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Lithium-ion batteries have become popular for electric vehicles due to their exceptional ability to deliver
a high specific power and energy density. However, one of the main drawbacks of these batteries is the
inevitable capacity fading that results from degradation over time. The rate at which the capacity of Li-
ion batteries fades in EVs is highly dependent on various factors, such as the charging rate, fluctuations
in the internal cell temperature, the external ambient temperature, and the driving patterns of the user.
Determining the root cause of degradation and constraining its rate in Li-ion batteries, which occurs
due to electrochemical processes, remains challenging. This is due to the complex interplay between
chemical, electrical, and mechanical parameters that influence the degradation process. The authors of
this study have sought to shed light on the causes of degradation by examining the variations in
parameters across multiple charge types and rates at different ambient temperatures. While previous
research has proposed several charging algorithms aimed at resolving the degradation issue in Li-ion
batteries, there is still a need for a unified technique that can effectively constrain the degradation rate
at any ambient temperature. This approach should consider the electrochemical phenomena within the

Received 14th June 2023, battery, grid conditions, and user requirements. The authors of this study have proposed a new battery-

Accepted 26th June 2023 friendly charging scheme, which is suitable for the rapid charging of batteries at various ambient
DOI: 10.1039/d3ya00275f temperatures and is effective in mitigating degradation. The study also suggests the suitability of

different charging techniques for energy-intensive or power-intensive applications, to provide a
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1 Introduction

Lithium-ion batteries have shown promising characteristics to
meet the requirements of both hybrid and battery electric
vehicles. Lithium-ion batteries were first commercialised in
1991 by the Sony Corporation." The higher energy density,
specific energy and power density of Li-ion batteries are a few
primary reasons for their wider utilisation as energy storage
devices in EVs. The equivalent weight of the lithium metal
compound (160 g Li kW' h™') used in the battery’s negative
electrode is low compared with other chemistries of secondary
batteries.? The size of the positive lithium ion (0.74 A) is also
very small, providing ease of diffusion and efficient intercala-
tion and deintercalation of Li" ions in the electrodes of the
battery. The lower weight of Li metal leads to a higher energy
density and specific energy, and the size of its ion helps to
increase the power density of the batteries. So far, researchers
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comprehensive and systematic approach to developing a new charging technique.

have proposed a variety of lithium-ion chemistries that have
either been commercialised or are still under research.'? The
ongoing research in batteries for application in EVs aims to
improve the safety, thermal stability, energy density, rate of
charge acceptance and cycle durability, and to reduce the
manufacturing and environmental cost.*”

Although Li-based chemistry is commercially used in EVs, it
has limitations that hinder its acceptance. The Li compounds
and the materials required for manufacturing Li-ion batteries
should be free from impurities. Furthermore, metals such as
lithium, nickel, cobalt and manganese are costly. Hence, the
development and manufacturing processes of Li-ion batteries
are high.®

1.1 Capacity fading

Capacity fade due to ageing and the change in the battery rate
due to variation of the ambient temperature are the major
issues related to Li-ion batteries. Calendar and cyclic ageing are
the two types of ageing that are characterised in batteries.
Calendar ageing is linked to the storage conditions of batteries,
the state of charge (SoC), and the ambient temperature of the
storage area. A higher storage temperature and SoC instigates
secondary reactions.” By contrast, cyclic ageing is characterised
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by degradation in the battery due to the charge-discharge cycle.
Structural changes in the electrodes, the formation of a solid
electrolyte layer, chemical decomposition or dissolution, and
lithium plating are a few resultants of cyclic ageing.® The
capacity fade of Li-ion batteries is a widely researched topic
in the literature.’ The literature highlights that the magnitude
and pattern of the applied current density, the ambient and
internal temperature of the battery, and packaging and
mechanical stress have a major role in deciding the rate of
capacity fade.'® The discharge pattern of the batteries also
impacts the capacity fade. However, the discharge pattern in
an EV is based on the current requirement to drive the motor in
the powertrain. Hence, instead of studying capacity fade due to
discharge patterns in an EV, the sizing and efficiency improve-
ment of entities in a powertrain are widely studied.

The research directions of capacity fade are diverse.
Research into electrodes (material, structure, chemistry and
binders), electrolytes (chemistry and additives), the structure of
the battery, tabs, parameter estimation, electrochemical mod-
elling, mechanical modelling, the causes of capacity fade,
electrical modelling and charging techniques are commonly
found in the literature."”'" However, they have a common
question: how can the battery be charged at the fastest possible
rate with minimum capacity fade? Rapid charging and low
capacity fade are opposing goals, as shown in Fig. S6 (ESIt),
which shows the increase in the rate of capacity fade with an
increase in the charging rate. An increase in the charging rate
corresponds to a decrease in the time to charge.

Furthermore, the battery is an electrochemical system.
Hence, it requires more profound insights into the chemical
and mechanical changes that occur inside the battery to under-
stand the causes of capacity fade. Chemical and mechanical
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degradation are the two types of degradation reported in the
literature.

