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Abstract

Li-ion batteries are widely used in electric vehicles because of their promising characteristics that meet high

specific power and energy density requirements. The only setback is the capacity fading due to degradation in

Li-ion batteries. The rate of capacity fade in Li-ion batteries in EVs vary based on the charging rate, changes in

internal cell temperature and external ambient temperature, and user driving patterns. Since the Li-ion battery

is electrochemical, determining the actual cause of degradation at a particular instant and constraining the rate

is a big challenge. Further, the causes are related to parameters which are chemical, electrical and mechanical.

In this work, the causes of degradation are studied by analysing the variation of parameters for multiple charge

types and rates at different ambient temperatures. The analysis leads to developing a new battery friendly

charging scheme suitable to fast charge battery at different ambient temperatures appropriately and constrain

battery degradation.

Lithium-ion batteries have shown promising characteristics to meet the requirements of both hybrid and battery

electric vehicles1,2. Lithium-ion batteries were first commercialised in 1991 by Sony corporation3. Higher energy

density, specific energy and power density of Li-ion batteries are the major reason for wide usage in EVs. The equiv-

alent weight of the lithium metal compound (160 g Li/kWh) used in the battery’s negative electrode is low compared

to other chemistries of secondary batteries4. The size of the positive ion of lithium (0.74A◦) is also very small, pro-

viding ease to diffusion and efficient intercalation and deintercalation of Li+ ions in electrodes of battery. The lower

weight of Li metal leads to a higher energy density and specific energy, while the size of its ion helps increase the

power density of the batteries. To date, researchers have proposed a variety of Lithium-ion chemistries that have either

been commercialised or still under research3,5. The goals of the ongoing research in batteries for application in EVs

are to improve the safety, thermal stability, energy density, rate of charge acceptance, cycle durability and reduce the

manufacturing and environmental cost2,6.

Although Li-based chemistry is commercially used in EVs, it has limitations that hinder the acceptance. The

Li compounds and the materials required for manufacturing Li-ion batteries should have the least impurity. Further,

metals like lithium, nickel, cobalt and manganese are also costly. Hence, the development and manufacturing processes

of Li-ion batteries is high7.

Capacity fade due to ageing and the change in its rate due to variation in ambient temperature are the major

issues related to Li-ion batteries. Calendar and cyclic ageing are the two types of ageing characterised in batteries.

Calendar ageing is linked to the storage conditions of batteries, state of charge (SoC), and the storage area’s ambient

temperature. A higher storage temperature and SoC instigates the secondary reactions8. On the other end, cyclic ageing

is characterised by the degradation in the battery due to the charge-discharge cycle. Structural change in electrodes,

solid electrolyte layer formation, chemical decomposition, or dissolution is a few resultants of cyclic ageing9. Capacity

fade of Li-ion batteries is a widely researched topic in literature10. The literature highlights that the magnitude and

pattern of applied current density, ambient and internal temperature of battery, packaging and mechanical stress have

a major role in deciding the rate of capacity fade11,12. The discharge pattern of the batteries also impacts the capacity

fade, but the pattern in an EV is based on the requirement of current to drive the motor in the powertrain. Hence,

instead of studying capacity fade due to discharge pattern in an EV, the sizing of entities in a powertrain is widely

studied.

The directions of research in capacity fade is diverse. Research in electrodes (material, structure, chemistry and

binders), electrolytes (chemistry and additives), the structure of the battery, tabs, parameter estimation, electrochemical

modelling, mechanical modelling, causes of capacity fade, electrical modelling and charging techniques are commonly

found in the literature11,13. However, they have a common question to answer- how can the battery be charged at the

fastest possible rate with minimum capacity fade? Fast charge and low capacity fade are opposing goals which is

shown in Figure S.1. Figure S.1 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.

Further, the battery is an electrochemical system. Hence it requires more profound insights into the chemical

and mechanical changes occurring inside the battery to claim the causes of capacity fade. Chemical degradation and

mechanical degradation are the two types of degradation reported in the literature.
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The processes of chemical and mechanical degradation and their dependency on the charging techniques and the

ambient temperature have been described in the literature. However, there is a lack of studies that provide a deeper

insight by describing the variation of parameters of battery with change in charging technique. The parameters widely

studied in the literature are inactive material, SEI layer thickness, overpotential, lithiation, porosity, tortuosity, and

particle crack length11,14–17. The variation of the parameters results in the change in charging time, capacity, energy

and power16,18. Moreover, the parameters are dependant on the ambient temperature of the battery. The studies related

to the impact on the battery parameters with change in the ambient temperature are also missing in the literature.

Hence, via this work, the authors describe the impact of Crate on the rate of chemical and mechanical degradation,

the suitability of charging techniques at different ambient temperatures, and the suitability of the type of charging for

high power and low power application. Further, a new charging technique suitable for all applications and ambient

temperatures is proposed to fast charge with constrained degradation.

