1. Full cell capacity (Qmax) is the capacity delivered by the cell when
discharged from 4.2V to 2.5V. The measured capacity vector and its corresponding OCV vector is
represented as:

Qmeas= 0.' ngx/120.‘ QmGX

Ece/l_meas = Ecell_meas,l; Ece/l_meas,Z----; Ecell_meas,lZl

where Eceii_meas,i is the OCV of the full cell at the measured capacity level Qmeqs,, i=1,2,...,121.

A curve fitting method based on Root Mean Square Error (RMSE) and spline is applied to this
measurement to represent Ecei_meas as a function of Qmeas as shown in equation (5.1). The fitness using
this function is less than 0.1 mV.

Eceil_meas = f1(Qmeas) (5.1)

Since the OCV profiles between 4.2 and 3.3V are of interest for the analysis in this work, the capacity
delivered (Qmax use) by the time the cell OCV reduced to 3.3 V is identified using equation (5.2).
Qmax_use = f17(3.3) (5.2)
Next, the delivered capacity within 4.2 and 3.3 V is normalized to define the SOC,s ranging from 1 to
0. From equations (5.1) and (5.2), the OCV profile within 4.2 and 3.3 V (referred to as EcenWhere Ece

C Ecenn_meas) can be then expressed as a function of SOCs. as:

Ecen =fl((1' SOCuse)* Qmax_use} (53)
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5.4.1.2 Identification of electrode OCV use range

For the full-cell OCV profile between the EoC and EoD limits, OCV profile range and lithiation
limits for each electrode are identified to enable the degradation analysis. As detailed in Section 5.3,
OCV of the PE is measured (tagged Ere) between 4.3 and 2.8V at 120 steps of lithiation level (Xpe)
ranging from 0 to 1. Similarly, OCV of the NE is measured (tagged Eng) between 0 and 1V in 120 steps
of lithiation level (Xne) ranging from 1 to 0. The measured OCV profiles and lithiation levels are

represented as:
Xpe=0:1/120:1
Xve=1:-1/120:0
En=Enza, Engyene.. Enj121

where H stands for PE or NE and Ey; is the OCV of the PE or NE at the lithiation level, Xj;, Xy ;.. The
curve fitting approach used on the full cell OCV is applied to the vectors E4 and Xy to develop a fit
function fy as represented by:
En=fu(Xn) (5.4)

For the selected full cell OCV range, lithiation level of each electrode at the EoC and the EoD is defined
as Xu,eoc and Xy eop respectively where H stands for NE or PE. The following iterative procedure (IP) is
applied to obtain these four unknown lithiation levels from the multiple combinations within their
range of 0 to 1.

IP Step 1: For a selected combination of lithiation limits and using equation (5.4), OCV of each

electrode (tagged as £) as a function of cell level SOC,. is generated by:

Erysoc = fu(Xueoc+ (Xu,e00 -Xt,e0c) *(1-SOCuse)) (5.5)
Here, SOCyse =1:-0.01: 0

IP Step 2: The OCV of the full cell (Ecen) is subsequently calculated based on the OCVs of the PE and the

NE between their identified lithiation limits according to:
Ece/l,50C= Eresoc- Enesoc (5.6)

IP Step 3: The measured cell voltage and calculated voltage over the SOC,s. range are compared using

the RMSE:

RMSEZ\/ 206:1(Erell;(())c1_ cell,soc)2 (57)

The RSME depends on the four-lithiation levels, i.e., Xpe oc, Xpe oD XNE EoC and XneEop. TO identify the

combination of lithiation limits that produces the least RMSE value, all the possible combinations of
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lithiation limits with a resolution of 0.001 between 0 and 1 are verified by repeating the IP steps one

to three. Figure 5.6 summarizes the procedure to identify the lithiation limits of the electrodes.
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Figure 5.6: A flow chart for the identification of electrode utilization ranges
5.4.2 Quantification of LAM and LLI

A simplified diagnostic method to quantify the degradation modes using lithiation utilization ranges
of the electrodes at two different ageing levels of a cell is developed for the quantification of LAM and

LLI as explained in this section.

5.4.2.1 LLl calculation
Lithium inventory (LI) of a cell at a working point is the sum of the lithium amounts at the PE (Llpe) and
NE (Llxe):
LI = Llpe+ Ling (5.8)
LI of an electrode is calculated using its current lithiation level and the capacity delivered by the

electrode between its lithiation use range limits.
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Figure 5.7: Lithiation levels of PE and NE for Cell A1 at: a) charged state (EoC) and b) discharged state (EoD)

Figure 5.7a shows the Xy eoc and Xee eoc at EOC while Figure 5.7b shows the Xie o0 and Xee e0p at EoD for
a cell before the ageing tests using the procedure presented in Section 5.4.1.2. Here, the capacity
delivered by the cell before the ageing is 2.91 Ah, which is normalized to 1 unit of lithium transfer (L)
between the electrodes. The L/ level of an electrode (L/» where A stands for PE or NE )at a working
point can be then derived as:

LIy = xp poc * <——L" ) (5.9)

XA,EoC~XA,EoD
(5.10)

where, Currand Cyre are the capacities delivered by the cell at the current ageing level and before
ageing tests, respectively.

Using equation (5.9), Llpe and Liye of Cell Al are obtained as 0.029 and 1.103 respectively at the EoC.
Then, the LI of the cell is calculated as 1.132 units using equation (5.8). Application of this procedure
to find the LI at the EoD also results in the same value at a given cell ageing level since the transfer of

lithium from one electrode to the other does not change the total lithium present in the cell.

By comparing the full-cell LI levels at two different ageing conditions, the LLI can be derived as:
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L[post

LLI =1—
Llpre

(5.11)

where, Llos: and Llyre denote the full-cell LI levels after and before ageing, respectively.
5.4.2.2 LAM calculation
LAM indicates the percentage of active material lost between two different ageing levels of a cell. This

can be defined as:

My pre — M4 post
LAM, = —2% <

* 100% (5.12)
mA_pre

where ma_pre and my_post are the masses of an electrode before and after ageing, respectively. Here, A
stands for NE or PE. Here, the mass considered for the electrode refers to the active electrode material
that is in contact with the current collector and excludes any residues of electrolyte or depositions of
the SEI layer. Since the mass of active electrode material is proportional to the capacity it can deliver,

equation (5.12) can be represented as:

CA_pre,m ax — CA_;post,max

LAM, = * 100% (5.13)

CA_pre,max

Where Ca_pre,max and Ca_post max are the maximum capacities delivered by the electrode NE or PE before
and after ageing, respectively. Since capacity supported by an electrode is in linear relation with its

lithiation level, this maximum-capacity can be computed as:

AC,
—x

CA_max = Ax, XA_max (5.14)

here, Xa_max is the maximum lithiation level of the electrode and AC, is the capacity delivered by the
electrode NE or PE for a lithiation change of AXx. Thus, equation (5.13) can be converted into a new
form:

ACA,pre ACA,post
AXA_pre AXA_pOSt
ACA_pre
AXA,pre

LAM, =

* 100% (5.15)

where, ACa pre and ACa_post are the capacities delivered by the electrode before and after ageing for a
lithiation range utilization of AXs_pre and AXa post, respectively.

Here, factor AC is the capacity delivered by the full-cell between the EoC and EoD and AX is obtained
from the identified lithiation limits of the electrodes for the full-cell OCV profile between the EoC and

EoD. Consequently, the LAM levels at the PE and NE are derived using equation (5.15).
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5.5 Degradation analysis: Results and discussion

5.5.1. Identification of electrode utilization range

Following the procedure described in Section 5.4.1, useable ranges of the electrodes are identified for
all the full-cells before and after their ageing tests. For example, Xee coc, Xpe £op Xne Eoc and Xie eop Values
of cell Al before the ageing test are identified as 0.95, 93.2, 86.95 and 8.45%, respectively. From this
identified lithiation use ranges of the electrodes, the LR that indicates the electrode balance is
calculated as 1.015 (N/P = 86/84.8). This value is about 7% lower than the LR value identified from the
electrode level capacities as discussed in Section 5.3.2. Results published by Birkl et al. [85] as well
show this mismatch that shows an LR value of 1.02 from the matching results for a new cell against
the LR value of 1.15 (or 3.18 Ah/2.78 Ah) from the half-cell capacities. This mismatch may originate
from two sources. First, at the cell level, the electrodes can have different surface areas because of
the differences in their lengths and widths [55]. While both the half-cells are prepared with the same
surface areas in this work. Second, both PE and NE half-cells are not tested for their respective entire

voltage ranges to capture the actual capacity levels.

Figure 5.8a shows the comparison between the measured (dotted blue line) and the estimated result
(green line) of the OCV and useable range of the electrodes (between the star points of the red line
for the NE and purple line for the PE) of that Set A’s cell. Further, to verify the quality of fitness, DV

curves are compared (Figure 5.8b) for the measured and estimated cell voltages that show a close fit.

DV curve at the cell level is compared with the DV curves of the electrodes to understand whether the
cell-level DV can reveal the electrode-level degradation modes. Conventional degradation analysis
using cell level DV or IC curves relies on the position and magnitude of local peaks and valleys of the
curves. As can be seen from the DV curves in Figure 5.8b, two significant peaks from the NE DV curve
marked as N1 and N2 are aligned with the cell level DV peaks C2 and C3. Meanwhile, only the peak P1
from the PE DV curve is aligned with the peak C1 of the cell DV curve. Other peaks P2 and P3 of the PE
are not observable at the cell level DV curves due to the strong influence of NE peaks N1 and N2 (as

per Figure 5.8b).
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Figure 5.8: Results of electrode capacity range fitting on Cell A1: a) Voltage and b) DV matching prior to the ageing; c)
Voltage and b) DV matching after the ageing. The start marks with values indicate the electrode lithiation levels at the EoC
and EoD.

As discussed within [105], while using the cell level DV curve, at least two peaks for each electrode are
necessary to quantify the degradation of the corresponding electrode. Since the position of the NE
peaks (N1 and N2) can be identified with the full cell DV curves from the peaks C2 and C3, LAM at NE
can be quantified (discussed in section 5.5.2) using the DV curves at the cell level without the need for
electrode level information. On the contrary, only one peak of the PE can be identified from the full
cell DV curve. Hence, it is not possible to quantify the LAM at PE with the full cell DV curves alone. As

a result, LLI quantification is also deemed to be not possible if LAM at PE occurs in the lithiated state.

Changes in the magnitude of a particular electrode peak cannot be identified from the corresponding
cell level peak although their positions are aligned. For example, the magnitude of the peak C2 that
corresponds to peak N1 is the sum of the DV magnitudes of PE and NE at that position. Taking a simple
case of a certain amount of LLI at the NE, the peak N1 whose magnitude is similar in both the ageing
levels can now occur at a different DV level of the PE. This can result in the change of peak C2 level
although the magnitude of peak N1 is unchanged. Therefore, the changes in the magnitude of a peak

at cell level DV curve as the cell ages can not be attributed to the corresponding electrode peak when
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both the electrodes have a dynamic DV profile. These drawbacks of the cell IC or DV curves is

addressed by including the OCV profiles and lithiation limits of the electrodes.

Meanwhile, Figure 5.8c and d show the voltage and DV curves with the fit data for the same cell after
it lost 20% capacity through cycling. The results highlight that compared to the new cell (RMSE=1.60
mV), the OCV fitting on the aged cell is less accurate (RMSE=4.7 mV). Such results are seen across the
cells as shown in Table 5.2. Similarly, the mismatch in terms of DV curves between the measured and
estimated cell voltages is significantly higher in the aged state (as seen in Figure 5.8d) compared to its

unused state (as seen in Figure 5.8b).

Table 5.2: Cell OCV fitting errors using the OCVs of the electrodes

Test case SOH (%) Cell number RMSE (mV) Max Error (mV)
100 1 1.60 5.3
Set A (Aggressive 100 2 1.81 6.0
charge profile) 100 3 1.81 6.0
78.86 1 4.70 17.8
84.39 2 3.80 12.2
78.41 3 4.20 15.1
100 1 1.89 5.5
Set C (Less aggressive 100 2 1.71 5.7
charge profile) 100 3 1.51 5.6
93.94 1 2.01 7.9
94.71 2 1.81 8.4
93.76 3 1.99 7.2

One potential reason for the error increase for the aged cells is the changes in the electrochemical
behaviour of the electrodes. For the PE, the active electrode material NCA is a compound of Nickel,
Cobalt, Aluminum and Oxygen. With the dissolution of Ni at the higher voltage levels of PE (>4.2 V)
[106], the structure of the electrode can change over the battery ageing. This can modify the PE OCV
profile. On the other hand, activation of passivated lithium depositions at the NE may influence its
OCV profile. As per [103], a portion of the lithium dispositions that are electrically disconnected but
mechanically connected to the electrode may slowly establish electrical contact with the electrode
after the fast-charging tests. This may influence the OCV profile measured immediately after the fast

charge cycling since the GITT procedure with a low C-rate (C/20) discharge coupled with rest periods
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takes more than 120 hours. Therefore, the negative electrode OCV vs lithiation map may differ from

the pristine NE electrode.

When fitting full-cell OCV of the aged cells, the half-cell OCVs collected on the electrodes harvested
from a new cell are still used, and therefore it does not account for the changes occurring to the
electrodes. This may explain why the OCV fitting for the aged cells can have higher levels of fitting

errors.

On the other hand, through the cycle ageing, a drop in the lithiation use range of the PE (from 86% to
77.25) or the LR level (from 1.015 to 0.915) is observed as seen from Figure 5.8a and c for cell Al. This
indicates that the cell has experienced LAM at the NE [55], although it does not allow quantifying the

LAM directly.
5.5.2. Application of the degradation diagnostics

The selected cells are aged under two different conditions as presented in Section 5.3.1. Set A cells
are cycled under the plating induced conditions where the VRP method is used to confirm the
occurrence of lithium plating. Set C cells are cycled with the less aggressive charge profile where
plating is not detected. Levels of degradation in terms of LLI, LAMye and LAMpe for Set A and Set C cells
are calculated as described in Section 5.4.2 and their values are shown in Figure 5.9a and Figure 5.9b

respectively. Following observations have been obtained from that result:
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Figure 5.9: LAM and LLI levels: a) Set A cells; b) Set C cells
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1. Higher levels of LLI (circa 19.4%) are observed for Set A cells compared to Set C cells (circa
7.3%) as shown in Figure 5.9. This could be explained through the following reasons. First, Set A cells
had higher levels of lithium plating (see Figure 4.5). Part of the plated lithium becomes irreversible,
leading to LLI. Secondly, the increased LAM could raise the LLI level since LAM could occur in the
lithiated state. Third, the plated lithium could crack the SEl layer, resulting in further growth of the SEI
layer consuming cyclable lithium [76]. Given that the usual growth of the SEI layer slows down with
time after preconditioning of cells [107] and these cells are cycled only 52 times against their rated
life of circa 800 cycles, it is reasonable to assume that lithium plating is leading to accelerated LLI

levels.