The processes of chemical and mechanical degradation and
their dependency on the charging techniques as well as the
ambient temperature have been described in the literature.
However, there is a lack of studies that provide a deeper insight
by describing the variations in chemical and mechanical para-
meters of the batteries with changes in the charging technique.
The parameters studied widely in the literature are the inactive
material, SEI layer thickness, loss of capacity due to lithium
plating, overpotential, lithiation, porosity, tortuosity, and par-
ticle crack length.'>"™'” The formation and growth of the SEI
layer, lithium plating, and the loss of lithium due to electrolytic
reactions have been reported as major causes of lithium loss."”
The variation of these studied parameters results in a change in
the capacity, charging time, energy and power.'*'® Moreover,
the above parameters are dependent on the ambient tempera-
ture of the battery. Studies related to the impact on the battery
parameters with changes in the ambient temperature and
charging technique are also missing from the literature.

Hence, via this work, the authors describe the impact of Cia¢e
on the rate of chemical and mechanical degradation, the
suitability of charging techniques at different ambient tem-
peratures, and the suitability of the charging techniques for
high-power and low-power applications. Furthermore, for the
first time, a commercially feasible and practically implemen-
table novel charging technique that is suitable for all applica-
tions and ambient temperatures, considering the user’s
requirements and conditions of the electric grid, is proposed
for rapid charging with constrained degradation.

Fig. 1 shows the structure of a lithium-ion battery,
which comprises two electrodes, an electrolyte and a porous
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Fig. 1 Model of the battery with all components depicting the process of charging and discharging using the direction of flow of electrons. The arrows
and electrons in red depict the discharging process, whereas those in green depict the charging process. The electrons flow via the connecting wires, and
the positive ions diffuse to either electrode (positive or negative) depending on the process of charging and discharging via the electrolyte.
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separator. The electrodes are made using active material parti-
cles held together using binders, and their structure helps in
storing lithium. Current collectors are connected to the electro-
des for electrical connection. The direction of the lithium-ion
flow determines the charge and discharge in the battery.
During discharge, the intercalated lithium in the negative
electrode diffuses to the surface, initiating an electrochemical
reaction. Each electrochemical reaction leads to the release of a
Li" ion and an electron. The electrolyte prevents the flow of
electrons but allows the Li" ion to diffuse towards the positive
electrode. Hence, the electrons via the electrode and current
collector travel to the positive electrode. At the surface of the
positive electrode, the Li* ion combines with the electron to
form a lithium atom, which is intercalated between the positive
electrode particles. The process is reversed in the case of
charging.

Apart from the required electrochemical reactions for char-
ging and discharging, lithium-ion batteries undergo various
undesirable reactions known as secondary or side reactions.
These secondary reactions are a major reason for battery
degradation.'® The amplitude, frequency, and time to charge
or discharge impact the rate of secondary reactions, leading to
two types of degradation mechanism: chemical and mechan-
ical. Furthermore, the temperature and states of the battery
also impact the rate of either degradation mechanism.
Chemical degradation dominates at a lower applied current
at a normal ambient temperature, while a higher applied
current and a higher ambient temperature lead to fast mechan-
ical degradation.>**' Hence, changing the current pattern
while charging is often explored to reduce the degradation of
batteries.

1.2 Charging techniques reported in literature

Fig. 2 shows the different types of charging proposed in the
literature for rapid charging and control over the degradation
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of the battery. The charging techniques can be classified into
conventional, active control, sinusoidal ripple, boost, constant
temperature-constant voltage (CT-CV) and model-based char-
ging. Each type of charging technique is proposed to increase
the charging efficiency, reduce the charging time, and reduce
battery degradation compared with conventional techniques
(mostly CC-CV).

Constant current (CC) was the first technique used to charge
the battery. The battery is considered to be fully charged when
charging at a constant current leads to an increase in the
terminal voltage to a fixed cut-off value. Since the battery is
an electrochemical system, it experiences a reduction in the
open-circuit voltage after turn-off. Hence, a new constant
current-constant voltage (CC-CV) technique was proposed in
which the battery is charged using a fixed current value up to
the specified cut-off voltage using a constant current.’>>* On
reaching the cut-off voltage, the CV gets activated, in which the
voltage is kept constant, and the current starts to reduce. At a
specified current value (50 mA), the battery is considered to be
fully charged.>® The reduction in current in the case of CV
significantly increases the charging time. However, it allows the
settling of mass and ions in the battery, helping to reduce the
concentration gradients within the electrode and leading to
greater energy storage for a specified maximum voltage. The
simplicity of implementing CC-CV and its ability to transfer
more energy to the battery has made it a standard charging
protocol.*

Researchers further exploited the idea of settling ions or
mass in the battery via pulse charging. During the pulse-charge
method, the continuous current is interrupted periodically to
give rest phases, or discharge pulses.>®*” These rest phases and
discharge pulses help to settle the kinetics of ions and com-
pounds in the battery. Three types of pulse charging have been
reported in the literature: pulse charging without discharge,
pulse charging with different current amplitude stages, and
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Fig. 2 Types of charging techniques reported in the literature and a few typical current and voltage waveforms; all the types of charging reported in the

literature are extensively reviewed and classified appropriately.
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pulse charging with short discharge pulses.”®*® The rest and
discharge phases aim to reduce the following: (a) the mechan-
ical stress in the electrode particles due to uneven insertion and
extraction of lithium in the solid particles, and (b) the possibi-
lity of the electrochemical potential at the anode becoming
negative, with concentration polarisation. Research has shown
other benefits, such as the inhibition of dendrite formation in
the battery, better charging and discharging efficiencies, and
active material utilisation.*