Results

The parameters of Li-ion batteries studied in the literature are either electrical or electrochemical, or mechanical in

nature. The electrical parameters studied are impedance, SoC, SoH, capacity (fade, retention, relative, incremental,

utilisation), energy efficiency, variations in OCV voltage, and specific energy are. Electrochemical parameters include

side reactions rate, overpotential, active material volume concentration in electrodes, SEI (thickness, density, film re-

sistance, potential), lithium loss, side reaction exchange current density, electrode potentials, and polarisation voltage.

Porosity, electrode particle cracking, structural disordering, stress and expansion of cell (width and length) are the

mechanical parameters studied in the literature. The rise in temperature, change in charging time, and rate of capacity

fade results from variation in these parameters.

The CC-CV is the oldest and standard technique described in the literature. Hence, all the new proposed charging

algorithms in the literature compare the variation of parameters listed above with CC-CV. Moreover, impedance is the

most commonly studied parameter in earlier studies because of the possibility to relate with the variation of SoC and

battery degradation17,19–22. Table S.1 list the types of parameter studied for different types of charging techniques.

Maximum parameters are studied in CC-CV charging technique being the oldest and a standard charging technique.

In contrast, the least number of parameters are studied in the temperature-based charging technique23.

The study of variation in the type of parameters 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 fast charge and reduced battery degradation, there are lack of studies that associate all the three types of parameters -

electrical, chemical, and mechanical. Further, only a few works describe the effect on the parameters due to an increase

or decrease in the ambient temperature. Hence, the commercially used charging techniques- CC, CCCV, pulse charging

(with negative pulse and without 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 degradation phenomenon.

In this work, overpotential, the extent of lithiation in electrodes, inactive material volume fraction, SEI layer

thickness in electrodes are studied as chemical parameters. The porosity, tortuosity, and the phenomenon of particle

cracking in the electrodes are included in mechanical parameters, while the resultant parameters such as energy, power

and capacity fade are analysed as electrical properties. Li-ion batteries undergo two reactions during charging and

discharging- primary intercalation reactions and secondary electrochemical reactions (also called as side reaction). The

intercalation reactions are responsible for the charge and discharge of batteries. In contrast, the side reactions lead to

the loss of lithium and active materials, which intervenes in intercalation reactions. It also leads to electrolyte oxidation

and reduction, passivation, structural disordering, particle cracking and thickening of the SEI layer. The resultants of

side reactions lead to the capacity fade in the battery, which will be described in the subsequent subsections. SEI layer

thickness, particle cracking, change in internal cell temperature are the major parameters impacting the capacity fade

of the batteries. Hence, they are included in the main study while others are described in the supplementary section.

SEI layer thickness

Side reactions in Li-ion batteries occur in three major regions viz. electrode-electrolyte interfaces, electrode-collector

interface and electrolyte24. Change in the equilibrium potential of the reactions during charging and discharging

leads to instability in the electrolyte. The instability is accompanied by the start of side reactions within battery25.

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 electrode-electrolyte interfaces or SEI layer thickness varies for

different charging types and rates. Although the SEI layer is a by-product of side reactions, it is a required 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 batteries. Since

it is a form of inactive material, the variation of the concentration of inactive material and the thickness of SEI layer are

similar as shown in Fig. S.5 and Fig. 1a. 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 charging rates is also 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 stable SEI formation9,26. Hence,
2
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Figure 1: Variation of parameters of the batteries at different charging techniques and charging rates : (a) The X-averaged total

negative electrode SEI thickness [m] decreases with increase in Crate as the chemical degradation is dominant at slower Crate; (b)

X-averaged negative electrode particle crack length increases with increase in Crate because of the increased stress in electrode

particles; (c) X-averaged cell temperature [K] is higher for higher Crate due to the increase in chemical kinetics. The discharge

pulses further instigates the phenomenon because of the change in the direction of motion of ions and masses;(d) Capacity is a

function of chemical and mechanical parameters and internal change in temperature.
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Table 1: Summary of the variation of parameters with increase in the charging rate in different charging techniques.
†, #, ⇓, ⇑, and ∗ resembles decreasing, increasing, decreasing trend, increasing trend and negligible change, respectively.

Sl. No Parameters

CC CCCV Pulse charging without discharge Pulse charging with discharge

Crate
# Crate

# ton
† ton

† ton & to f f
† Crate

# ton
Amplitude of discharge current

Crate
#

0.5 1 2

1

X-averaged negative

electrode inactive

material volume

fraction

⇓ ⇓ ⇓ ⇓ ⇓ ⇓ ⇓ ⇓ ⇑ ⇓ ⇓

2

X-averaged total

negative electrode

SEI thickness [m]

⇓ ⇓ ⇓ ⇓ ⇓ ⇓ ⇓ ⇓ ⇑ ⇓ ⇓

3
X-averaged negative

electrode porosity
⇓ ⇓ ⇓ ⇓ ⇓ ⇓ ⇓ ⇓ ⇑ ⇓ ⇓

4
X-averaged negative

electrode tortuosity
⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇓ ⇑ ⇑