2. Increased levels of LAM at the NE are observed under lithium plating. The LAM levels at NE of
Set A cells are significantly higher (an average of 16.2 %, Figure 5.9a) than those of Set C cells (an
average of 6.1%, Figure 5.9b). Although relatively low, the LAM levels in Set C indicates that there
could be some amount of lithium plating that is below the detectable level. As discussed within [28],
the VRP method fails to detect lithium plating levels lower than 2.5%. Visual inspection of the
electrodes (Figure 4.6) as detailed in Section 4.5 also indicate relatively lower levels of lithium metal

depositions in Set C cells compared to that of Set A cells.

The LAM difference between the two sets indicates that lithium plating dominates the LAM levels at
the NE for two reasons. First, Set A cells are charged with an aggressive current profile and found with
much higher levels of lithium depositions compared to Set C cell (see Figure 4.6). Second, other
possible ageing mechanisms such as binder decomposition and graphite exfoliation at the NE [51, 108]
that cause LAM might not induce such high levels of LAM given these cells are only tested for 52 cycles

[26].
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Figure 5.10: a) IC and b) DV curves of the first cell in Set A at two different ageing levels
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In addition to the quantification of degradation modes using the proposed electrodes OCV profiles,
IC-DV curves are also compared for degradation analysis. Figure 5.10a and b show the evolution of IC
and DV curves respectively for cell A1. Inthe DV curves, the cell capacity delivered between the peaks
C2 and C3 is equal to the capacity delivered by the NE electrode between the peaks N1 and N2.
Therefore, the percentage of capacity reduction between these peaks can be used to indicate the
percentage of LAMe. As seen from the figure, the capacity between the peaks C2 and C3 has dropped
by 15.6% (1.086 Ah compared to 1.285 Ah) which suggests that LAMng is 15.6%. On the other hand,
LAMe estimated for the same cell using the electrode OCV profiles is 17.8%. The large levels of LAMye

calculated from both techniques highlights that mechanical stress has increased under lithium plating.

Increased levels of LAM under the influence of lithium plating can originate from two possible sources.
One, as discussed earlier, volume expansion due to the lithium metal depositions in the early cycles
can raise the mechanical stresses within the cell and lead to LAM in the first moment. Second, as
discussed within [66], the formation of localized layers due to passivated lithium depositions or
electrically isolated LAM in the early cycles may further increase the mechanical stresses locally which

in turn can raise the LAM further.

3. LAMNe is higher than LAMge for each cell in Set A (as per Figure 5.9) and the average LAMye
across Set A cells is 16.2% while the average LAMp is only 8.9%. Since lithium plating occurs at the NE
and metal depositions could stay between the NE and the separator, it can be reasonably assumed
that the NE experiences higher levels of mechanical stresses compared to the PE ([2, 17]). Therefore,

it follows that mechanical stresses impact on the NE could be higher than the PE.

4, The results also highlight that LAMye levels are comparable to the LLI levels in the aged cells.
For example, cell number one from set A lost 17.8% LAMye and 19.4% LLI. LAM can occur in lithiated
condition, which means LLI along with it, or in the delithiated state. Since lithium plating occurs
towards the end of charging or near to full lithiation of the electrode, mechanical stresses could rise
in the lithiated state of NE. This could result in higher levels of LAM in the lithiated state (LAMine). As
discussed within [109], the shift of valley points in the IC curve (*C2 and *C3) that correspond to the
peaks C2 and C3 in the DV curve (or the peaks N1 and N2 of the NE) towards higher cell voltages (as
seen from Figure 5.10a) as well indicates the dominance of LAMine. Therefore, significant levels of LLI
may come from LAMine and the contribution of irreversible lithium plating to the total LLI can be much
lower than the LLI from the LAM. This analysis indicates that the majority of lithium plating can
become reversible and LAMjne can be a major result of lithium plating. However, this initial conclusion

needs further study to quantify the LLI from LAM.
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In summary, LLI and LAMe are significant in the cells with lithium plating. These important findings
help to confirm the theoretical understanding of increased mechanical stresses under lithium plating.
Unlike the previous studies [2, 26] indicating that LLI is the dominant outcome of lithium plating, this
study demonstrates that LAMine is the most critical degradation mode under the influence of lithium
plating. This observation is useful in improving the knowledge about lithium plating and its influence

on battery ageing and consequently helpful in deriving fast charging strategies.
5.6 Implications for fast-charge strategies development

The degradation modes of batteries aged under the influence of lithium plating indicate that LAM is
increasing with lithium plating levels. This improved knowledge of lithium plating influence on the
battery helps in developing charging strategies in two ways. First, this knowledge useful for deriving
charging strategies for EVs. Allowing few fast charging events that could cause lithium plating for an
EV will be detrimental to its battery life, as there exist short term and long term negative impacts.
Lithium depositions from previous charge events that remain in the battery contribute to mechanical
stresses. Therefore, to maximize battery life, lithium plating needs to be completely avoided even in
fast charging events. In cases where a trade-off is performed between fast charging and battery life,
EV manufacturers need to consider both short-term and long-term implications of few fast charging

events.

Second, batteries that faced lithium plating in their first use may be avoided for second life use as the
presence of higher volume-occupying lithium metal depositions increases mechanical stresses.
Alternatively, increased volume of the batteries from their unused condition can be measured and
considered in selecting the operating conditions such as DOD use range, charge currents to limit the

volume expansion during charge.

5.7 Limitations and future work

5.7.1 Impact of electrode degradation

As the battery degrades the RMSE of OCV fitting started rising. There is a possibility of electrochemical
changes in the electrodes that could affect the results because the method depends on the OCV
measurements using the electrodes harvested from a new cell. The electrochemical changes such as
structural changes in the electrode can modify their OCV profiles that might be affecting the fitting
results. In addition, these electrochemical changes may affect the accuracy of the degradation modes

estimation. To confirm the reason behind the increased fitting errors for the aged cells and to assess
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the influence of electrochemical changes on the quantification accuracy of the degradation modes, a

further half-cell OCV comparative study on both new and aged cells is needed.
5.7.2 Impact of lithium metal depositions

This work found that material cracking in the form of LAM at the NE increases under lithium plating.
Based on this principle, it is assumed that previous lithium plating occurrence could continue to cause
damage to the battery. However, further study is needed to confirm whether lithium plating has a

long-lasting impact on battery degradation.
5.7.3 Loading ratio mismatch

As mentioned in Section 5.5.1, there is a mismatch between the LR values identified from the
electrode level capacities and matching results. Identifying and accounting for the sources that
contribute to the mismatch will help to affirm the matching procedure employed. Further study is
required to quantify the surface areas and capacities of both the electrodes in a full cell and include

the LR factor in the matching procedure accordingly.

5.8 Conclusions

This study has proposed a two-stage procedure to quantify the degradation modes of Li-ion battery.
First, using the OCV profiles of a cell and its electrodes, utilization of the voltage range of each
electrode are identified. This procedure is applied to the cell at two different ageing levels. Second,
quantification of degradation modes is carried out based on the identified electrode utilization ranges
and the capacities delivered at two different ageing levels. LLI is calculated based on the changes to
the lithium inventory present in the cell. On the other hand, LAM at each electrode is derived using its
scaling effect on the electrode utilization range. The presented diagnostic technique has the potential

for applications to other lithium-ion cells using different chemistries.

The proposed procedure of quantifying the degradation modes using the OCV measurements and
capacities is applied to a cell aged under lithium plating. Previously, LLI is considered a dominant
degradation mode under lithium plating. However, the results in this study highlight that lithium
plating results in significant LAMye in addition to the LLI. This confirms that lithium plating raises the
mechanical stresses in the cell. This study, therefore, underpins a better understanding of lithium
plating, supporting the future development of optimal charging protocols to minimize battery

degradation.
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6 Study 4- A New On-line Method for Lithium
Plating Detection in Lithium-ion Batteries

6.1 Introduction

Detecting the onset of lithium plating during a charging event is essential to minimize the amount of
lithium plating and to track the lithium plating tendency over the battery lifetime [26]. As discussed in
Chapter 2, although there exist multiple approaches to detect lithium plating, none of them detects
the onset of plating during charge. Therefore, the challenge of determining the onset of lithium plating
during charge remains prominent for many battery applications. The objective of this study (or
research objective 3 of this IR as discussed in Chapter 2) is to develop and validate an in-situ method
for detecting the onset of lithium plating in a commercial cell during charge using standard battery
health monitoring signals (e.g. voltage and current) for real-time use. The research hypothesis is to
detect lithium plating by tracking battery impedance during a charge event. Concentration gradients
in the electrodes and electrolytes, SEl layer, Ohmic resistance of the current collectors and CTL at the
electrode interface collectively contribute to the value of battery impedance. It is assumed that a new
process introduced by lithium plating in the form of lithium metal depositions at the NE will modify
the battery impedance profile. It is therefore believed that lithium plating shall be identifiable by

tracking the impedance profile during charge.

The remainder of this chapter is structured as follows. The theoretical background for the
consideration of impedance for plating detection is detailed in Section 6.3. Section 6.4 discusses the
experimental framework and methodology. Section 6.5 presents the experimental results to highlight
the potential of the proposed method. The application and limitations of the study within the context
of EV are discussed in Sections 6.6 and 6.7, respectively. Overall conclusions of this research are given

in the final section.
6.2 Objective of this study
To detect and control lithium plating in real-time applications, the following objective is defined:

e To develop and validate a new method for BMS use that can identify the onset of plating

within a charging event and is implementable in real-time applications.
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6.3 Methodology

This section presents the theoretical background of the proposed impedance-based lithium plating
detection method. First, multiple processes internal to the battery that underpin the measure of
impedance to the charge flow are discussed along with the use of electrochemical impedance
spectroscopy (EIS) techniques for their quantification. Second, the potential influence of lithium
plating on the impedance of a subset of processes are discussed. Next, a method to detect this change

to the impedance profile to identify lithium plating is presented.

6.3.1 Battery impedance

Lithium exchange between the electrodes in a lithium-ion battery comprises of a series of multiple
processes including lithium-ion diffusion in the electrolyte, migration through the SEI layer, charge
transfer through the electrode/electrolyte interface, solid-state diffusion in the bulk of active material
and electron transfer external to the battery via the current collectors [110, 111]. During
charge/discharge events, these processes introduce impedance to the charge flow and cause a voltage
drop between the two electrodes. As discussed within [111], these processes can be individually
identified by using EIS since each of them has a different time constant or frequency range of

excitation.

Commercially available 18650-type lithium-ion cells with a rated capacity of 3.1Ah are used in this
study. Figure 6.1a shows the EIS plot of a new cell of the selected cell type at 50% SOC after it has
been allowed to equilibrate for 4 hours at room temperature (25 °C). As discussed within [112], voltage
changes or impedance changes are not significant beyond the first 4 h of the relaxation after the SOC
adjustment performed with 1C discharge rate. Several publications such as [110, 113] describe in
detail how to interpret the EIS plot and so this information will not be repeated here. However, for
completeness, a summary is provided below. As discussed within [111], the high-frequency region
(2761 Hz) is caused by the ionic conduction through the electrolyte and electronic conduction through
the current collectors whose impedances are represented by Zg and Zg respectively. The mid-
frequency region (between 761 and 0.67 Hz) represents the CTL at the electrode-electrolyte interfaces
and the ion migration through the SEI layer whose impedances are represented by Zcr and Zsg
respectively. The low-frequency part (<0.67 Hz), usually characterised by a 45° slope, is introduced by
the SDL in the electrodes. Figure 6.1b shows the equivalent circuit of a lithium-ion battery by this
network of impedance values. In the Figure, the impedance due to SDL (referred as Zspi,ne OF Zspipe) at
each electrode is hidden under the electrode surface potential represented by Vngs or Vees that is

different from OCV due to the potential drop introduced by the SDL.
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Figure 6.1: Battery impedance: a) EIS plot at 50% SOC, b) EIS plots at different SOC levels, c) Equivalent electrical circuit
diagram representation of the battery impedance, and d) impedance and resistance at the transition frequency f. to track
mid to high frequency impedance with SOC

Figure 6.1c shows the EIS plots of the same cell at different SOC levels. As it can be observed and as
reported within [111], the impedance in the mid-frequency range varies with SOC. Since Zcr and Zsg
contribute to this range and since no significant change in the SEl layer thickness is expected in a single
charge/discharge cycle [30, 114], the mid-frequency impedance variations can be attributed largely to
the Zcri. The electrochemical models that describe the CTL through the Butler-Volmer equation [90,
115] also support this rationale. According to their presented analysis, Zcr. at an electrode varies
according to the electrode surface lithiation level. At low (near to 0 %) and high lithiation levels (near
to 100%), Zcri is high and reduces as the lithiation level moves towards 50%. Therefore, the impedance
changes in the mid-frequency region come mainly from the Zcr, and tracking the battery impedance
should indicate the way Zcr is changing while the battery is being charged or discharged. The influence
of lithium plating on the value of Zcr and detection of onset of lithium plating with the help of Zcr are

detailed in section 6.3.3.

The impedance measured at the transition frequency (referred to as fir which is marked with “*” in

Figure 6.1c) at which impedance changes to 45° slope allows quantifying the total impedance from

94



6. Study 4- A New On-line Method for Lithium Plating Detection in Lithium-ion Batteries

both the high and the mid-frequency regions. Since the impedance from the high-frequency region is
nearly constant (as seen from Figure 6.1c), tracking the impedance at the fi; (referred to as ZTR) allows
tracking the mid-frequency impedance changes and thus Zcri.. ZTR measured at the fi. can be estimated

as:

ZTR = Z_Q + ZCTL + ZSEI + ZEl (61)

where Zg = Zny + Zgy and Zery, = Zerng + ZetLpE

Here, Zg, and Zg, are Ohmic resistances at the NE and PE respectively; Z¢ty, ng and Zcrp pg are
impedance due to CTL at the electrodes NE and PE respectively. Figure 6.1d presents the ZTR profile
against the battery SOC where ZTR drops initially as battery SOC raises from 0% and reaches a near

flat level in the mid-SOC range before rising again as SOC goes further towards 100%.

6.3.2 Impedance tracking with EIS

The approach taken to track the ZTR and thus Zcr while charging/discharging without the use of
laboratory equipment requires interrupting the current or creating a step change to the current similar
to the hybrid pulse power characterization (HPPC) test often used in developing equivalent circuit
models [116, 117]. In this work, charge current is interrupted every 1% SOC increase for a predefined
period. The step-change in the current and the associated voltage change during the interruption is
used to calculate the real part of ZTR (referred to as RTR) based on Ohms law. To understand how RTR

enables ZTR tracking, the following discussion is provided.

As seen from Figure 6.1c, the imaginary part of the impedance or reactance at fi, is significantly lower
than the resistive part (RTR) irrespective of the SOC level. Table 6.1 shows the ZTR (or impedance at
fi) and its real part along with the reactance at different SOC levels. Here, RTR is found to be within
1% of the total value of ZTR irrespective of the SOC level. Therefore, variations in the mid-frequency

impedance or the ZTR can be tracked using the calculated RTR value.