Reports in the literature have shown that the application of a
high current when the battery is at a state of high open-circuit
voltage (OCV) and high SoC accelerates battery degradation due
to the increased intercalation of Li" ions in the electrodes and
side reactions in the surrounding region of the electrodes in a
battery.'” However, at the state of low OCV and SoC, the battery
can be charged at a high current. Hence, Notten et al. proposed
a charging technique called boost charging.®" Boost charging is
characterised by a high charge current (1C) for a short period
that leads to a fast charge of up to one-third of the battery
capacity. After that, conventional controlled low current CC-CV
is used to charge the remaining capacity. Although boost
charging results in a fast charge with controlled degradation,
its implementation is challenging because of the unknown
high current that flows into the battery due to the high voltage
at the charger terminals. Moreover, temperature-increase and
degradation studies have not yet been well discussed in the
literature for boost charging. Compared with other charging
techniques such as CC-CV, boost charging is able to input
more charge in the battery, as recorded during the initial fast
charge period. However, the rise in the battery temperature
during the boost charge has been another challenge.””*'** The
increased rate of charge transfer accelerates the process of
intercalation. Since the movement of ions is limited by the
viscosity of the electrolyte and the porosity of the electrodes, the
resistance to the movement of ions increases the temperature
of the cell.

Numerous studies have shown a rise in temperature with an
increase in the number of charge-discharge cycles. The tem-
perature rise in the battery is due to an increase in the
impedance or the chemical kinetics upon the application of a
high current for charging or both.** Hence, considering the
impact of temperature on ageing, Hu et al. analysed a new type
of charging protocol, i.e., constant voltage constant tempera-
ture (CVCT) using the electro-thermal-ageing model.>® The
analysis showed a tradeoff between the charge time and the
ageing of the battery. The constant temperature constant
voltage (CTCV) charging protocol is another technique
proposed, considering the importance of temperature in the
ageing of the battery.>* The CTCV protocol is simple to imple-
ment and results in charging that is 20% faster compared with
the CCCV protocol.

Chen et al. introduced sinusoidal ripple charging (SRC),
claiming a reduced charging time, and an improved charging
efficiency and battery lifetime with a controlled increase in the
temperature of the battery.>> A challenge in using SRC for
practical chargers is precise control over the magnitude and
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frequency of the charging current. The frequency should be
optimal to achieve a low impedance of the battery. Further-
more, the magnitude of the ripple, which affects polarisation in
the battery and selection of the components in the charger,
needs to be monitored.>*° Hence, a new power electronics
converter topology for the charger and precise control of the
outputs (current and voltage) with the ability to reduce power
quality issues for vehicle-to-grid issues has been proposed in
ref. 38. Furthermore, the suppression of dendrite growth in the
battery is another demonstrated benefit.** By contrast, Bess-
man et al. showed that, using experiments on prismatic cells
and a physics-based model, the claimed benefits of SRC are not
as described in the literature.”'

In recent years, a new research direction has opened up
towards the model-based charging system. Information gath-
ered from the electrical and electrochemical modelling of
batteries can be utilised to optimise the charging of the battery.
The model-based charging technique uses electrical, electro-
chemical and thermal models and computes parameters for the
battery.**™*° The parameters computed using the electrical
model include the impedance and the SoC.>°* The electro-
chemical model computes the SEI potential or thickness, the
active material concentration, and the anode potential. The
capacity, temperature and state of health (SoH) are common to
the model-based charging techniques. The studies in this
research direction have also demonstrated a decrease in the
charge time and control of the increase in battery temperature.
However, a few reports have considered the effect of battery
degradation during charging. Furthermore, the advantage of
model-based charging has been demonstrated only partly in
simulations because of the requirements of multiple battery
parameters that are specific to a particular battery and the need
for computational devices with higher memory. The charging
service providers prefer to use low-cost, reliable processors to
control the charging process of batteries. These low-cost, reli-
able processors have limited memory and computational

capacity.
1.3 Methods

Studying the parameter variations of Li-ion batteries involves
experimental procedures that require enormous amounts of
time and precision-measurement instruments. Mathematical
models that capture various phenomena within the battery can
act as a replacement for the experiments. Hence, mathematical
models have been proposed widely and used in the literature to
design new batteries or manage battery systems. The Butler-
Volmer and Nernst equations were the earliest approaches used
to describe the physics of batteries. The Butler-Volmer equa-
tion relates the current density and the overpotential in
batteries.”® By contrast, the Nernst equation describes the
electric potential of the electrode and electrical charge in the
battery.’* These equations are simple, but they are not suffi-
cient to describe the complex physics of advanced Li-ion
chemistries. Newman et al. developed the porous electrode
theory, which became a standard mathematical model for Li-
ion batteries. The model has been popularly reported as the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Doyle-Fuller-Newman (DFN) model in the literature.’>® The
Butler-Volmer and Nernst equations use differential-algebraic
equations, whereas the DFN model uses partial differential
equations. The equations of the DFN model are solved using
a variety of numerical solving tools such as control volumes,
finite-difference methods, finite element methods, orthogonal
collocation and others. The challenge in using the DFN model
is the complexity of solving the equations, even after using the
listed variety of numerical solving tools.

Alternatively, equivalent circuits and simplified electro-
chemical models, such as the single-particle model and the
single-particle model with an electrolyte, have been devel-
oped to meet the challenges of complexity, computational
cost (speed and memory) and fast convergence to obtain
results. Although alternative models solve the challenges,
reports in the literature reveal that correction factors are
required to obtain appropriate results.’” Hence, the DFN
model is selected to analyse the electrical, electrochemical,
and mechanical parameters of the battery in this work. The
governing equation of the DFN model is classified into three
parts: charge conservation, molar conservation and electro-
chemical reactions. Each part is discussed in detail in ref.
57-59 and in (Section 1.1, ESI).

1.3.1 Modelling of degradation mechanisms. The degrada-
tion mechanisms modelled in the work are for the SEI layer,
lithium plating, and particle cracking. The parameters of
the battery used for these simulations are given in Table S2
(ESI%).'® The battery parameters are based on lithium cobalt
oxide (LCO) chemistry with graphite as the negative elec-
trode, a polypropylene separator, and LiCoO, as the positive
electrode. Apart from the parameters, various constants
used in the simulation are also given in Table S2 (ESIY).
The other models aggregated with the DFN model help to
analyse the degradation and thermal changes. The model of
SEI layer formation is considered from ref. 15, the particle
cracking model is considered from ref. 60 and 61, and the
thermal model is considered from ref. 58 and 62. A lumped
thermal model of the battery is used in which the average
temperature of the cell is proportional to the ambient
temperature. The equations are given in (Section 1.1.1,
ESIt). Furthermore, the thermal model considers the heat
exchange between the battery and the environment while
simulating the impact of ambient temperature on the rate of
battery degradation.

Based on ref. 15, the SEI is considered to be composed of
lithium ethylene dicarbonate ((CH,OCO,Li),, or EC). The total
transfer current density (jio) during the intercalation and the
side reactions is given by:

jtot :jint +‘]‘SEI +‘]‘1pl (1)

where jint, jsrr, and ji, are the intercalation current density,
the SEI formation current density, and the lithium plating
current density, respectively. Each current density is defined
using eqn (2a), (2b), and (2c). (2a) is based on the Butler-
Volmer equation, and eqn (2b), and (2c) are based on the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cathodic Tafel equation.

. . ‘xu,intF o5(“inIF
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. . e 1pl L
Jipl = —dlp,1pl €XP (—% (d)s - ¢, _%Rﬁlm)> (20)

In eqn (2a), (2b) and (2¢), a denotes the specific surface area,
int is the surface overpotential, iy in is the lithium intercala-
tion exchange current density, ko sg; is the kinetic rate con-
stant, Usg; is the SEI formation reaction equilibrium
potential, ¢3¢ is the concentration of EC on the surface of
graphite, and iy, is the Li deposition exchange current
density. The parameter #;,, in eqn (2a) is defined as:

Ji
Mint = d)s - ¢e - %Rﬁlm — Uint (3)

where ¢, and ¢, are the solid phase potential and electrolyte
phase potential, respectively, Ui, is the lithium intercalation
reaction equilibrium potential, and Rgp, is the surface film
resistance. Furthermore, the EC concentration is computed
based on mass conservation as in eqn (4):

S 0 ;
C — C S
—Dpo—E€ —"EC _ _JSEL (4)

Ofilm F
where Dgc is the EC diffusivity, cic is the EC concentration in
the bulk electrolyte, and Jyy, is the surface film equivalent
thickness. The material balance of SEI formation and lithium
metal is defined using eqn (5) and (6):

Jcser _ JsE1  Jipl
o~ 2F 2F" (5)
Jcvi Jipl
. 6
L oy _p) (6

where cggr and ¢y are the SEI and lithium metal molar concentra-
tions per unit volume of the electrode. Since oxidation between
lithium metal and the electrolyte is possible when in contact, the
parameter f is introduced to define a quantity that denotes the
fraction of plated lithium converting to the SEI layer. Further-
more, the SEI layer and the lithium metal together form the
surface film that covers graphite particles; here, the amount of SEI
and lithium metal used to determine the surface film equivalent
thickness is defined as:

I(CSEI - Mgy R MLi)

Ofilm = —
a

@)

PsEr PLi
where p and M are the density and molar weight, respectively. The

surface film resistance is computed using SEI as:

5ﬁlm
Riim = wspr— (8
KSEI
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where wgg; is the SEI volume fraction in the film, and g is its
ionic conductivity.

Multiple charging and discharging cycles/schedules lead to
stress in the electrode materials, resulting in particle cracking.
The particle cracking model in ref. 61 is used in this work. Since it
is difficult to measure the particle crack length experimentally, a
few assumptions are made to simplify the model. These are (a) the
electrode particles have identical microcracks with a length [, a
width w,, and a crack number per unit area density of p.,; and (b)
the cracks grow only in length during cycling, and the width and
density remain constant. With these two assumptions,®" the
fatigue crack growth model using Paris’ law is defined as:

d/ . k . Mer
d;[ — i((;lbcr, /n[cr> gy >0, (9)

where b, is the stress intensity factor correction, o is the tensile
stress, t, is the time for completion of one cycle, and k., and m,
are constants determined using experimental data. Since the
crack growth is impacted by only tensile stress in this model,
the instantaneous crack area change rate to the volume ratio is
estimated using eqn (10):

dacr A+ P Wer dlcr At P Wer Mer

Qo _ dtPaWer Glor _ AxPerWer 4 ( bor/7l )

dr fo de fo er \ 9tPer vV Teer (10)
ot > 0.