Table 6.1: Impedance and its reactive and resistive parts at fi

SOC(%) f«(Hz) RTR(mQ) Img(ZTR)(mQ) ZTR(mQ)  RTR/ZTR*100

26 0.21 47.3 1.89 47.33 99.94
39 0.54 40.8 1.43 40.82 99.95
52 0.67 40.5 1.69 40.53 99.93
78 0.67 40.9 1.61 40.93 99.93
96 0.16 50.2 2.86 50.28 99.84

95



6. Study 4- A New On-line Method for Lithium Plating Detection in Lithium-ion Batteries

To identify the charge interruption period, as discussed within [111], the time constant (t) of an
equivalent RC network that produces the semi-circle in the mid-frequency region can be used. The
value of tis calculated with the frequency (referred to as fmax) which is marked with circles in Figure
6.1C at which the imaginary part of the impedance attains a maximum level in the mid-frequency
region using T = (21fmax)*. An interruption time of 2t s shall recover the voltage drop due to the RC

network by 87% of the maximum value [111].

6.3.3 Impedance under lithium plating

While charging at low C-rates or during high ambient temperatures, due to the improved diffusion in
the electrodes, differences between the lithiation levels of the electrode surface (referred to as Lines
and Lipes for the NE and PE respectively) and the bulk are known to reduce [90, 115]. Therefore,
charging conditions that allow Lines and Lipes closer to their average electrode lithiation levels can
produce a ZTR profile similar to the ZTR profile obtained from the EIS measurements taken at different
SOC levels (as seen from Figure 6.1d) where the lithiation differences in the electrode particles are
deemed to be negligible. Conversely, at high C-rates of charging or at low temperatures, the rate of
Lines rise in line with SOC increases because of increased SDL or reduced diffusion in the electrodes.
Therefore, the Zcr that depends on the Lines can reach the lower levels at a lower SOC level compared
to charging at low C-rates or high temperatures. With further charging, Lines tends to raise towards a
full lithiation level as Vne,scomes closer to Li reference potential much before the battery reaches 100%
SOC. The potential drop due to CTL (referred to as Vcri) that increases with increasing C-rate or
decreasing temperature when combined with the lower potential of Vyes can push the NE potential
below the Li reference where lithium plating commences. Once lithium plating begins, the rate of
electrode lithiation rise is reduced and accordingly the Zcr rise is reduced since the charging current
(referred to as ls) is now divided into intercalating current (referred to as lin) and lithium plating
current (referred as l;). Additionally, as discussed within [56, 61], the lithium plating reaction at the
NE also follows the Butler-Volmer equation that introduces a new branch of impedance in parallel to
the existing Zcrne as shown in Figure 6.6.2. Similar to the intercalating current that faces Zcrne, lithium
plating current faces an impedance referred to here as Zcri 1. As a result, the overall impedance at the
NE drops compared to Zcrne after the onset of lithium plating. On this basis, it is hypothesised that

tracking the ZTR will allow detecting the onset of lithium plating during the charging event.
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Figure 6.6.2: Equivalent circuit representation of a battery impedance after the onset of lithium
plating

The hypothesis to detect lithium plating can be further explained as follows. In the case of a charging
event without lithium plating, ZTR (or Zcn) follows the curve from Figure 6.1d where ZTR faces
continuously decreasing reduction at lower SOC levels to reach a near flat level in the mid-SOC range
and then increases as SOC rises towards 100%. In the case of a charging event with lithium plating,
ZTR faces a second downtrend after the onset of lithium plating because of the introduction of parallel
impedance (Zcri) across the existing Zcrne. Detecting this second downward trend by tracking the

ZTR shall, therefore, indicate the onset of lithium plating.

6.3.4 Impedance tracking in real-time

To track ZTR using a charge interruption technique while the battery is undergoing a charge event, fmax
that varies with SOC, temperature and ageing must be known priori. As seen from Figure 6.1c, fmax and
fir levels vary from circa 3.4 to 49 Hz and 0.21 to 0.67 Hz respectively with SOC for the new cell selected
while testing at 25°C. As per [111], the values of fmax and fi can reduce as low as in turn to 100 mHz
and 10 mHz for a comparative aged cell while testing at 0 °C temperature although these numbers
vary between cell type according to the cell format and chemistry [118]. Since it is difficult to identify
fmax Or fir in real-time applications to track impedance of the mid-frequency region, a fixed frequency
approach is adopted in this work. Implications of using a fixed frequency against the variable f;; on ZTR

tracking is analysed using the EIS data.

Selecting a frequency level that falls in the low-frequency region and that is below the fi, range shall
not only facilitate tracking of the impedance from the mid-frequency region but also some portion of
low-frequency region as well. For the observed fi: range of 0.67 and 0.21 Hz, the impact of fixing the
frequency of AC excitation at 0.1 Hz and 0.05 Hz is analysed to better understand whether the Zcr can
be adequately quantified while employing this assumption. Figure 6.6.3a shows EIS plots marked with
fir, 0.1 Hz and 0.05 Hz at 50 and 96% SOC levels. The impedance at 0.1 Hz and 0.05 Hz from the EIS
measurements are plotted against the SOC as shown in Figure 6.6.3b and Figure 6.6.3c respectively
along with that value of the fi.. The impedance profile at 0.1 Hz is found with some offset compared

to the ZTR profile obtained at fi.. Impedance from the low-frequency region (termed Zjow) at 0.1 Hz is
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combined with that of ZTR to produce an offset as seen from Figure 6.6.3b. The impedance at 0.1 Hz

can produce a profile similar to that of the ZTR for two reasons.

e  First, the contribution of the low-frequency region to the overall impedance value at 0.1 Hz is less

than 5% of the overall ZTR value. As seen from Figure 6.6.3b, the minimum level of ZTR (or

impedance at fi;) and the maximum level of the Zjo are circa 40 and 1.8 mQ respectively.

e Second, the rate of impedance change experienced by the ZTR is much higher than that of the

Ziow. For example, an increment in the value of ZTR and decrement in the value of Zj,, are in turn

9.1 and 0.8 mQ while SOC is rising from 78 to 96%. As a result, the impedance at 0.1 Hz is still

able to maintain the initial drop and final rise and able to produce a profile similar to that of ZTR.

Similar results are observed for the impedance profile at 0.05 Hz (Figure 6.6.3c). To summarise,

the ZTR profile can be tracked with a chosen frequency that is below the fi: range.
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Figure 6.6.3: Battery impedance: a) EIS plots marked frequencies fi, 0.1 and 0.05 Hz; b) impedance profile at 0.1 Hz in
comparison with that of f;, along with the impedance from the low-frequency region at 0.1 Hz and c) impedance profile
at 0.05 Hz in comparison with that of fi along with the impedance from the low-frequency region at 0.05 Hz
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Similarly, the value of charge interruption time derived from a frequency that is below the fmax range
can ensure tracking of the impedance from the mid-frequency region in all operating conditions. Since
the minimum level of fmax for the new cell is observed at 3.4 Hz and it can decrease further with
reducing temperatures and increasing ageing levels [111], a minimum f.. level of 100 mHz is
considered to derive the rest period. At the identified reference frequency (fmax), Tis 1.59s (T =
(21fmax) ) and measuring the voltage response in 3 s allows us to measure 85% of the total change
expected. As a result, to study lithium plating by tracking the impedance, charge currents are
interrupted for 3 s, every 1% SOC increase. As discussed within [84], pulsed charging by interrupting
the charge current frequently can reduce the concentration gradients within the electrodes and thus
reduce the potential drops at the electrode. Therefore, the charge interruption procedure benefits
indirectly by reducing the lithium-plating occurrence although the magnitude of reduction depends
upon the length of the interruption time [10]. Within this work, the study is limited to tracking the
impedance while using the charge interruption procedure. The experimental procedures to track ZTR

using the intermittent charge interruption are detailed in section 6.4.

6.4 Results and discussions

To track the value of ZTR during different charging events that include potentially non-plating and
plating conditions, experiments at different ambient temperatures (10, 20 and 30 °C) and C-rates (0.2,
0.5,0.75, 1 and 1.25C) are performed. For the selected cell type, the recommended maximum charge
C-rate is 0.42 C (or 1.25 A) and a charge temperature range defined as 10 to 45 °C. Therefore, charge
C-rates higher than 0.42C may be deemed “abusive” and could potentially cause lithium plating even
within the recommended temperature range [26, 58]. A detailed description of the experimental

setup and test procedure are presented in the following sections.

6.4.1 Test case definition

Four test cases employing four sets of cells are employed for experimentation. For each test case, as
shown in Table 6.6.2, three cells are selected for reproducibility and to minimize the influence of cell-
to-cell variations on the experimental results. Among them, test cases Al, B1 and C1 are performed
at 10, 20 and 30°C respectively to study the ZTR profile at different C-rates at each temperature with
active cell surface cooling. In addition, test case D1 is included in the experimental programme to
analyse the impact of temperature rise during the charge on the ZTR profile where the cells are

operated without active cell surface cooling.

Table 6.6.2: Cell level test case
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Test case Temperature charge C-rates

Set Al:3 cells  10°C with active cooling 0.2C, 0.5C, 0.75C, 1C, 1.25C

Set B1: 3 cells  20°C with active cooling 0.2C, 0.5C, 0.75C, 1C, 1.25C

Set Cl:3 cells  30°C with active cooling 0.2C, 0.5C, 0.75C, 1C, 1.25C

Set D1: 3 cells  20°C without active cooling 0.2C, 0.5C, 0.75C, 1C, 1.25C

6.4.2 Experimental setup

In this work, the selected cells are placed on a Perspex plate fixture through which the cells are
connected to a Maccor cell cycler (Model: Series 4200). To keep the cell temperature as close as
possible to the desired temperature (except for case D1), liquid (Kryo 51 silicon oil) cooling over the
cell surface is used with the support of a LAUDA (Model: Proline RP 845 C) temperature Controller. In
the case of test case D1, cells are evaluated in an environment maintained at 20°C without any active
cooling to allow the usual rise of temperature during charge. For the analysis, the Maccor unit enables
data recording of the cell voltage and current with £0.1 mV and * 0.03 mA resolutions, respectively.
Furthermore, a Maccor probe using T-type thermocouples with an accuracy of +1 °C is placed at the
centre of the cell in the axial direction to measure temperatures on the cell surfaces. The test

parameters including the measurement accuracies and sample rates are summarised in Table 6.6.3.

Table 6.6.3: Measurement parameters and their range and accuracies

Measuring parameter Operating range Measurement Resolution Sampling
accuracy time

Cell voltage 2.7to4.2V +1mV 0.1mV 20 ms

Cell current +4.8t0-1A + 1 mA% 0.030mA 20 ms

Cell temperature 0to30°C +1°C 0.01°C 1s
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6.4.3 Experimental procedure

All the cells prior to the impedance tests are preconditioned for six cycles at 25°C temperature with
C/3 constant current (CC) charge/discharge rates and C/40 constant voltage (CV) cut-off current
between the voltage limits of 4.2 and 2.7 V. The SEl layer over the NE grows largely during the initial
few cycles after which the rate of growth reduces as its layer thickness increases [119]. As a result,
impedances due to the SEl layer attain stable levels after the preconditioning cycles as discussed
further within [54]. The number of preconditioning cycles required to stabilize a cell may vary
according to its chemistry and format. As presented in section 4.5.1.1, the selected cell type could
reach stable capacity levels within the first 6 cycles of preconditioning. After the preconditioning stage,
the impedance tests in each test case are performed at their selected temperature while charging.

The test procedures are presented through a flow chart as shown in Figure 6.6.4a.
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Figure 6.6.4: Experimental procedure: a) flow chart, b) current and c) voltage profiles in charge interruption tests

oo

In each case, the cells are cycled five times with different charge rates in each cycle starting from 0.2C
in the first cycle to 1.25C in the last cycle as shown in Figure 6.6.4a. Prior to each charge test, the cells

are discharged to 2.7 V with a CC-CV profile using a C-rate of C/3 in the CC phase and a CV cut-off
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current of C/40 in the CV phase. Then, the cells are charged with the modified CC charge (intermittent
charge interruption) to estimate the values of ZTR in real-time. Since the focus of this research is to
detect lithium plating that occurs during charge as detailed in Chapter 2, the application of the

modified current profile is limited to charging events.

To track the profile of ZTR, the cells are charged incrementally, in steps of 1/100 of the nominal
capacity (Q = Qnom/100), by applying selected C-rate of charge and subsequently allowing the cell
voltage to relax for 3 s as discussed in section 6.3.4. Here Qnom Of the cell refers to the discharge
capacity measured in the 6" cycle of preconditioning. Figure 6.6.4b and ¢ show cell voltage and charge
currents where positive and negative levels of cell current refer to charge and discharge respectively.
The cell voltage recovery by the end of each rest period (referred to as dV) and the current difference
created (referred as dl) from the CC charge to the 3 s rest are recorded to calculate the resistance ZTR

using Ohms law.

6.5 Results & Discussion

6.5.1 Charge at low C-rate

During charge, lithium is transferred from the PE to the NE. The lithiation level of the PE drops and
that of NE rises as the charging event progresses. The ZTR that is influenced by the electrode lithiation
levels is tracked as the charge progresses. For different current C-rates at 10 °C, Figure 6.5a shows the
ZTR profiles plotted against the battery SOC. For the case of 0.2C charge rate, the ZTR reduced in the
initial period of charging and then attained minimum levels in the mid-SOC band and then started to
rise once again towards the end of charging. This profile is similar to the original ZTR profile (Figure
6.1d) obtained with the EIS data that is measured under non-plating conditions. Since the potential
drops in the battery are expected to be significantly low while charging at a C-rate of 0.2C, the NEP
could stay above the Li reference value for the entire charging period and thus, lithium plating is not
expected in this low C-rate charging scenario [70]. The absence of lithium plating is further confirmed
with the VRP method that infers lithium plating using post-charge voltage relaxation profiles. Figure
6.5b and c show the voltage relaxation profiles and its differential respectively. As per the VRP method,
the single-stage relaxation of the voltage or its differential without a valley and peak for the 0.2C

charge indicates the absence of plating.
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6.5.2 Charge at high C-rates

To observe the ZTR profiles at high charge C-rates and at a temperature of 10 °C where lithium plating
could potentially occur, charge C-rates 0.5C, 0.75C, 1C and 1.25C are applied in a sequence where the
fully discharged battery is charged at the selected C-rate to 4.2V with the proposed charge
interruption procedure. The ZTR profiles (as seen from Figure 6.5a) for charge rates >0.5C show an
unusual trend compared to that of 0.2C or the ZTR trend derived from the EIS data (Figure 6.1d). After
reaching near flat levels in the middle of charging, the ZTR profile of 0.2C shows a continuous rise until
the end of CC charging. Conversely, the ZTR profiles for charges rates >0.5C have shown a negative
trend until the end of CC charging period. The SOC level at which this trend begins (referred to as SOC;,
that is marked with vertical lines in Figure 6.5a) reduces with increasing C-rate which is in line with
the general understanding, reported in the literature, that increasing C-rates reduce the SOC level at
which lithium plating commences [5, 120]. As it can be seen from Figure 6.5a, SOCy is dropped from

79% at 0.5C charge rate to 35% at 1.25C charge rate.
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Figure 6.5: a) ZTR profiles of a cell in test case A1 (10 °C) at different C-rates (dotted vertical lines indicate the SOC level at
which ZTR shows unusual trend. b) Post-charge voltage relaxation profiles and c) their differentials at different C-rates.

103



6. Study 4- A New On-line Method for Lithium Plating Detection in Lithium-ion Batteries

As discussed in section 6.3, the onset of lithium plating could affect the ZTR to produce such a negative
trend. As discussed within [24] and described earlier, increasing charge C-rates raises the potential
drops due to various internal mechanisms and lithium plating begins if the NEP drops below the Li
reference level. The occurrence of lithium plating is confirmed with the VRP method. As shown in
Figure 6.5¢c, the cell voltages in the post-charge relaxation period exhibit a two-stage recovery and
their differentials with peaks and valleys indicate the occurrence of lithium plating for the charge rates
greater than 0.75C. In the case of 0.5C charge rate, the voltage differential (Figure 6.5c) shows a profile
that neither indicates the absence (as in the case of 0.2C) or occurrence of plating (as in the case of
0.75C) potentially because of smaller levels of lithium plating that are not detectable using this
method. Therefore, as validated by the VRP method and supported by the theory described in section
6.3, it is believed that the ZTR profiles can be used to detect the occurrence of lithium plating. Once
lithium plating begins, the intercalating current drops that reduce the rate of Lings raise. Since ZTR or
Zcr are strongly associated with the Lings, the Zcr increase is reduced. Further, with the introduction
of a parallel reaction in the form of lithium plating at the NE surface, the value of Zcr. comes in parallel
with the plating induced impedance at the NE interface as described in section 6.3.3. As a result, the
impedance at the NE surface drops compared to the Zcr. Therefore, the SOC; at which ZTR trend

changes shall indicate the onset of plating.

6.5.3 Charge at high temperatures

Similar to test case Al performed at 10 °C, the value of ZTR is tracked at high temperatures (20 and
30 °C) at different C-rates with the charge interruption procedure to verify the proposed method’s
effectiveness at higher ambient temperatures. Figure 6.6a, b and c show the ZTR trends, post-charge
voltage relaxation profiles and their differentials respectively at 20°C for the test case B1. As it can be
seen from Figure 6.6a, for charge currents 20.75C, the ZTR profile shows a negative trend towards the
end of CC charging. For these charge rates, differentials of the post-charge voltage relaxation profiles
(Figure 6.6¢) also show peak and valleys indicating a 2-stage recovery and thus confirming lithium-
plating occurrence. Figure 6.6d, e and f show the ZTR trends, post-charge voltage relaxation profiles
and their differentials respectively at an ambient temperature of 30 °C for the test case C1. From the
ZTR profiles, it can be seen that lithium plating is occurring for the charge C-rates 2 1C. While the VRP

method failed to indicate the occurrence of lithium plating for these charge rates.
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Figure 6.6: ZTR trends at different C-rates at a) 20 °C in test case B1 and d) 30 °C in test case C1; Corresponding post-
charge voltage relaxation profiles at b) 20 °C and e) 30 °C and c) and their differentials at c) 20 °C and f) 30 °C

The possible limitation of the VRP method within this context is discussed further within [38] and
summarised below. There are two potential reasons for the VRP method’s failure to indicate plating
at high temperatures. First, as discussed within [13, 70], lithium plating levels reduce with increasing
temperature and second, lithium-stripping rate increases with increasing temperature. The combined
effect of decreasing lithium plating levels and increasing stripping rate reduces the stripping time. As

discussed in section 2.3.4 and within [28], the VRP method often fails to detect plating when the
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lithium plating levels are below 2.5% of the battery capacity because it can become difficult to identify
the 2-stage recovery in the time domain. However, the proposed ZTR based method validated at low
10 °C with the VRP method can detect the onset of plating even when the VRP method failed at an
ambient 30 °C temperature. This indicates that the proposed method is highly sensitive compared to
the VRP method while having the ability to detect the onset of plating for a broader range of

environmental conditions.

6.5.4 Sensitivity to Interruption time

For inclusion within the BMS, influence of the length of the rest period in tracking the ZTR is analysed
to better define whether a reduced interruption time is still able to capture the ZTR profiles accurately.
By extracting the voltages recovered in 0.25 s, 0.5 s, 1 s and 2 s of the 3 s recovery period, the ZTR is
calculated at these intervals of recovery and shown graphically in Figure 6.7a (at 0.2C) and b (at 1C) in
comparison with the 3 s data for the test case Al. As it can be seen, the ZTR profiles appear similar

albeit with some offset (circa 5 mQ between the profiles observed at 3 and 0.25 s).

The reason for the ZTR profiles with offsets is analysed here. The selected reference fmax (0.1 Hz) is
sufficiently lower than the actual fmax (> 3.4 Hz as can be seen from Figure 6.1c) of the new cells and
therefore the impedance tracking approach captures not only the mid-frequency region but also a
portion of the impedance from the low-frequency region. As the rest period is reduced from 3 s to
0.25 s, the contribution of the low-frequency region’s impedance to the overall ZTR estimated value
is equally reduced. Therefore, the ability to track the impedance from the mid-frequency region and

thus detect the onset of lithium plating is still valid with the reduction of the rest period by 12 times.
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Figure 6.7: Impedance measurement sensitivity: a) Pulse period and b) Voltage resolution influence at 0.2C; c) Pulse and d)
Voltage resolution influence at 1C

6.5.5 Sensitivity to voltage measurement resolution

Although the Maccor cell cycler enables voltage measurement with a resolution of 0.1 mV, it may be
difficult to obtain such a high resolution in practical applications using typical BMS hardware. A 12 bit
analogue to digital converter (ADC) that is found in a microcontroller can measure the voltage with
the resolution of circa 1 mV (= 4200/2712). The current generation of BMS ICs, for example, LTC 6812
from Analog Devices with 16 bit ADC can measure the cell voltage with less than 1 mV resolution with
their 12 or higher bit ADCs. To verify the proposed method’s ability to track ZTR and detect lithium
plating under practical scenarios where voltage resolution is limited by the ADCs, measured voltages
are quantised to 1 mV. Figure 6.7c and d show the ZTR profiles at 0.2C and 1C respectively at both
resolution levels. ZTR calculated with 1 mV resolution at 0.2C in both 3 s and 0.25 s rest periods is
similar to the 0.1 mV but with some additional noise added to the measurement. In the case of 1C,

ZTR profiles are similar irrespective of the lower voltage resolution. Therefore, the reduced voltage
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resolution may not hinder the ZTR profile tracking methodology and thus detecting lithium plating in

real-time applications.

6.5.6 Impact of minimal cooling

The EIS plots at different SOCs (Figure 6.1b) and ZTR profiles in test cases A1, B1 and C1 are taken at
constant ambient temperatures in which impedances from Ohmic, SEl layer and electrolyte are
assumed to remain constant. However, in practical applications, temperature rise during a charging
event is inevitable which can increase the Ohmic resistance and decrease the impedances due to the
electrolyte, CTL and the SEl layer [111, 121]. Tracking the Zcr and thus detecting lithium plating may,
therefore, become difficult if all the processes within the mid to high-frequency region are affected
by temperature variations. To track the ZTR under the scenarios of minimal cooling, the cells from test
case D1 are charged in a large room maintained at 20 + 2 °C, but with no active thermal management.

In each charge event, different C-rates are applied with pulse interruption procedure starting from

0.2Cto 1.25C.
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Figure 6.8: ZTR profiles without thermal cooling: a) ZTR profiles at different C-rates and b) temperature profiles measured
on the cell surface
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Figure 6.a and b show the ZTR profiles and cell surface temperature variations on a cell at different
charging C-rates. The ZTR profile at 0.2C where the temperature rise is within +1 °C is similar to the
ZTR profiles observed with active cooling. With the increase of C-rate, lithium plating induced trend
change in the ZTR profiles is observed even with a temperature rise higher than 8 °C for charge rates

2 1C.

The ability to detect lithium plating using the ZTR profiles while the temperature is also changing can
be explained as follows. As seen from the inset plot in Figure 6.b for 1C charge rate, the majority of
the temperature rise (circa 5 °C rise of the total 8.2 °C) occurred during the first 10 minutes of the
charging process and then the rate of temperature increase is reduced to 3.2 °C rise over the next 39
minutes. Since lithium plating typically occurs towards the end of CC charging where temperature
changes are not assumed to be significant, temperature influence on the internal processes may be
limited. Therefore, for the selected cell type and C-rates, lithium-plating detection using the ZTR
profiles is possible even under environmental conditions where the temperature is increased during

the charging process

6.6 Implications for fast-charge strategies development

Detection of lithium plating in real-time applications is essential to minimize its occurrence and track
it over the cycles. Some of the existing approaches such as neutron diffraction and CE are not suitable
for real-time use although they allow deriving offline profiles for new cells. While few other methods
such as the VRP and DVC fail to detect lithium plating at high temperatures (> 20 °C) although they are
suitable for online use. The proposed impedance-based approach of detection presented in this study
overcomes many of these challenges faced by the existing methods. First, it is implementable in BMS
given its dependency on the cell voltage and current. Second, it can detect the onset of lithium plating
during charge. Finally, it works at ambient temperature. Therefore, it is viable that this method will be
implementable in BMS to derive charging strategies that can minimize lithium plating levels and are

adaptable to battery ageing.

6.7 Limitations and future work

6.7.1 Optimization of the proposed method

As observed in this work, the shape of the ZTR profile indicates the presence or absence of lithium
plating during a charging event. A reduction of interruption pulse length from 3 s to 0.25 can track the
ZTR profile shape and identify the onset of lithium plating. Since the interruption procedure can

influence the overall charging time, further study is required to optimize the charge interruption
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interval to minimize undesirable increases in overall charge time whilst maintaining the ability to track

the ZTR profile.

6.7.2 ZTR tracking in aged cells

Within this work, an initial study of a new concept to detect lithium plating is introduced and validated
on new cells. The selected 3 s interruption period can track the ZTR profile for a new cell at different
C-rates and ambient temperatures effectively. However, as discussed within [111], the fi and fmax
reduce as the battery ages and thus the interruption time needs to be re-estimated and adjusted in
line with battery ageing to track the ZTR. The impedance levels of the internal processes within the
battery are known to change as it degrades. Therefore, further work is required to study the
robustness of the proposed method while cycling the cell as it loses capacity and its impedance
characteristics change. Within such a study, to further validate the proposed method, the presence of
lithium metal depositions can be verified by ex-situ means such as ICP-OES or NMR using the

electrodes separated from the cycled cells.

6.7.3 Validation in different working conditions

As discussed in Section 4.7, the proposed method can detect lithium plating in cases where active
cooling is not employed. A small variation in the cell surface temperature (for example, circa 3 °C rise
in the last 50% of capacity addition at 1C rate) might have limited the contribution of temperature
changes to the impedance variation. However, the cell surface temperature can significantly change
and influence the impedance while charging in environments with varying temperature. To study the

method’s sensitivity to variations in ambient temperature, further study is required.

6.7.4 Implementation within a BMS

Given the proposed method’s dependency on the voltage and current measurements, it can be
implemented in real-time applications. For this, control algorithms suitable for a BMS to detect and
limit lithium-plating need to be developed and evaluated. Within such a study, its ability to detect
plating under different battery ageing levels can be included. Besides, when cells are in parallel, the
method’s ability to detect plating needs to be evaluated. As discussed in Section 2.3.1 and 2.3.3,
lithium-plating occurrence follows non-homogeneous behaviour within a cell and non-invasive
methods applied at the cell level pick up the average cell behaviour. When it comes to cells in a parallel
bunch, the differences between cells such as capacity variations and temperature gradients may
extend this non-homogeneous plating behaviour to the parallel bunch. Since the method monitors
the voltage of the bunch, it will track the average impedance of the bunch and thus lithium plating

similar to that of a single cell. However, as the number of cells in a parallel bunch rise, the ability to
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pick up plating in a weaker cell may fade as the average behaviour of the bunch can be dominated by
the remaining cells. Therefore, the application of the proposed method for detecting and developing

charging strategies and its integration within a BMS needs to be explored.

6.7.5 Validation on different cell types

In this study, NCA/Graphite based 18650 cells are used to demonstrate the impedance-based lithium
plating detection strategy. Since lithium plating is a phenomenon that occurs at the graphite
electrode, the suggested method should work for all graphite-based lithium-ion cells. However, as
discussed within [122] cell construction and chemistry can influence the internal processes and thus
their impedance values. Since the method depends on tracking the impedance, further study is

required to verify the transferability of the method to different cell formats and chemistries.

6.8 Conclusions

To meet research objective 3 defined in chapter 2, a new method of lithium plating detection is
proposed in this study. Since lithium plating diverts a portion of the charging current at the negative
electrode, it introduces an effective parallel reaction across the NE intercalation and modifies the
battery impedance. Experimental results highlight that tracking the impedance of the cell can be used
to detect the onset of lithium plating. During charge at high C-rates, the ZTR impedance has been
shown to deviate from the usual profile at a defined SOC threshold, indicating the onset of lithium
plating, with a further reduction in impedance as the value of SOC progress towards 100%. Using the
established VRP method as a benchmark, this technique has been proven to accurately detect the
onset of lithium plating at different C-rates and ambient temperatures. This fact coupled with practical
considerations such as the resolution of the voltage measurement and duration of the current interval
implies that it is suitable to underpin the derivation of optimised charging strategies and for inclusion
in a real-world BMS. Unlike the previously available lithium-plating detection methods that detect
lithium plating after completion of the charging process, the proposed in situ impedance (ZTR) based
lithium-plating detection method can detect the onset of lithium plating during charge itself. Besides,
its ability to detect lithium plating at room temperatures will be useful to study the limitations of fast
charging more accurately at practical environmental operating conditions. These advantages are
useful particularly for EVs since they will underpin the development of new innovative fast-charging
profiles. Further work from this research is therefore focused on the derivation of novel charging

strategies that optimise the trade-off between minimal degradation and charge time.
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7 Study 5- Development of optimal charging
strategies to prevent lithium plating in
lithium-ion batteries at room temperature

7.1 Introduction

As discussed in Chapter 2 and 4, the existing approaches of lithium plating detection still face many
challenges in their application for online use. For example, the CE approach is not suitable for online
use as it needs high accuracy in current measurement and full charge/discharge to estimate capacity
changes. While the VRP method fails to detect lithium plating at room temperatures limiting its
application to the low-temperature conditions as detailed in Chapter 4. As presented in Chapter 6, in
contrast to the existing detection methods of lithium plating, it is shown that the IT method can detect
the onset of lithium plating while the battery is still in charge and works at practical environmental

operating conditions.

To meet the research objective 5 defined in Chapter 2, this study presents a procedure to derive an
online charging strategy based on the IT method. An offline charge profile is derived for use cases
where the online implementation is difficult. For the offline one, a pre characterization procedure is
employed to identify the charge profile. The identified charge profile is then applied to a set of cells in
cycling. For the online method, a procedure to define the self-regulating charge current in real-time
is detailed. The online approach is implemented and verified on a microcontroller-based evaluation
board to evaluate its applicability for real-time use. The impact of the modified charge profiles on the
charging performance and battery life are evaluated against the standard CC-CV charge profile. The IT
method as discussed in Chapter 6 was studied on the selected cell type in its unused condition and
not verified in the case of aged cells. Therefore in the current study, the method is also evaluated as

the cells undergo degradation.