The averaged SEI thickness on the cracks Lgg; o with time evolu-
tion is defined by:

8LSEI,cr _ Csol,ODsol(T) I;'SEI % LSEI,crO - LSEl,cr
8t 2LSEI,cr at lcr ’

(11)

The temperature dependency of the physiochemical properties
of the cell is modelled using the Arrhenius equation, defined as:

_ Eact,d) 1 1
(/) - (/)ref exp{ R (Tref T):l

where ¢ is the diffusion coefficient of the different constituents,
Tt is the reference temperature, and E,., is the activation
energy of the respective constituent, such as the electrolyte, etc.
The details of each model are discussed in the respective articles.
The simulation experiments were performed by building, updat-
ing and integrating the battery model with the related physics-
based thermal and degradation submodels using the Python
Battery Mathematical Modelling (PyBaMM) package.>®

The experimental protocols were developed using PyBaMM to
simulate the 15 types of charging technique (as shown in Table 1)
at different charging rates and ambient temperatures. The lower
and upper cut-off potentials are defined as 2.8 V and 4.2 V,
respectively. In the case of pulse charging and pulse charging
with discharge, the average current in a cycle is used to define the
charging rates. For the CCCV charging protocol, the CC period is
used to define the charging rate. Furthermore, once the battery
reaches 4.2 V, the CV mode is activated until the current drops to
one-tenth of the initial charge rate (C/10). The discharging is
carried out at a constant rate of 1C for all the experiments. All the
simulated experiments were performed for 350 cycles. The results
discussed in this article are values of the parameters obtained at

(12)
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Table1l Summary of the different types of charging techniques simulated
in this work. ton, tofr and tyis are the time during a period of pulse to turn on
to charge, turn off to rest and discharge, respectively. Each charging
technique is simulated using a DFN model with incorporated degradation
models at different charging rates. The empty spaces indicate that the
specific parameter is not relevant to the charging type

No. Charging technique ton (S) Lot (S) tais (S)
1 CC

2 cccv

3 Pulse charge without discharge 5 0.2

4 Pulse charge without discharge 3 0.2

5 Pulse charge without discharge 1 0.2

6 Pulse charge without discharge 5 0.1

7 Pulse charge without discharge 3 0.1

8 Pulse charge without discharge 1 0.1

9 Pulse charge with discharge 5 0.2 0.2
10 Pulse charge with discharge 3 0.2 0.2
11 Pulse charge with discharge 1 0.2 0.2
12 Pulse charge with discharge 5 0.1 0.2
13 Pulse charge with discharge 3 0.1 0.2
14 Pulse charge with discharge 1 0.1 0.2
15 Pulse charge with discharge 1 0.1 0.1

the end of each simulation experiment (after 350 cycles). The total
lithium concentration in the particles, ie., positive and negative
electrodes, and the total lithium concentration in the electrolytes
constitute the overall lithium concentration inside a physical
battery. Over the charge-discharge cycles, some of the lithium will
be lost to side reactions, viz., lithium plating, SEI growth, and
electrolyte reactions with lithium. SEI formation causes a loss of
lithium inventory (LLI) by immobilising Li" ions and impedance
changes via film resistance and pore-clogging.®® Lithium plating
causes the LLI in the most literal sense by forming dead lithium, as
well as causing some impedance changes via pore clogging.®* The
LLI constitutes the active lithium concentration lost to the afore-
mentioned side reactions. The percentage LLI loss is estimated via
two categories, i.e., with and without considering lithium lost to the
electrolyte. This can be calculated based on eqn (13) and (14):

Total Li lost to side reactions (mol)
Initial lithium (mol)

LLI including electrolyte (%) =
x 100
(13)

Total lithium lost to plating and SEI layer (mol)

LLI =
(%) Initial lithium in particles (mol)

x 100
(14)

The experiments performed by simulating different char-
ging techniques are focused on meeting the objective of pro-
posing a battery-friendly charging technique irrespective of the
change in ambient temperature and the requirements of any
Crate- The results obtained are analysed to find the impact of the
change in Cyue, charging technique, ambient temperature and
changes in the properties of the charging pulses. The properties
of the charging pulses under consideration are increase or
decrease in the time period of pulses (7), ton, tosr, the amplitude
of charge and discharge pulses invariants of pulse charging.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The extensive simulations and analysis performed on the
selected battery help to propose a charging technique that is
suitable for either energy-extensive or power-intensive applications.

1.4 Parameters studied in the literature to propose new
charging technique

The parameters of Li-ion batteries studied in the literature are
either electrical, electrochemical, or mechanical in nature. The
electrical parameters studied are the impedance, SoC, SoH,
capacity (fade, retention, relative, incremental, and utilisation),
energy efficiency, variations in the OCV voltage, and the specific
energy. The electrochemical parameters include the rate of side
reactions, the overpotential, the active material volume concen-
tration in the electrodes, the SEI (thickness, density, film
resistance, and potential), lithium loss, side reaction exchange
current density, electrode potentials, and the polarisation
voltage. The porosity, electrode particle cracking, structural
disordering, stress and expansion of the cell (width and length)
are the mechanical parameters studied in the literature. The
temperature rise, the change in charging time, and the rate of
capacity fade result from a variation in these parameters.