This study is structured as follows: In section 7.3, the experimental plan and test setup are discussed.
Section 7.4 presents the procedure to derive the charge profiles. Test results and analysis are
discussed in Section 7.5. The application and limitations of the study within the context of EV are
discussed in Sections 7.6 and 7.7, respectively. Overall conclusions of this research are given in the

final section.
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7.2 Objectives of this study

To control lithium plating in real-time applications, the following objective is defined:
e To develop and validate a charging strategy for an online application using the IT method

Within this study, an offline charge profile is derived and the IT method is studied at different ageing

levels of the battery.

7.3 Experimental

The commercial 18650 cells are characterized and cycled inside a climate chamber (Binder 9020-0385)
along with a liquid cooling system (LAUDA) providing a stable ambient temperature (20 °C) with an
accuracy of +1 °C. In this study, three types of charging profiles at 20 °C are studied with three cells

are used for each profile:
Set A2: Cycling with standard CC-CV protocol
Set B2: Cycling with offline optimized charging profile
Set C2: Cycling with online optimized charging profile

In case of the CC-CV charge profile, the cells are charged at a constant current of 3 A (1C) until a cell
voltage of 4.2 V is reached, followed by a CV phase until the current reduces below 1 A (1/3 C). To
reduce the test duration and to be able to detect lithium plating using the VRP method, the CV phase
cut-off current during the charge is kept at such a high level. As discussed in section 3.4.2, the use of
low CV cut-off currents (< C/6) reduces lithium plating available for detection in the post-charge

conditions as lithium stripping begins in the CV phase itself.

For the offline and online charge profiles (Set B2 and C2), the CC phase is replaced by a multi-stage CC
profile where the charge begins with a rate of 1.5C and then the charge rate reduces gradually to a
value of 0.5C in steps of 0.25C. Offline and online charge strategies use different approaches as
described in the latter part of this section to identify the cell voltages (V1 to V4) corresponding to these
transition points in charge current. Charge profile in the proposed (online and offline) strategies along
with that of the CC-CV are described in Table 7.1. Irrespective of the charge profile, all the cells during
cycling are discharged with a 1C current to a value of 2.7 V followed by a CV phase at 2.7V with a 0.1
A cut-off current. Such a low CV cut-off current reduces the influence of impedance on reaching the

EoC.

113



7. Study 5- Development of optimal charging strategies to prevent lithium plating in lithium-ion batteries at room temperature

Table 7.1: Charge parameters for cycling experiments with the proposed and CC-CV charging protocols. All the
cells are discharged with a 1C rate current to 2.7 V followed by a CV phase at 2.7V with a 0.1 A cut-off current.

Cell Set Protocol name Number of Test case/Objective
cells
Set A2 cc-cv 3 CC charge (1C) until 4.2V
»» CV charge untilI<1A
Set B2 3 CC charge (1.5C) until V;
Offline »» charge (1.25C) until V,
Set C2 » charge (1C) until V3
Online 3 »» charge (0.75C) until V4

» charge (0.5C) until 4.2V
» CV charge until I<1A

In the case of CC-CV and Offline protocols (for Set A2 and Set B2 cells), a predefined charge profile is
written to the cell cycler (Maccor, Model: Series 4000) for cycling the cells. For the offline protocol,
the fixed-voltage levels (or transition voltages, Vi to V4 defined in Table 7.1) at which the charge rate
is reduced are identified with an iterative pre characterization procedure using a separate five sets of
new cells (referred to as OFF1, OFF2, OFF3, OFF4 and OFF5 sets). Here, for every CC stage, one set of

cells is used to identify its terminating voltage level at that CC stage.

Table 7.2 shows the experimental parameters and objectives for the pre characterization tests which
are conducted with the Maccor and the Lauda system. To derive the impedance profile during charge
and to identify the onset of lithium plating, all cells in the pre-characterization tests are interrupted
for 0.5 s every 1% SOC increase during the CC charge phase. The reasons for selecting the time as 0.5
s and its ability to track the impedance from the charge transfer limitations and thus detect the onset
of lithium plating can be found in detail in Section 6.5.4. The procedure to identify the transition

voltage levels in sequence and their application to the next set of cells are detailed in section 7.4.2.
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Table 7.2: Offline characterisation test cases

Test sequence charge Conditions Test case Objective
1 CC Charge(1.5C) to 4.2V Set OFF1: 3 cells To identify V;
2 CC charge (1.5C) until V; Set OFF2: 3 cells To identify V,

»» charge (1.25C) until 4.2 V

3 CC charge (1.5C) until V; Set OFF3: 3 cells To identify V3
»» charge (1.25C) until V,
»» charge (1C) until 4.2V

4 CC charge (1.5C) until V; Set OFF4: 3 cells To identify V4
»» charge (1.25C) until V,
»» charge (1C) until V3
»» charge (0.75C) until 4.2 V

5 CC charge (1.5C) until V; Set OFF5: 3 cells To verify that the derived
»» charge (1.25C) until V, charge profile
»» charge (1C) until V3 avoids/minimizes plating

»» charge (0.75C) until V4
charge (0.5C) until 4.2V

The online profile, applied to set C2 cells, tracks the impedance using the 0.5 s charge interruption for
every 1% SOC increase and determines the plating onset and thus transitions between voltage levels
(V1 to V4) in real-time. A microcontroller-based electronic system (Tl evaluation board: C2000
Launchpad) with a cycle time of 10 ms is designed to track the impedance and to determine the
voltage levels (V1 to V4) with the support of monitored cell voltages. Cell voltage signals of the cells
in the online protocol are input to the Tl board through voltage isolator evaluation modules
(ISO224EVM) to maintain electrical isolation between the cells. The algorithms in the Tl board tracks
the cell voltage changes during the charge interruption periods to calculate the impedance for each
1% SOC increment and identifies the onset of lithium plating from the impedance profile. The
procedures to calculate the impedance and identify the onset of lithium plating is detailed in section 7.4.3. Once
the onset of plating is identified at each CC stage from the impedance values collected so far in that
CC stage, the Tl board communicates with the cell cycler through a Controlled Area Network (CAN)
bus to initiate the charge rate reduction to the next CC level. For comparison and debugging, cell
voltages measured and impedances estimated by the Tl board are communicated via the CAN bus and
recorded in a computer with a CAN bus analyser. Table 7.3 defines the CAN communication from the

Tl controller. Offline profile derivation and online control algorithm are presented in detail in Section
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7.4. To minimize the influence of charge interruptions on the comparison of degradation and to track
lithium plating tendency over the cycle ageing, the 0.5 s charge interruption for every 1% SOC

increment in the cc phase is applied to the cells in the CC-CV protocol as well.

Table 7.3: CAN communication specifications

Message Sample rate Data Data rate Source Target
size
Cell voltage 50 ms 16 bit 500 kbps Tl controller  Computer
Impedance For every 1% SOC 16 bit 500 kbps Tl controller  Computer
rise
Charge 1s 8 bit 500 kbps Tl controller ~ Maccor cycler
control

To compare the capacity change during cycling, ageing is interrupted once every twenty cycles. During
these capacity tests at 20 °C, CC-CV charging and discharging at 0.5C with a 50 mA cut-off current at
the CV stage is performed to quantify comparable values of capacities across all the cells under test.
The same ambient temperature for cycle ageing and capacity tests are applied to reduce the test time
as a soaking time of up to 4 h is typically employed when the ambient temperature is changed to

ensure the cells have reached thermal equilibrium [112].

The schematic diagram of the experimental setup for the cycling experiments is presented in Figure
7.1. The Maccor unit enables the measurement of the cell voltage and current with an accuracy of +
1mvand + 1 mA respectively. K-type thermocouples with an accuracy of + 1°C are attached to the axial
surface of each cell to measure the cell surface temperature. Cells are installed within a manifold and
liquid surface cooling used to maintain cell temperature at the desired value of 20 °C using a LAUDA

controller (Model: Proline RP 845 C) with the ability to regulate temperature to an accuracy of + 0.1°C.
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Figure 7.1: A single line diagram of the cycling experiments with the three charge protocols

7.4 Derivation of charge profiles

7.4.1 Impedance profile in the absence of plating

Before the 1.5C characterization, the cells in the OFF1 group are characterized for the impedance
profile during the charge at 0.5C that is within the manufacturer recommended charge limits to
identify the impedance profile under a plating free charge rate. Figure 7.2a shows the cell voltage and
current during charge with the 0.5 s charge interruption every 1% SOC increase. As shown in the inset
figure, the voltage difference (dV) between the cell voltage levels recorded before and at the end of
an interruption is used for calculating the impedance (Z=dV/dl where dI represents the change in the
current level, for example, dlis 1.5 A at 0.5C charge rate). The calculated impedance and its differential
are shown in Figure 7.2b. During charge at 0.5C rate, the impedance in the early part of charging is
found to reduce until it reaches a minimum level in the mid-SOC levels before it begins to rise in the
latter part of charging. Corresponding impedance differential shows a reducing negative rate until it
reaches zero level and then rising positive rates as the charge progresses. As discussed in section 6.5.1,
such an impedance profile indicates the absence of lithium plating. At higher charge rates such as 1C
that can cause lithium plating, the impedance profile shows a second negative trend in the latter part
of charging in addition to the one in the early part of the charging process as detailed in the next

section.
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Figure 7.2: Charging at 0.5C rate: a) cell voltage and charge current and b) Impedance and its differential

7.4.2 Identification of Offline charge profile

In the proposed Offline charging protocol, the multi-stage CC with monotonic decreasing charge C-
rates (1.5C, 1.25C, 1C, 0.75C and 0.5C) is applied. To identify the cell voltage levels corresponding to

these transitions, a sequential characterization procedure is employed using the IT approach.

First, the fully discharged cells in the OFF1 set charged with a charge rate of 1.5C until the cell voltage

reached 4.2 V with a 0.5 s charge interruption for every 1% SOC increase as presented in

Table 7.2. Figure 7.3a shows the cell voltage and current profiles during the charge. Figure 7.3b shows
the corresponding calculated impedance and its differential. The impedance profile shows a second
negative trend after the charge level has increased beyond 1.4 Ah similar to the one at the start of the
charging. As discussed within [35], under the influence of lithium plating, the impedance profile that
deviates from the usual “bathtub” profile and shows a second negative trend indicates the occurrence
of lithium plating and can be used be to identify the onset of plating. The impedance differential is
used to identify the cell voltage where the second negative trend begins that infers the onset of lithium
plating. At the cell voltage level of 3.936 V for a cell in OFF1 set, the impedance differential reached a
minimum level (-0.021 mQ/V) and then it started to rise once again in the negative direction, unlike
the raising positive rate of change as in the case of 0.5C charge rate. For the other two cells, these
levels are identified as 3.941 and 3.943 V, respectively. Therefore, an average level of 3.94 V is taken

as the plating onset voltage (V1) at the 1.5C charge rate.
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Figure 7.3: Offline charge profile development: Cell voltage and charge currents for different charge profiles and their
corresponding impedance profiles and its differentials

Next, with the identified V1 from the OFF1 cells, the fully discharged OFF2 cells are charged with a 1.5C

charge rate until the cell voltage reached 3.94 V and then a 1.25C charge rate is applied for further
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charging until 4.2 V as shown in Figure 7.3c. Corresponding Impedance and its differential profiles are
shown in Figure 7.3d. After reducing the current at 3.94 V by 0.25C, the impedance started to rise thus
leading to levels of a positive rate of impedance differential in the initial phase of the second stage CC.
The arrest of the negative trend and its rise as the charge progresses at the reduced CC rate indicates
plating onset is avoided at 3.94 V. As the charge continues towards 4.2 V at the reduced 1.25C rate,
the impedance profile once again turned to a negative trend indicating the onset of plating. Cell
voltage level corresponding to the zero levels of impedance differential and beyond which the
impedance differential is negative is identified as 3.969 V. An average level of 3.969 V from the three

cells (3.969, 3.972 and 3.967 V) is taken as the plating onset voltage (V>) at 1.25C charge rate.

Further, with the previously identified V; and V,, a three-stage CC charging (1.5C until 3.94 V- 1.25C
until 3.969 V -1C until 4.2 V) is applied to the cells in OFF3 set as shown for a cell in Figure 7.3e.
Corresponding impedance and its differential can be found in Figure 7.3f that show the onset of plating
at a later stage. From the three cells in OFF3 set, the average value for Vs is found as 3.981 V similar

to the procedure mentioned for 1.5C-1.25C.

The results from the OFF3 are then used to define a 4 stage CC (1.5C-1.25C-1C-0.75C) with V3 as the
transition voltage for reducing the charge rate from 1C to 0.75C as shown in Figure 7.3g. The delayed
plating onset voltage is now identified at a cell voltage level (V4) of 4.038 V from the OFF4 cells using
the impedance and its differential as shown for a cell in Figure 7.3h. Therefore V4 marks the transition

of charge rate to 0.5C from 0.75C.

A five-stage CC charge profile with the identified transition levels at Vi, V3, V3 and V4 (as seen from
Figure 7.3i) is then applied to the cells in the OFF5 set to verify whether the derived profile can avoid
lithium plating. The impedance and its differential as seen from Figure 7.3j show no further negative
trend. This charging profile is summarized in Table 7.4 and is used for ageing experiments of the cells

in Offline protocol.

Table 7.4: Offline profile: Identified voltage thresholds

CC stage Charge rate Terminating voltage (V)
1 1.5C 3.94
2 1.25C 3.969
3 1C 3.981
4 0.75C 4.038
5 0.5C 4.2
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7.4.3 Online charge procedure

Similar to the offline profile, charging in the online procedure commences at 1.5C rate and then
reduces to 0.5C in steps with a step size of 0.25C. At each CC stage, C-rate reduction is initiated when
the onset of plating is detected. To identify the plating onset and reduce the charge C-rate online in a
charging event, the impedance values acquired by the Tl board so far in that charging event are used.
A simple flow chart to describe the algorithm developed for the microcontroller is presented in Figure

7.4 and described in the following sections.

7.4.3.1 Impedance calculation

The cell voltage is monitored every 10 ms and is the single input for the Tl board from which the
impedance is calculated in multiple steps. First, during charge, the algorithm checks for the charge
interruptions as the cell voltage rise from 2.75 V to 4.195 V. Since these cells have an Ohmic resistance
of circa 25 mQ, charge interruptions with a current of 1.5 A (or 0.5C) or more shall produce a minimum
instantaneous voltage drop of more than 37.5 mV. To measure the voltage, the inbuilt 16 bit analogue
to digital converter (ADC) of the Tl controller is used which measures the cell voltage within £0.4 mV
accuracy and with a resolution of 68 uV. For each voltage measurement (vi) an average of thirty-two
samples are taken to further reduce the noise to +0.05 mV. Here, i defines the control loop or the
algorithm execution cycle counter that increases by one once in 10 ms. When a minimum voltage
drop of 30 mV is detected from the last two voltage measurements (vi.1-vi), the charge interruption is
detected. The voltage levels taken before the interruption (Vp) and at the end of 0.5 s interruption (V)
are then recorded. Next, the impedance is calculated. With the known current change (dl) and the
measured voltage change (dV=Vp-V|), the impedance Z, is calculated where n denotes the impedance
count in the current charging event. Since the charge rate in each cycle begins with 1.5C as per the
test program written to the Maccor and a transition executed by the Maccor to the next lower C-rate
at any CC stage is controlled by the Tl board, the current C-rate and change in the charge current dl is
assumed to be known and is not monitored by the Tl board for simplicity. In real-time applications,
both dV and dl can be directly calculated as the BMS typically monitors the cell voltage and cell current.
However, it is noteworthy that for many applications these values do not define the voltage and
current for an individual cell, but rather the parameters across a single parallel connection of cells
within the module or pack. With a minimum voltage difference of 50 mV and a current change of 1.5
A observed at 0.5C, error in the impedance calculation is expected to be within 0.22 % (+0.1 mV error
for the voltage difference of 50 mV and +1 mA accuracy maintained by the Maccor for charge currents
up to 5 A) of the actual value. Figure 7.5 shows the comparison of impedance profiles obtained from

the Maccor data and that calculated by the Tl board while performing OFF5 characterization on a cell
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where the Tl data is found to be within £0.07 mQ ( < £0.2%) of the Maccor data throughout the multi

CC charging profile.
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Figure 7.4: Flow chart representation of the online control algorithm
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Figure 7.5: Impedance profiles obtained from the Maccor data and calculated by the Tl controller

7.4.3.2 Detection of lithium plating onset

A closed-loop algorithm is designed to detect the onset of lithium plating during charge with the
impedance values acquired so far within that charging event. Two different detection procedures are
employed, one for the first CC stage (1.5C) and the other one for the remaining CC rates (<=1.25C) as
described here. Once the SOC rises beyond 10% (or n>10, where n defines the number of SOC
measurement points) at the initial charge rate of 1.5C, the past ten impedance values are used to
verify the onset. Since the impedance has a reducing negative rate of change in the absence of plating,
extrapolating the impedance using the past data (see eq 7.1) and their rate of change to predict the
current impedance value (ZP,) at any point of charge shall always produce a value which is lower than
the actual value (Z,). Once lithium plating commences, the Z, value that drops from its plating free
level goes blow the ZP, value. Considering the impedance accuracy of 0.22%, a 0.3% margin is provided

when comparing the predicted and actual values as shown here:

Plating is onset if ZP, > Z, (7.1)
here,ZP, = 0.997 x (Z,_s + (Zp—5s — Zn—10))

Within a real-world application, this value may form one of the calibrations variables within the
charging strategy. Application of this detection approach to detect plating onset is demonstrated with
the data acquired from a cell in the OFF1 characterization as shown in Figure 7.6a. Once the plating
onset is detected (marked with T1), the controller sends a CAN message to the Maccor to reduce the

charge rate to 1.25C.
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Figure 7.6: Online detection of plating onset: a) Onset is marked with T1 at 1.5C and b) T2 at 1.25C

After the first charge rate drop from 1.5C to 1.25C, a different approach is used to detect the onset of
plating as the number of impedance values acquired at the early part of new CC stage ( < 1.25C) are
not sufficient enough to apply the prediction. The peak level of the impedance is recorded as the
impedance starts to rise and plating onset is identified if the current impedance level drops by more
than 0.3% from the peak. Figure 7.6b shows how this approach works when applied to the impedance
data collected at the 1.25C CC stage of an OFF2 cell. As seen from the figure, impedance increased in
the initial phase of the 1.25CC stage to reach a peak level of 34.57 mQ before it started to drop. When
a drop of 0.3% (to 34.4 mQ) from the peak is detected, the negative trend is detected and a transition
to the next lower CC rate (marked as T2) is issued. This approach is followed similarly for all other

lower CC stages in the Online approach until the cell voltage reached 4.2 V.

7.5 Results and Discussion

7.5.1 Performance of the proposed charge profiles

Optimized charging profiles are required to simultaneously minimize charging time and the level
degradation associated with fast charging. The use of a high current to reduce the charge time with
the standard CC-CV profile can lead to lithium plating and therefore accelerated ageing. The SOC level
at which plating commences can vary according to the operating temperature, charge rate and ageing
level. The onset of plating can be identified from the impedance profiles as described in the offline
pre-characterization procedure which can be used as a trigger to initiate a charge current transition

from a higher to a lower level.

The Offline profile with the multi-stage CC protocol is derived from the pre-characterization procedure
that identified the transition voltages for each CC stage (section 7.4.2). For the Online profile, the
transitions are identified as the charge progresses for each CC charge stage. These charge profiles

(Online and Offline) are evaluated while cycling the cells and compared with the standard CC-CV
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charging profile. The results of the cycle ageing test with the charging protocols at 20°C are
summarized in Figure 7.7. The standard CC-CV protocol with a 1C charge rate is found to result in the
highest level of degradation. Figure 7.7a and b show the SOH as a function of cycle number and Ah
throughput, respectively. The proposed multi-stage CC charging procedures show significantly higher
charge throughputs compared to the respective standard CC-CV charging protocol. The Online and
Offline approaches allow total throughputs for the used 18650 cells for 340 and 635 Ah, respectively
while staying above 80% SOH. In contrast, the standard CC-CV charging protocol at 1C leads to a total

charge throughput of only 194 Ah by the time it reaches 80% SOH.
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Figure 7.7: Comparison of different charging strategies: SOH as a function of a) cycle number and b) Ah throughput;
¢) average charging C-rate and d) charging time as a function of cycle number.

While comparing the charging speed, increased charging time or reduced average charge C-rate up to
20% is observed for the proposed charge profiles compared to that of the CC-CV protocol as shown in
Figure 7.7c and d. The Offline profile compared to the CC-CV took circa 8.5% longer charging time
(4025 s against 3711 s) at cycle number one which gradually increased to a 19% difference (3450 s
2900 s) by the time they reached their respective 80% SOH levels. The cells in the Online profile
experienced similar levels of charging speed at the start of the cycling that reduced by nearly 10% in
middle (cycle number 40) before finally it becomes circa 20% faster in the end compared to the Offline

protocol. The reason for this is that the online approach adapts to the changes occurring as the battery
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ages whereas the Offline method uses fixed voltage levels for the charge rate transitions. Between 20
and 45 cycles, the charging speed reduced in the online approach because of the shorter mid CC stages
(e.g. 1.25 to 0.75C). After 45 cycles, the charging speed started to rise as the charge addition in the

mid CC stages increased.

To make the comparison more understandable, given that charging time and SOH are changing with
cycle number, the average charging time and cycle number (for a capacity reduction of 20%) are shown
in Table 7.5. At the cost of circa 4% higher charging time, the online profile could extend the cycles by
75% compared to that of the CC-CV profile. Whereas the cell with the offline profile took an average
13% longer charging time while prolonging the cycle life by 250% compared to that of the cells with
the CC-CV profile.

Table 7.5: Comparison of three charge profiles

Profile  Average charge  Number of cycles to lose

time (s) 20% capacity
cc-cv 3310 80
Online 3440 140
Offline 3750 280

Figure 7.8a to c show the impedance profiles of the charging profiles at different cycle numbers. The
star marks in the figures indicate the charge rate transitions for the proposed charge profiles. As seen
from Figure 7.8a, at the 1C stage, charge capacity addition is increased from circa 0.3 Ah in the 21
cycle to 0.75 Ah in the 61% cycle. Therefore, with the increased capacity addition at high C-rates,
overall charging time is reduced. Increased time between the actual onset (where the impedance rise
slows down) to the detectable level (where the impedance drops by 0.3% from the peak level) at mid
CC stages could extend the mid-CC stages. Lithium plating rising to the detectable level after the onset
may reduce as the battery ages if the influence of degradation on the plating reactions is higher than
the intercalation reactions. However, such a conclusion needs further study to understand the impact
of previous lithium plating influence on the competing reactions in the form of lithium plating and

lithium intercalation into the graphite.
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Figure 7.8: Comparison of charging strategies: Impedance profiles of a) Online, b) Offline and c) CC-CV protocols
as function of charge capacity, d) voltage relaxation profiles of the CC-CV protocol and e) visual inspection of
electrodes separated from aged cells under different protocols and a new cell.

The improvement in the cycle life in both Offline and Online approaches compared to the CC-CV profile
can be explained through the impedance profiles derived in each charging event. As seen from Figure
7.8a and b, the impedance profiles in the proposed strategies avoid large second negative trends that,
in turn, reduce lithium plating amounts. While Figure 7.8c shows the impedance profiles for a cell
using the traditional CC-CV profile that shows a second negative trend inferring large amounts of
lithium plating particularly up to the first 20 cycles. Figure 7.8d shows the post-charge voltage
relaxation profiles for the same cell that exhibited a two-stage relaxation in the first twenty cycles.
None of the cell voltage profiles in post-charge relaxations is found with a two-stage relaxation for
both the proposed protocols indicate lithium plating levels are below the detectable levels

(approximately <2.5%). Therefore, impedance and VRP methods together indicate higher levels of
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lithium plating with the CC-CV protocol. Avoiding large negative trends (as seen from Figure 7.8a and
b) both in offline and online approaches could minimize the plating depositions and result in improved

battery life.

7.5.2 Cell inspection

One cell from each protocol was randomly selected to open to visually inspect metallic depositions on
the graphite electrode surface. For comparison, a new cell is also dismantled. The cells were opened
in an argon-filled glove box and electrodes are inspected visually for metallic depositions [58]. Figure
7.8e shows images of the graphite electrodes of the new cell and the cells selected from the CC-CV,
Online, and Offline protocols. The graphite electrode of the new cell appears mostly black, as expected
for a functional fully discharged graphite-based electrode [20]. A few areas exhibiting silvery
depositions are found on the graphite electrode of the Offline cell. Meanwhile, much larger and
distinguished areas with silver colour depositions are observed for the online cell. On the other hand,
the NE of the CC-CV cell exhibits relatively highest dense silver colour depositions compared to other
cells. As discussed in section 4.5.1.2, these depositions can be attributed to lithium plating. It is
asserted therefore that proposed charge protocols are able to reduce the lithium plating levels when
compared to the CC-CV protocol. Between the proposed protocols, lithium plating depositions are

found to be higher with the online protocol compared to the Offline approach.

The approach adopted in the derivation of proposed charge profiles cannot completely avoid lithium
plating. After the first transition to 1.25C as shown in Figure 2.3b, the impedance starts to rise in this
initial stage and then the rate of increase starts to slow down towards zero before turning to negative
levels. The rate of Impedance rise slowing could occur due to the onset of plating. In this case, there
could be a small amount of plating by the time rate of change in the impedance becomes zero and
some more with as the impedance starts to drop. The use of a zero rate of change or negative rate of
change can cause a small amount of plating. In the Offline approach, the cell voltage corresponding to
the impedance rate reaching the zero level is defined as the transition point. While the Online
approach identifies the transition when the impedance drops from the peak level by 0.3% where the
impedance rate of change is already turned to negative from the zero levels. Therefore, a small
amount of plating could occur in each cycle in the proposed charge protocols with the Online
procedure having higher levels compared to the Offline one. This also explains why the cells with
offline charge profile have shown higher cycle life (see Figure 7.7) compared to that of the Online

procedure.
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7.5.3 Online control in partial charge events

To understand the transferability of the online control approach to real-world applications, the control
procedure detailed in Section 7.4.3 is verified in cases where cells are not fully discharged. Before the

partial charge events, a set of new cells that are fully discharged to 2.5 V are charged at C/3 to different
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Figure 7.9: Impedance profiles at different partial charge events. Star marks indicate the first
transition from 1.5C to 1.25C.

starting SOC levels (e.g. 20, 40, 50, 60 and 70%) and then allowed to rest for 4 h. After this, the cells
are charged with the online charge control (beginning with 1.5C) to understand the online control
behaviour under partial charge events. Figure 7.9 shows the impedance profiles for these charging

events.

According to the online procedure, a minimum of 10% capacity addition or the previous ten
impedance values is needed for detecting the onset. For the case of 60% SOC level at the start point,
the impedance started to drop as soon as the charge initiated and the drop accelerated significantly
after the first 5% capacity addition. As seen from Figure 7.9, the 0.42 mQ drop in the first 5% SOC rise
is increased to circa 1.9 mQ in the next 5% SOC rise. The accelerated reduction in the impedance level
as against the usual decelerated drop indicates the presence of lithium plating. However, as the
designed algorithm begins to verify the onset of plating after a minimum of 10% SOC increase
irrespective of the SOC level at the beginning of the charge, the onset is identified after the SOC is
reached 70%. The delayed detection of the onset could result in increased levels of lithium plating.
While for the SOC start levels 50% or lower, the impedance-based control can minimize negative drop
and could control the profile with the identified transition points. In the case of 70% as the SOC start
level, the cell reached 4.2V in less than 2 minutes with the 1.5C charge rate. Therefore, the results
indicate that the online procedure may fail to limit lithium plating levels in partial charge events and,

as discussed in section 7.7.4, needs further refinement.
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7.5.4 Lithium plating occurrence as cell ages

As seen from Figure 7.8c, the impedance profiles of the CC-CV charge have shown the second negative
trend until the first 20 cycles although the magnitude of the impedance reduction in the second
negative trend is reducing with cycle number. From circa 7 mQ or 20% drop in the first cycle, the
impedance drop in the second negative trend is reduced nearly to zero by the 20" cycle and no
negative trend is observed thereafter. The reason for the undetected lithium plating occurrence
beyond 20 cyles can originate from one of two reasons. First, as discussed within [31], there is a
possibility of reducing lithium plating levels with the cycle number and then no significant levels of
plating in further cycles. With the large levels of lithium plating in the initial cycles as detected with
the impedance profiles and VRP method (see Figure 7.8c and d), plating tendency may reduce in the
later cycles. The loss of cyclable lithium to the plating depositions and subsequent SEl layer growth in
the presence of metallic lithium depositions can reduce the SOC level and the lithiation levels of the
NE towards the end of the CC charge. As seen from Figure 7.8c, the SOC level towards the end of CC
charging has reduced from 84% ( 2.52 Ah against the total capacity of 3.12 Ah) in the first cycle to 52%
(1.29 Ah against 2.48 Ah) in the 80™ cycle. The increased potential drops could raise the cell voltage
to 4.2 V in the CC phase at a much a lower SOC level than that of a new cell because of the reduced
kinetics associated with battery degradation in the current collectors, electrodes, electrolyte, SEl layer
and charge transfer limitations at the electrode surface. Therefore, although lithium plating could
begin, reduced levels of charge in the CC stage may not allow lithium plating levels to rise to the

detectable level (> 2.5%).
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Figure 7.10: Impedance analysis with the EIS plots: a) EIS plot of a new cell at 50% SOC marked with fmsx and f, EIS
plots at different SOC levels for b) a new cell and c) an aged cell; Impedance calculated with 0.5 s interruption and
at fu for b) the new cell and c) the aged cell.