The CCCYV is the standard, and oldest, technique described
in the literature. Hence, all the new proposed charging algo-
rithms compare variation of the parameters listed above with
the CC-CV method. Moreover, impedance was the most com-
monly studied parameter in earlier studies because of the
possibility to relate it with variation of the SoC, as well as
battery degradation."*****%>%¢ Table 2 list the types of para-
meter studied for the different types of charging technique. The
maximum number parameters is studied in the CC-CV char-
ging technique, which is the oldest and standard. By contrast,
the least number of parameters are studied in the temperature-
based charging technique.**

Studying the variation in the types of parameter for each
charging technique is associated with the rate of battery
degradation. Although the literature has described multiple
studies on each charging technique, to prove the suitability of
rapid charging and reduced battery degradation, there is a lack
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Paper

of studies that associate all three types of parameter (electrical,
chemical, and mechanical). Furthermore, only a few studies
describe the effect on the parameters due to an increase or
decrease in the ambient temperature. Hence, the commercially
used charging techniques (i.e., CC, CCCV, pulse charging (with
a negative pulse and without a negative pulse) and variable
frequency/duty charge pulse) will be analysed in detail to
understand and associate the change in the three types of
parameter with the degradation phenomenon.

In this work, the overpotential, the extent of lithiation in the
electrodes, the inactive material volume fraction and the SEI
layer thickness in the electrodes, the loss of capacity due to
lithium plating, and the loss of lithium are studied as the
chemical parameters. The porosity, tortuosity, and the phe-
nomenon of particle cracking in the electrodes are included as
mechanical parameters, while the resultant parameters such as
the energy, power, and capacity fade are analysed as electrical
properties. Li-ion batteries undergo two reactions during char-
ging and discharging, i.e., primary intercalation and secondary
electrochemical reactions (also called side reactions). The
intercalation reactions are responsible for the charge and
discharge of batteries. By contrast, the side reactions lead to
the loss of lithium and materials, which intervene in intercala-
tion reactions called active materials. Side reactions also lead to
electrolyte oxidation and reduction, passivation, structural dis-
ordering, particle cracking, thickening of the SEI layer and
lithium plating. The results of side reactions lead to capacity
fade in the battery, which will be described in the
subsequent subsections. The SEI layer thickness, particle
cracking, and a change in the internal cell temperature are
the major parameters that impact the discharge capacity of
batteries.'®'*'® Hence, they are included in the main study,
while others are described in ESIt section. Furthermore, the
temperature (especially low temperature) and Cr.e (higher)
together impact the loss in capacity due to lithium plating.®”
Hence, they are discussed in the subsections where the impact
of the change in ambient temperature is also included
(Table 3).

Table 2 Different types of parameter studied or used in models reported so far. The electrical model requires the least number of parameters to be
modelled but helps to derive the required health status. The electrochemical model is computationally expensive and demands numerous parameters,
which are either available only to the manufacturer or determined using sophisticated tests and equipment. The mechanical model is also similar to the
electrochemical model, but the governing equations used are different. Both the electrochemical and mechanical models help in determining the health

of the battery

Charging

technique Electrical Electrochemical Mechanical

CCCV Capacity, impedance, efficiency Electrode potential, side reaction rate, active material concen- Porosity, stress, expansion (cell
(charge and energy), OCV, SoC, tration, lithium loss, SEI (thickness, density, and resistance), width and length), structural
and SoH and exchange current density. disordering

Pulse Capacity, impedance, SoC, and  Li-loss, surface concentration, and transfer reaction Structuring disordering and

charging efficiency (charge and energy) porosity

Model-based Impedance, differential voltage, Polarization voltage, SEI (thickness and potential), electrode
SoC, SoH, ohmic loss, capacity, potential, Li concentration, and active material concentration
and energy

Boost Capacity, and charge efficiency Concentration (electrolyte, surface) transfer reaction Porosity

charging

Temperature- SoC, impedance, capacity, SoH
based and end-of-life

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Summary of the variation in parameters with an increase in the charging rate for the different charging techniques

Pulse charging with-

CC CCCV out discharge

Pulse charging with discharge

Amplitude of
discharge current

ton and

No. Parameter Crate# C'rate”E tonJr toff toff+ Crate# tonT 051 2 Crate#

1 X-averaged negative electrode inactive material | U U U 4 (3 Uy I
volume fraction (Fig. S1, ESI)

2 X-averaged total negative electrode SEI thickness | [} b 4! [} N3 RN 4 U
(nm) (Fig. 3a)

3 X-averaged negative electrode porosity (Fig. S4, | (A R[N U U R[N I3
ESI)

4  X-averaged negative electrode tortuosity (Fig. S5, ft 1 T 1 1 T P o
ESI)

5 X-averaged negative electrode reaction over- 1 P vy T SI2 T
potential (V) (Fig. S2, ESI)

6 X-averaged negative electrode extent of lithiation |} [} L ux | (! (A 4 1 T
(Fig. 3, ESI)

7  X-averaged cell temperature (K) (Fig. 3c) I T T * | T Low Craee =  and | Low Craee =  and |

hlgh Crate = U' hlgh Crate = U
8  Capacity fade (Fig. 3d) S b -y ) 4 T
9 X-averaged negative electrode particle crack T T T T T T 4 T

length (Fig. 3b)

+,#, I, ft, and * denote decreasing, increasing, a decreasing trend, an increasing trend and a negligible change, respectively.