Second, there is a possibility of the impedance method failing to detect plating as the battery ages.
The fixed interruption period of 0.5 s derived using new cells may fail to track the impedance as the
battery ages. EIS plots at different SOC levels of a new cell and a cell aged under the CC-CV protocol
are analyzed to study the influence of the interruption time on the impedance profile tracking. The IT
method tracks the impedance at the transition frequency (fi) where impedance due to diffusion with
a slope of 45° begins. To identify the impedance corresponding to fi. with the interruption procedure,

the frequency (fmax) at which reactance (imaginary part of the impedance) attains a maximum level in
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the semicircle region is used. Figure 7.10a shows the EIS plot of a new cell at 50% SOC level marked
with fmax and fi.. As discussed within [111], from the fn.x, the time constant (t = (2mfmax)?) of the
equivalent RC network that produces a semicircle impedance plot can be identified. Although fmax is
varying with SOC, a constant period of 0.5 s is considered based on the previous study of a fresh cell
since it was able to produce an impedance profile similar to the one captured at the fi. Since fmax
reduces and thus trises as the cell ages compared to that of a new cell, the impact of constant charge
interruption period on the ability to capture the impedance profile is analyzed. An interruption time
of 41 shall produce a voltage recovery of circa 98% of the total recovery. Use of an interruption time
smaller than 4t only allows a portion of total voltage recovery and therefore the impedance calculated

(Z¢) shall also indicate a portion of the total impedance (Zt) as shown here:

Zy=Zyx(1—e™) (7.2)

Figure 7.10b and c show the EIS plots at different SOCs for a new cell and a cell that reached 80% SOH
levels with the CC-CV protocol, respectively. From these EIS plots, Zi and Zgs s profiles for these cells
are plotted as shown in Figure 5.9d and e. For the new cell, Z with 0.5 s interruption is sufficient to
track the Zi, (Figure 7.10d). On the other hand, for the aged cell, the 0.5 s interruption can capture the
Z, profile with up to 20% lower values. However, as discussed in Chapter 6, tracking the Z;, profile is
sufficient to detect the occurrence of lithium plating. Therefore, the 0.5 s interruption time used for
tracking the Z,, may not be the reason behind the non-observation of plating with the impedance

method and indicates that lithium plating is reducing with the cycle number.

The reason for continued capacity loss after the first twenty cycles where lithium plating is not
detected can occur because of the previously deposited lithium metal. As discussed in section 5.5.2,
the lithium metal depositions could raise the mechanical stresses locally. As a result, active material
cracking and subsequent growth of the SEI layer may continue to occur as long as the metal
depositions remain in the cell. This indicates that lithium plating may have a long-lasting impact on

battery degradation.

In summary, the analysis presented here indicates that lithium plating is reducing as the cell degrades
under the influence of lithium plating in the previous cycles and therefore plating could not be
detected with the impedance method in the later part of cycling. Further, small amounts of plating in
each cycle combined with the effect of previous lithium metal depositions and their effect on the SElI

layer may continue to degrade the battery.
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7.6 Implications for fast-charge strategies development

The online charge protocol using the IT method is implementable within BMS given it relies on the
measurement of cell voltage and current. By monitoring the impedance during charge, the online
strategy modifies the charge current to control lithium plating. Therefore, unlike other approaches,
the online protocol adapts to battery operating conditions including its ageing over several cycles.
Unlike the CE or VRP approach that needs numerous testing to identify optimal charge profiles, the
online approach using the IT method can select the charge profile within a single charging event.
Therefore, while deriving the charge profile, this approach causes significantly lower levels of lithium

plating compared to the approaches based on the CE or VRP method.

The offline protocol that uses a predefined charge profile show an improved performance compared
to the online protocol as the online protocol relies on the occurrence and detection of lithium plating
in every charging event. To maintain the benefits of the offline protocol and adapt it to battery ageing
conditions, the offline profile can be derived and applied to the BMS at regular intervals such as EV
service intervals. Since the offline characterization takes up to few cycles depending on the number
of CC stages (for example, 5 stage CC charge profile needs at least five full charge events), the online
procedure that needs a single charging event can be utilized to derive the charge profile at the service

centres.

7.7 Limitations and future work

7.7.1 Improvement of the proposed strategies

The proposed strategies although they significantly extended the battery life can be further improved
concerning the identification of the transition cell voltage levels that correspond to the potential onset
of lithium plating. For example, the offline approach infers the onset point to the impedance
differential when it reaches zero before it becomes negative. However, as discussed in section 7.5.2,
the actual onset of plating could begin earlier somewhere close to the point where impedance rise
starts to slow down. The approach used for identifying the transition could allow small amounts of
plating. Such small levels of plating over several cycles may increase battery degradation compared to
a low C-rate charge event. Since the Low C-rate shows a continuously rising impedance differential,
initiating the transition as soon as impedance rise starts slows down may bring down the lithium
plating amounts further. Therefore, further work is required to improve the plating onset

identification accuracy and its impact on battery performance in terms of life and charging speed.
7.7.2 Charging strategy selection
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The experimental work presented indicates that the offline protocol is better in extending the battery
life while the online is superior for improving the charging speed. The predefined charge profile used
in the offline approach could cause small amounts of lithium plating in the early cycle as discussed in
7.7.1 and avoid lithium plating completely in later cycles as lithium plating tendency drops with cycles
as detailed in Section 7.5.4. Conversely, the online approach that modifies the charge profile when it
detects lithium plating could induce a small amount of lithium plating in every cycle thus apply a high
CCcharge for a longer time and lose the capacity faster compared to the offline approach. To improve
charging speed and battery life, both approaches can be incorporated into a charging strategy to adapt
the offline profile to battery ageing. Therefore, further study is needed in these areas to facilitate the

future deployment of fast charge algorithms.

7.7.3 The long-lasting impact of the plating

As observed in this work, the cells with the CC-CV charge protocol have experienced large levels of
lithium plating which are then reduced with the increasing cycle number. However, the cells
experienced higher levels of degradation in the later cycles where plating is not detected. One
possibility is that depositions from the lithium plating in the early cycles might impact the battery
kinetics and capacity fade. In such a context, lithium plating occurrence in the batteries needs to be
completely avoided to eliminate the long-lasting negative impact of previous lithium depositions. To

study whether plating has a long-lasting impact on battery degradation, further work is needed.

7.7.4 Charging strategy for partial charge events

The current derivative of the online approach is failing to detect and limit the plating occurrence when
the starting SOC level is already high. Since even small amounts of plating in a few charging events
may cause considerable degradation, Online control in the first 10% SOC rise needs an improved
control method. For example, a comparison of the rate of change as SOC rises may provide further
information in addition to the extrapolation of impedance profile. Further, SOC or voltages levels
identified for each transition in full charge events can be recorded and used in partial charge events
as hard limits in case of no sufficient data in the current charging event is available. Further work is

required to improve Online control.
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7.8 Conclusions

In this study, to meet research objective five, the impedance-based lithium plating detection method
is utilized in developing an online charging strategy for BMS implementation. Besides, an offline
charge profile is derived for comparison and for applications where the online procedure is not
feasible. First, a procedure to derive charging profiles is detailed using the impedance profiles. The
onset of lithium plating is inferred when a second negative trend in the impedance profile is observed
and the cell voltage at which this occurs is then utilized to reduce the charge current by a predefined
level. After the transition, the impedance profile recovery indicates the ceasing of further lithium
plating. A pre characterization experiments are conducted to derive an offline charging profile with a
multi-stage CC charge protocol. On the other hand, an online control algorithm is developed for a Tl

controller to detect and reduce the charge current in the online strategy.

Next, the charging performance of the proposed charging protocols along with that of a standard CC-
CV protocol is verified on the selected cells during their cycle ageing at 20°C. The significant
improvement in battery life along with the inspection of electrodes after the ageing tests indicates
that proposed charge profiles do reduce lithium plating when compared to the CC-CV protocols. The
online and offline approaches with up to 20% increase in the charging time can extend the battery life
by circa 75% and 250%, respectively compared to the CC-CV protocol before losing a 20% capacity.
Further work from this research will be focussed on fine-tuning the developed charging strategies and

their implementation in an EV BMS.
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8 Discussion

This Chapter presents a reflective review of the research portfolio. The research has resulted in four
innovations highlighted in Table 8.1. For each innovation, the contribution to knowledge and the
impact to TVS motor Company is discussed. Section 8.6 outlines the opportunities for further work

from this research.

8.1 Innovation 1: Improving the non-invasive lithium plating

detection methods

8.1.1 Contribution to the knowledge

As detailed in section 2.3, none of the existing plating detection methods could detect the onset of
plating within a charging event. Besides, they fail to detect lithium plating when plating levels are
below 2.5%. Development of a new method of lithium plating detection to overcome these challenges
is achieved through two separate studies generating one supporting and one primary innovation as
presented in Table 8.1. The first study aimed at improving the existing non-invasive methods proposes
a procedure to minimize the influence of the CV phase of charging on the reversible plating after the
charge is terminated. The proposed procedure and experimental results in this study are published in

the International Journal of Smart Grid and Clean Energy [37].

The second study (study 4) proposes a new method of lithium plating detection and evaluated it with
the support of the improved existing non-invasive method. As presented in Chapter 6, the proposed
IT method by tracking the impedance profile during charge allows detecting the onset of plating in
real-time within a charging event, unlike any other approach of lithium plating detection. Further, its
dependency on the measurement of the standard battery parameters such as cell voltage and current
make it suitable for BMS use. The method and its experimental validation from this study are
published in the Journal of Power Sources [35]. It is believed that academics would benefit from this

method in lithium plating studies as it has many advantages compared to existing approaches.
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Table 8.1: Summary of innovations
Serial Research Objective Innovation Contributio Impact to TVS Chapter
number nto in IR
academia

1 Research and develop a | A new method that is | Published in | Improved plating | 6
new approach to lithium | implementableina BMS | [35] detection  helps in
plating detection that is | is developed to detect developing optimal fast
implementable in real- | the onset of plating charging strategies to
time use and that | within a charging event reduce charging time
detects the onset of | and to improve the and thus range anxiety
plating during charge detection sensitivity

The effectiveness of a
charge profile in
avoiding lithium plating
can be validated within
a charge/discharge
cycle

Secondary innovation: A | Published in | Helpsin validating a fast | 3

procedure to minimize | [37] charging profile,

the influence of the CV particularly at low-

phase of charging on the temperature use cases

existing non-invasive

lithium-plating

detection methods is

developed

2 Develop a systematic | Procedures to derive | The CE | These procedures allow | 4and 7
procedure to develop a | charge profiles with the | based derivation of optimal
charging strategy for | CEand IT methods approach charge  profiles to
offline use published in | maximize charging

[38] speed without
negatively  impacting

Submitted the battery life

to Journal of

Energy Suitable for offline use

Storage [39]

3 Develop a simplified | A procedure to quantify | Published in | Helps in minimizing the | 5
degradation mode | the degradation modes | [36] capacity fade in fast
quantification of Li-ion cells is charging by taking the
procedure and identify | developed long-lasting  negative
the degradation modes impacts of plating into
of Li-ion battery aged | Degradation modes of consideration
under fast charge | lithium plating are
cycling quantified

4 Explore a more practical | A procedure to derive | Submitted Battery life can be | 7
solution that can derive | an  online  charging | toJournal of | extended or the
optimal charging profile | strategy using the IT | Energy warranty period can be
irrespective  of the | method. Storage [39] | increased by adapting
battery ageing the charge profile to
conditions and  be operating  conditions
implemented in online and battery ageing.
mode

Developed algorithms
are Implementable in
TVS BMS
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8.1.2 Impact to the sponsoring company

To improve the charging speed of the EV battery while limiting its negative impact on battery life,
lithium-plating detection is crucial. As the proposed detection method is more sensitive and allows
detection of lithium plating onset during charge, it will benefit TVS to study lithium plating in real-time
in two ways. First, the developed method helps to evaluate a charging strategy without the need for
long-term battery life tests as it can confirm the presence or absence of lithium plating within a
charging event (reducing development time and the need for costly experimental facilities). Second,
the new method of lithium plating can be used to develop improved fast charging strategies as
presented in Study 5. Its potential application for online use allows the sponsoring company to adapt
the charging strategies to battery ageing. Previous to this study, lithium plating studies were not
included in the development of fast charging strategies at TVS because of a lack of knowledge and
practical means of lithium plating detection. Since the new method relies on the measurement of cell
voltage and current, works at practical working conditions and is superior to the existing approaches,
TVS can employ it for studying and developing fast charging strategies to reduce charging time and

thus to reduce range anxiety.

8.2 Innovation 2: Development of offline charging strategies for EV

applications

8.2.1 Contribution to the knowledge

As detailed in Section 2.4, a systematic procedure to derive an optimal charge profile by considering
lithium plating needs to be developed. Within this EngD, two new approaches of offline charge profile
derivation are proposed. The first one employs the CE method as presented in study 2 (Chapter 4).
Influence of lithium plating on the CE is used to identify the onset of plating iteratively and thus to
derive multi-stage charge profiles. It is noteworthy that the CE approach needs extensive testing to
identify the onset of lithium plating at each CC stage and thus to refine a charge profile as presented
in Chapter 4. The proposed charging strategy and its experimental validation from this study are

published in the Journal of Energy Storage [38].

The second one employs the IT method that identifies the onset of lithium plating within a single
charging event at each CC stage of charging. Therefore, this reduces the testing required to refine the
charging profile compared to the CE approach. However, unlike the CE approach, the IT method
cannot minimize the overall level of battery ageing as its control is limited to lithium plating. Derivation

and validation of the offline charge profile using the IT method are submitted to the Journal of Energy
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Storage for publication [39]. It is believed that academics would benefit from these charging strategies
as they allow developing offline charge profiles and minimizing the lithium plating in Li-ion battery

packs.

8.2.2 Impact to the sponsoring company

Finding a strategy to minimize the degradation associated with the fast charging of Li-ion batteries
represents a key research activity of TVS Motor Company. As lithium plating is known to occur at high
C-rates of charging, it is essential to avoid lithium plating while developing a fast charge profile. Within
this EngD, two different approaches to derive multi-stage charge profiles using the CE and IT method
are proposed for EV applications. Using these approaches, Study 2 and 5 provide TVS the knowledge
and procedure to derive offline charging profiles. Previous to this study, charge profile identification
at TVS was limited to the standard CC-CV profile. The findings from this research provide better
alternative approaches to TVS to derive improved fast charging strategies. Currently, TVS is developing
a battery charger with a controllable current so that the developed charging strategies can be
evaluated and implemented for their future EV projects. With the proposed procedures, TVS can

optimize charging profiles to improve the charging speed without negatively affecting the battery life.

8.3 Innovation 3: Understanding the influence of lithium plating on
battery degradation

8.3.1 Contribution to the knowledge

Lithium plating is considered to cause loss of lithium inventory (LLI) and thus capacity fade [31].
However, as discussed in Section 2.2, it is not understood whether plating induces loss of active
material (LAM) as well. The study presented in Chapter 5 proposes a simplified procedure to quantify
the degradation modes of li-ion battery and analyses the degradation in fast charging. The results
indicate that lithium plating also results in significant levels of LAM at the NE. High volume-occupying
lithium metal depositions could locally increase mechanical stresses and thus lead to or accelerate a
LAM within the electrode. This finding is significant as lithium metal depositions from a previous
charging event can potentially induce mechanical stresses as long as they are present in the cell. The
degradation quantification procedure and its application to the cells aged under lithium plating from
this study are published in the Journal of Energies [36]. It is believed that academics would benefit

from this method in lithium plating studies as it has broadened the knowledge of lithium plating.
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8.3.2 Impact to the sponsoring company

The knowledge generated and the procedure developed for quantifying the degradation modes help
TVS in identifying the underlying damage happening to the battery as it loses capacity and in defining
the limits for battery operating conditions such as depth of discharge (DOD) and temperature range
to minimize such damages or maximize Ah throughput. In this study, the quantification procedure is
applied to cells that lost capacity in fast-charge cycling. The findings from this study indicate that
lithium plating raises LAM levels. High volume-occupying lithium metal depositions can result in
increased mechanical stresses in Li-ion battery. As discussed within [2], the irreversible part of lithium
plating that gets electrically isolated from the electrode can remain in the cell. Such high volume-
occupying depositions may continue to maintain increased mechanical stresses and thus may produce
a long-lasting negative impact on the battery life not limiting to the charge events that experience
lithium metal depositions. Although further study is required to validate the long-lasting impacts of
lithium plating, the analysis from the study suggests TVS avoid lithium plating completely to maximise

its battery life. Improved battery life allows TVS to offer a higher warranty period for its EV battery.

8.4 Innovation 4: Development of online charging strategies for EV

applications

8.4.1 Contribution to the knowledge

As discussed in section 2.4.5, the existing charging strategies have many limitations in their online use
and adaption to operating conditions. An online procedure to derive a self-regulating charging strategy
using the IT method is developed for real-time use as detailed in Chapter 7. Once the onset of lithium
plating is detected at a particular CC charge, the charge rate is reduced to a next lower predefined CC
level. In this way, a multi-stage CC charge profile is derived while minimizing lithium plating. This novel
approach that optimizes the charge profile is suitable for real-time use and is adaptable to operating
conditions including battery ageing level. The developed charging strategy and its experimental
evaluation from this study are submitted to the Journal of Energy Storage for publication [39]. It is
believed that academics will benefit from this approach of lithium plating control as it allows real-time

use and adapts to operating conditions.

8.4.2 Impact to the sponsoring company

For EV applications, adapting charging strategies to the battery operating conditions is essential to
optimise the charging performance in terms of maximizing charging speed and battery life. Existing

charging strategies that aim to minimize lithium plating have many challenges in their implementation
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for real-time use and adaption to operating conditions as discussed in Chapters 2 and 4. As an
alternative, by employing the IT method that detects the onset of lithium plating in real-time, an
experimental based approach of a new online charging strategy is proposed for the EV (Chapter 7).
Unlike the other approaches such as those based on the CE, the developed charging strategy based
on the IT method can be implemented in real-time applications and adapts to different operating
conditions. The real-time implementation of this approach is demonstrated with the help of a Tl based
evaluation board. Therefore, this proposed approach would benefit the sponsoring company to derive
online charging strategies and adapt them to different ageing levels of the battery while minimizing
lithium plating. Therefore, by optimizing the charging profile throughout the battery life, TVS can
extend the battery life further and thus offer a longer warranty period. Previous to this study, charge
profile adaption to the operating conditions were not part of the TVS charging strategies. The
knowledge and procedures developed from this research allow TVS to develop improved charging

strategies for its future EV products.

8.5 Opportunities for further work

Table 8.2 summarises the research outcomes from this EngD and further work required for each
research area at the research and application level. The concepts or procedures developed from this
research can be validated and applied to a cell or a battery. The research within the Portfolio is limited
to cell level because this is the most convenient direction taking into account the available resources.
For instance, validating a developed procedure at a battery pack level requires high voltage and high
power handling testing equipment and preparing a pack with mechanical and thermal considerations.
The procedures developed could be proved and applied at pack level irrespective of the number of
series connections given they can be applied to every parallel collection of cells. However, the
influence of the cell to cell differences among the cells in parallel connection on the proposed concepts
needs to be studied in further work. Further work specific to each research area at the research and

application level is discussed in greater detail in the following subsections.

Table 8.2: Summary of innovations and areas for further investigation.

Research area Research outcomes from this | Further work at the | Further work for EV
EngD research level implementation

Understanding A new procedure to quantify | LLI quantification | Optimisation of the

the influence of | the degradation modes is procedure needs | quantification procedure

lithium plating developed validation for BMS implementation

on battery

degradation LAM quantification procedure | The long-lasting negative | Developing guidelines
is validated impact of lithium plating | based on further research

needs to be studied work for charging strategies
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Lithium plating raises LAM
levels

based on the research
outcomes

Improvement of
lithium plating
detection
methods

Development of a new
method of lithium plating
detection for real-time use

Validation and verification of
the method at the cell level at
different temperatures, C-
rates and ageing levels
Method implementation in
an embedded controller

Refining the impedance
tracking procedure

Validation of the method
at the battery pack level
Verification of the
transferability of the
method to different cell
formats

Quantifying the accuracy
level of the plating onset
detection

Optimization of the
developed algorithms

Implementation of the
method in an EV BMS

Development

charging
strategies to
minimize

lithium plating

Development and validation
of Offline charge profiles
using the CE and IT methods
at the cell level

Development and validation
of Online charging strategy
using the IT method at the cell
level

Implementation of the Online
strategy in an embedded
controller

Extending the offline
profiles derived to
different temperatures
and ageing levels

Refining  the  online
charge strategy

Extending the online
strategy to partial charge
events

Validation of the
proposed profiles at the
battery pack level

Optimization of algorithms
developed for the online
strategy

Implementation of the
charge strategies in an EV
BMS.

8.5.1 Research area 1: Understanding the influence of lithium plating on battery degradation

The proposed procedure for quantifying the degradation modes as presented in chapter 5 is partly

validated with the IC-DV curves that allowed the comparison of LAM levels in both these approaches.

However, the LLI levels estimated needs further validation to study the robustness of the proposed

guantification procedure. The quantification procedure can be optimized for BMS use to keep track of

changes occurring to the battery during its service.

Application of the quantification procedure to the cells aged in fast-charge cycling indicates lithium

plating increases LAM levels and suggests degradation due to lithium plating is not limited to the

charge events that experience lithium plating. To verify whether lithium plating has a long-lasting

negative impact on the battery as isolated lithium metal depositions from previous lithium plating

events can remain in the cell, further research is required. The outcome of such research will be useful

to guide future charging strategies.
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8.5.2 Research area 2: plating detection

In this study, the proposed IT method tracks the cell impedance using the charge interruption
procedure. Since the interruption procedure can influence the overall charging time, further study is
required to optimize the impedance tracking procedure to minimize undesirable increases in overall

charge time whilst maintaining the ability to track the ZTR profile.

Accuracy in detecting the onset of lithium plating needs to be quantified. Since there exists no other
experimental approach that could identify the onset. Further research is required to evaluate the

accuracy of detection using the IT method.

The IT method is verified on the selected cell type and shall work for all graphite-based lithium-ion
cells. However, as cell construction and chemistry can influence the internal processes and thus their
impedance values, further work is required to verify the transferability of the method to different cell

formats and chemistries.

Real-time implementation of the IT method is performed at cell level with the support of a TI
evaluation board and Maccor cycler as discussed in Chapter 7. While implementing the same in battery
modules in an EV that operates with large charge currents, further work is required in multiple areas.
First, compared to that of the Maccor cycler used in the laboratory, a typical BMS measures voltages
and currents with relatively lower accuracies. Second, while interrupting or initiating large charge
currents at the battery module level, the slew rate of a charger can be lower than that of the Maccor
operated with cell level currents. Third, depending upon the battery module, the number of cells in
parallel can vary. Since the IT method tracks the average behaviour of a cell or cells in parallel, a higher
number of cells in a parallel connection may make the plating detection difficult if plating occurs non-
uniformly across these cells. Therefore, further work is required to study the influence of these factors

on the impedance tracking method in real-time systems.

For the charge interruption procedure, as an alternative to the controllable charging system, it is
possible to create a step-change to the charge current with the usual cell balancing circuits embedded
in the BMS. Since impedance is tracked by creating step changes to the current, use of cell balancing
currents during charge may allow tracking the impedance. Therefore, further work is required to

evaluate the use of balancing currents for the IT method.

8.5.3 Research area 3: plating control

Within this work, offline and online charging strategies are proposed. The offline charge protocol

derivation at a temperature and C-rate using the CE and IT method can be extended to different
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temperatures and C-rates to enable the selection of a charge profile according to operating conditions.
Towards this, further work is required. The IT-based procedure can be refined to optimize the charge
profile which needs a separate study. At the pack level, further research is required in selecting a
charge profile given there can be cell to cell variations such as temperature gradients. Similarly, BMS
implementation of the offline profiles and their evaluation in an EV needs to be performed in future

work.

The online charging strategy using the IT method can be improved by refining the procedure in
detecting the onset of lithium plating in real-time. The online charge strategy is implemented in a
real-time controller in this study to evaluate its practical use. The systematic procedure developed in
deriving the online charging strategy is not computationally intensive and hence, it should be feasible
to implement in a BMS. However, further study is required to look into the further refinement of the
algorithm developed to optimize the code in terms of minimizing execution time and memory need.
The IT method employs frequent charge interruption periods for a minimum of 0.5 s for a one per
cent SOC increase. To apply a multi-stage CC profile with such interruptions, hardware and software
of the BMS and battery charger need to be modified to implement the method. Therefore, further

work is required for BMS implementation to utilize the proposed method in an EV.

Given TVS is working on controllable chargers, both offline and online charging strategies can be
implemented in TVS EVs. Optimizing the charging performance in terms of charging speed and battery
life will help TVS to reduce range anxiety and/or increase battery life. Further work is required to
implement and evaluate the developed procedures in TVS EVs to realise and quantify the benefits

specific to TVS needs.
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9 Conclusions

This research programme started with the objective of deriving fast charging strategies by controlling
lithium plating, within the context of a real-time embedded control application (BMS), to improve the
performance of a future EV in terms of charging speed and battery life. After reviewing the relevant
literature and understanding the requirements of the sponsoring company, three research areas have
been identified: 1. Understanding the influence of lithium plating on battery degradation; 2. Detection

of lithium plating occurrence; and 3. Control of lithium plating.

The influence of lithium plating on battery degradation (research area 1) is studied by proposing a new
procedure to quantify the degradation modes and applying it to cells aged under fast-charge cycling.
To quantify degradation modes, first, the utilization voltage range of each electrode is identified using
the OCV profiles of a cell and its electrodes. This procedure is applied to the cell at two different ageing
levels. Quantification of degradation modes is then carried out based on the identified electrode
utilization ranges and the capacities delivered at two different ageing levels. LLI is calculated based on
the changes to the lithium inventory present in the cell. On the other hand, LAM at each electrode is
derived using its scaling effect on the electrode utilization range. The proposed procedure of
quantifying the degradation modes using the OCV measurements and capacities when applied to cells
aged under lithium plating highlight that lithium plating results in significant LAMye in addition to the
LLI. Previously, LLI is considered a dominant degradation mode under lithium plating. This confirms
that lithium plating raises the mechanical stresses in the cell and indicates potential long-term
negative impacts of lithium plating. This study as presented in Chapter 5, therefore, underpins a better
understanding of lithium plating, supporting the future development of optimal charging protocols to

minimize battery degradation.

Studies involving improving the detection of lithium plating occurrence (research area 2) are
conducted in two stages. First, research was focused on improving the existing approaches of lithium
plating detection. Previous studies suggest different methods to detect plating in a non-invasive
manner [2, 28]. However, they fail to detect the occurrence in some cases as they do not consider the
impact of the cut-off current level at the CV phase of charging. To improve the detection sensitivity,
Study 1 (refer to Chapter 3) proposes a procedure to identify the critical cut-off current. The results
revealed that terminating the charge at the identified cut-off current level increases the plating

detection ability. Further, this study suggests a procedure to distinguish the plating induced 2-stage
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voltage relaxation from that of graphite phase changes for the VRP method. These outcomes

improved plating detection sensitivity.

At the second stage, the research is focused on developing a new method of lithium plating detection
as the existing methods still face many challenges such as they fail to detect the onset of lithium
plating during charge. To overcome these challenges, Study 4 proposes a new method that use cell
voltage and current measurements to track the impedance profile by causing a disturbance to charge
current once for every 1% SOC rise. Verification and validation of the method at different
temperatures and charge rates indicate its superiority over other non-invasive methods that barely
detect lithium plating at near operating conditions. Therefore, the proposed technique provides the
advantage of applying to real-world applications straightforwardly. The impact of this research
provides new knowledge and capabilities to TVS regarding the detection of lithium plating in fast

charging.

Similar to the studies involving lithium plating detection, charging strategies to control lithium plating
(research area 3) are studied in two stages. First, charge profiles were derived with the support of
existing approaches of lithium plating detection. Study 2 (refer to Chapter 4) applies the improved
non-invasive plating detection method and CE approach for identifying the onset of plating to derive
a three-stage (CC-CV-CC) charge profile for online and offline use, respectively. This experimental
validation of the charge profile against the standard CC-CV profile show improved performance.
However, the results also indicate the need for detecting the onset of lithium plating within a charging

event as uncontrolled plating even in few charging events cause significant damage to the battery.

At the second stage of research involving plating control, charging strategies are developed using the
developed IT method as the charging strategies derived with the existing approaches still face many
challenges. The CE approach is not suitable for online use as it needs high accuracy in current
measurement and full charge/discharge to estimate capacity changes and requires numerous tests to
derive an offline profile. While the VRP method fails to detect lithium plating at room temperatures
limiting its application to the low-temperature conditions as detailed in Chapter 4. To overcome these
drawbacks, using the IT method, improved charging strategies for Online and Offline use are derived
(Study 5 as presented in Chapter 7). The onset of lithium plating is inferred when a second negative
trend in the impedance profile is observed and the cell voltage at which this occurs is then utilized to
reduce the charge current by a predefined level. The Offline strategy used a pre characterization
procedure to identify the charge profile while the Online approach tracks the impedance as the charge

progresses, identifies the onset and modifies the charge current. Applying these charging strategies
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shows that impedance-based charge control reduces lithium plating and improves battery life while
minimizing the charging time. This outcome suggests that proposed charging strategies are suitable
for implementation in BMS. Further, the potential scope for improvement of the derived strategies is
identified for future work. For TVS, proposed charging strategies can be used to improve the charging
performance, increasing the charging speed while minimizing its influence on the battery life to

support the development of future battery designs.

In summary, the research presented in this thesis provides new knowledge, improved lithium plating
detection and control methods and experimental data that allow manufacturers and researchers to
better manage fast charging of batteries within onboard vehicle applications (e.g., BMS). Research
yields a significant impact by providing a transferable procedure to detect and control lithium plating

in fast charging.
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