2 Results
2.1 SEI layer thickness

Side reactions in Li-ion batteries occur in three major regions:
at electrode-electrolyte interfaces, at electrode—collector inter-
faces, and in the electrolyte.°® A change in the equilibrium
potential of the reactions during charging and discharging
leads to instability in the electrolyte. This instability is accom-
panied by the start of side reactions within the battery.®® The
change in the equilibrium potential depends on the amplitude
of the charging current and the types of charging. Hence, the
concentration of the inactive materials and the electrode-
electrolyte interface or SEI layer thickness varies for different
charging types and rates. Despite being a by-product of side
reactions, the SEI layer serves as a protective layer in graphite
particles of negative electrodes in the battery. The lithium
potential makes the electrolyte unstable and vulnerable to the
reaction, which leads to the loss of lithium and a reduction in
the overall capacity of the battery. Since it is a form of inactive
material, the variation in the concentration of inactive material
and the thickness of the SEI layer are similar, as shown in
Fig. S1 (ESIt) and Fig. 3a. A comprehensive discussion on the
formation of inactive material for different types of charging is
discussed in the (Section 1.2, ESIT). The thickest SEI layer is
formed in CC and CCCV, followed by CT9, which is pulse
charging with discharge. The SEI layer thickness for all char-
ging rates is also the highest in CCCV. During CCCV, the time
for the CV phase is higher and increases with an increase in the
number of cycles. During CV, the stress due to electrochemical
reactions and temperature is lower than the CC phase, leading
to the formation of a stable SEL.® Hence, with an increase in the
number of cycles, the SEI layer keeps becoming thicker.
Furthermore, the formation of the SEI is also higher at lower
charging rates, for the same reason as seen in Fig. 3a.>°

1436 | Energy Adv., 2023, 2,1429-1446

The plot in Fig. 3a shows that pulse charging has the
potential to reduce the SEI layer thickness. The SEI layer
thickness in charging types 3-8 (CT3-CT8), which is pulse
charge without discharge, varies with the change in ¢,,. The
thickness is highest for CT3, which has the highest t,,, while
CT8 is the lowest because of the lowest ¢,,,. The ¢, too, impacts
the thickness of the SEI layer. The SEI layer thickness is
reduced with a decrease in the ¢, A reduced ¢,,, as well as a
reduced ¢, helps to suppress the thickness of the SEI layer. A
larger ¢,, at a lower Ciae acts similarly to the CCCV method.
Even at a higher Cy4, the pulse rest phase will help to stabilise
the SEI layer, leading to thickening with an increase in the
number of cycles. Hence, decreasing ¢,, and ¢, helps to reduce
the thickening of SEI layers.

The variation in the change of SEI layer thickness for pulse
charging with discharge is shown in CT9-CT15 in Fig. 3a. Most
of these pulse charging with discharge examples help to reduce
the SEI layer thickness. The SEI layer thickness has a reducing
trend for CT9-CT11, although the variation is not much for
CT10 and CT11. The amplitude of the discharge current, too,
has a role in the change in the SEI layer thickness. When the
amplitude of the discharge current is equal to the average
current (CT9-CT11), with the reduction in t,,, the SEI layer
thickness is also reduced.

Furthermore, when the amplitude of the discharge current
is equal to half of the average current (CT12 and CT13), a higher
on-time results in a lower SEI layer thickness. By contrast, when
the amplitude of the discharge current is equal to the twice the
average current, a higher on-time results in a thicker SEI layer.
The change in the polarity of the charge pulses leads to a
similar variation of the equilibrium potential. When the ampli-
tude of the current in the discharge pulse is more than the
charge pulse, the equilibrium potential falls below the stability
limits of the electrolyte, accelerating the SEI formation. The rest

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Variation of the parameters of the batteries for different charging techniques and charging rates at the end of 350 cycles: (a) the X-averaged total
negative electrode SEI thickness (nm) decreases with an increase in Cae as the chemical degradation is dominant at slower C,; (b) the X-averaged
negative electrode particle crack length increases with an increase in C,4te because of the increased stress in the electrode particles; (c) the X-averaged
cell temperature (K) is higher for higher C,4e due to the increase in chemical kinetics, where the discharge pulses further instigate the phenomenon
because of the change in the direction of motion of ions and masses; and (d) the capacity fade varies for different charging techniques and rates, and is
also a function of the chemical and mechanical parameters and internal changes in temperature, which are impacted by the charging technique and rate.

phase further helps to stabilise the SEI formed, leading to a
thick SEI layer in comparison with when the amplitude of the
current in the discharge pulse is less than or equal to the
charge pulse. The charge type with the amplitude of the
discharge current equal to the average current and the least
ton and rest time show the thinnest SEI layer formed over the
negative electrode.

2.2 Particle crack length

Particle cracking is a form of mechanical degradation in
batteries that is observed in the electrode particles. The stress
in the electrode particles is commonly modelled or reported
experimentally due to intercalation/deintercalation reactions
and changes in the internal cell temperature or ambient
temperature. The crack in the particles results in the exposure
of active materials to the surface, leading to side reactions.
These side reactions then lead to heat generation, amplifying
the phenomena of stress and side reactions due to an increase
in the cell kinetics.”® Hence, an increase in mechanical degra-
dation increases chemical degradation and vice versa.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Fig. 3b shows the variation of the particle crack length on
applying the different charging techniques at different charging
rates. The slower charging rates resulted in the least amount of
particle cracking. There is an increase in the particle crack
length going from left to right. The CC and CCCV methods (CT1
and CT2, respectively) resulted in the lowest crack length,
although CCCV has higher values compared with CC. This is
because, at a higher battery potential, the stress on the particles
of the electrodes is higher, and CCCV results in a higher crack
length. In the CC method, the battery is allowed to settle with a
reducing charge current. Since the battery is not allowed to settle
and the overpotential remains higher (Fig. S2, ESIt), the stress
due to the increased potential of the battery and saturation of the
electrodes is not experienced. The overpotential is difference
between the thermodynamic or equilibrium potential and the
potential at which the redox event can be experimentally observed.
A detailed discussion on the variation of the overpotential with
the change in the charging types is presented in the supplemen-
tary text (Section 1.3, ESIt). However, in the case of the CCCV
method, the battery keeps charging after switching to CV. With
the increase in potential, the stress on the particles of the
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electrodes continues to increase, and hence the particle crack
length is greater than in the CC method.

The pulse charging techniques that resulted in a better candi-
date for rapid charging when previous parameters were consid-
ered do not perform well. The reason behind the increase in the
crack is related to the heat generated during the intercalation and
deintercalation reactions. The heat generation adds to the internal
battery temperature rise and increases the chemical kinetics and
the stress in the electrode particles. The higher the increase in the
internal cell temperature (Fig. 3c), the higher the particle crack
length. Hence, a change in the ambient temperature may result in
an increase or a decrease in particle cracking. During pulse
charging with discharge (CT9-CT15), the increase in the ampli-
tude of the discharge pulse resulted in a further increase in the
particle crack length.

2.3 Cell temperature

The internal cell temperature is a significant factor that
impacts the capacity fade of batteries. The temperature brings
about changes in the equilibrium potential of reactions within
the battery, the chemical kinetics that affect the rate of side
reactions, the formation and erosion of the SEI layer, the
diffusivity of charge and mass in the electrodes, stress in the
battery, structure disordering of the electrodes and overall
geometry, and safety during operation of the battery.”"”?

A higher Ci,¢ results in an increase in the heat generation
due to the rapid diffusivity of charges and increased stress in
the electrode particles. The conventional CC and CCCV meth-
ods have control over the rise in the internal cell temperature.
However, the temperature rose to a very high value during pulse
charging with discharge (CT9-CT15). The temperature rise is
related to the ease of the diffusivity of charge in the battery
during both intercalation and intercalation. With an increase
in the SEI layer thickness, a decrease in porosity and lithiation,
and an increase in the tortuosity of the electrodes, a resistance
to charge and mass transfer is offered (Fig. 3a and Fig. S3-S5,
ESIY). Lithiation, porosity and tortuosity impact the diffusion of
ions with the electrodes, hence impacting the resistance of the
cells. A detailed discussion on the lithiation, porosity and
tortuosity is presented in the (Sections 1.4, 1.5 and 1.6, ESIf).
The increase in the resistance adds to heat generation and
impacts the electrolyte stability.

The impact of the increase in internal cell temperature is
deteriorating by nature. The increase in the temperature
induces stress in the electrode particles and erodes the SEI
layer. On erosion, the surface of the active material or electrode
particles is unlatched to undergo further side reactions. Apart
from forming the SEI layer, the side reactions leave behind
residual inactive materials and gases are generated due to the
phase transition from solid to gas or liquid to gas. An uncon-
trolled rise in the temperature will lead to thermal runaway and
harm the safety of the battery when being charged or dis-
charged. Fig. 3c indicates that conventional CC and CCCV
(CT1 and CT2) and pulse charging without discharge (CT3-
CT8) are effective methods to perform rapid charging with a
limited rise in the internal battery temperature.

1438 | Energy Adv., 2023, 2,1429-1446

View Article Online

Energy Advances

2.4 Discharge capacity

The discharge capacity is the final parameter of the battery,
which determines its performance. The discharge capacity
depends on the various parameters discussed in previous
subsections. A reduction in capacity fade depends on the Cyaee
and the charging techniques used, as shown in Fig. 3d. The
Crate impacts the rate of chemical kinetics, the equilibrium
potential and stress due to intercalation reactions. An increase
in the mentioned parameters increases the overpotential,
whereas a decrease in the mentioned parameters reduces the
overpotential. At higher Ci.es, the overpotential rises and
increases the terminal voltage. Since the battery terminal
voltage reaches the cut-off potential much earlier, the electrode
is not lithiated completely. The battery does not charge to the
full range of SoC. When the CCCV method is used for charging,
the CV part of charging allows the battery to be charged on a
broader SoC range as the rise in overpotential is countered by
the fall in current. Furthermore, the charging time and rates
also impact the reduction in discharge capacity. A longer
charging time at a higher at higher C,. will lead to increased
stress on the electrode particles due to increased concentration
gradients.”® This increased stress adds to SEI erosion and more
side reactions, leading to a loss of active particles and Li-ions.””

In Fig. 3d, it can be seen that the CCCV method (CT2) leads
to a larger capacity loss at a slower C,,;. compared with the CC
method (CT1), but at a higher C,,, the CC method leads to
larger capacity loss. A similar pattern is also seen in the case of
pulse charging without discharge (CT3-CT8). The t,, and Zu
times also impact the reduction in discharge capacity. A
decrease in t,, and f. is instrumental in countering the
reduction in discharge capacity. Considering this, it is observed
that higher charging rates are a possible solution with pulse
charging without discharge, although 2C is found to be the
optimal Crage.

Looking into the pu