5

X-averaged negative

electrode reaction

overpotential [V]

⇑ ⇑ ⇓ ⇓ ⇓ ⇑ ⇓ ⇑ ⇓ ⇑ ⇑

6

X-averaged negative

electrode extent of

lithiation

⇓ ⇓ ⇓ ⇓∗ ⇓ ⇓ ⇓ ⇓ ⇑ ⇑ ⇓

7
X-averaged cell tem-

perature [K]
⇑ ⇑ ⇑ ∗ ⇓ ⇑

Low

Crate =⇑

and

High

Crate =⇓

⇓

Low

Crate =⇑

and

High

Crate =⇓

⇓ ⇑

8 Capacity fade ⇑ ⇑ ⇓ ⇓∗ ⇓ ⇑ ⇑ ⇓ ⇑ ⇑ ⇑

9

X-averaged negative

electrode particle

crack length

⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇓ ⇑ ⇑ ⇑

with an increase in the number of cycles, the SEI layer keeps becoming thicker. Further, the formation of SEI is also

higher at lower charging rates for the same reason as seen in Fig. 1a.

The plot in Fig. 1a shows that pulse charging has the potential to reduce the SEI layer thickness. The SEI layer

thickness in charge type 3 to 8, which is pulse charge without discharge, varies with the change in the ton. The thickness

is highest in charge type 3, which has the maximum ton, while charge type 5 has the lowest because of the least ton.

The to f f , too, impacts the thickness of the SEI layer. With a decrease in the to f f , the SEI layer thickness is reduced. A

reduced ton as well as the to f f help to suppress the thickness of the SEI layer. A larger ton at a lower Crate act similar to

CCCV. Even at a higher Crate, the rest phase of the pulse will help to stabilise the SEI layer leading to thickening with

an increase in the number of cycles. Hence, a decrease in ton and to f f help reduce the SEI layer’s thickening.

The variation in the change of SEI layer thickness for pulse charging with discharge is shown in charge type 9 to

15 in Fig. 1a. Majority of the pulse charging with discharge charge type help in reducing the SEI layer thickness. The

SEI layer thickness has a reducing trend for charge type 9 to 11, although the variation is not much for charge type

10 and 11. The amplitude of discharge current, too, had a role in the change in the SEI layer thickness. When the

amplitude of the discharge current is equal to the average current (charge type 9 to 11), with the reduction in ton, the

SEI layer thickness is also reduced.

Further, when the amplitude of the discharge current is equal to half of the average current (charge type 12 and

13), a higher on-time resulted in less SEI layer thickness. On the contrary, when the amplitude of discharge current is

equal to the twice average current, a higher on-time resulted in a thicker SEI layer. The change in the polarity of the

charge pulses leads to a similar variation of equilibrium potential. When the amplitude of the current in the discharge

pulse is more than the charge pulse, the equilibrium potential falls below the electrolyte’s stability limits, accelerating

the SEI formation. The rest phase further helps to stabilise the SEI formed, leading to a thick SEI layer in comparison

when the amplitude of the current in the discharge pulse is less than or equal to the charge pulse. The charge type with

amplitude of discharge current equal to the average current and least ton and rest time have thinnest SEI layer formed

over the negative electrode.

Particle crack length

Particle cracking is a form of mechanical degradation in battery observed in the electrode particles. The stress in

electrode particle are commonly modelled or experimentally reported due to intercalation/deintercalation reaction and

changes in internal cell temperature variations or ambient temperature variations27. The crack in the particles results

in exposure to the surface of active materials leading to side reactions. These side reactions further lead to heat

generations, amplifying the phenomenon of stress and side reactions due to an increase in cell kinetics28. Hence, an

increase in mechanical degradation increases the chemical degradation and vice-versa, but each degradation depends

on the Crate.

Fig. 1b shows the variation of particle crack length on the application of different types of charging techniques at
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different charging rates. The slower charging rates resulted in the least particle cracking. There is an increase in the

particle crack length on going from left to right. The CC and CCCV resulted in the least crack length, although CCCV

has higher values when compared to CC. Since at higher potential of battery, the stress on the particles of electrodes

is higher, CCCV resulted in higher crack length. In CC, the battery is allowed to settle with a reducing charge current.

Since the battery is not allowed to settle and overpotential remains higher, the stress due to increased potential of

battery and saturation of electrodes is not experienced. While in the case of CCCV, the battery keeps on charging

after switching to CV. With increase in potential, the stress on particles of electrodes continue to increase. Hence, the

particle crack length is more than CC.

The pulse charging techniques that resulted in a better candidate for fast charge when previous parameters were

considered do not perform well. The reason behind the increase in the crack is related to the heat generation during the

intercalation and deintercalation reaction. The heat generation adds to the internal battery temperature rise, increased

chemical kinetics, and stress in the electrodes particle. The higher the rise in internal cell temperature (Fig. 1c), the

higher is the particle crack length. Hence, a change in the ambient temperature might result in an increase or decrease

in particle cracking. During pulse charging with discharge, the increase in the amplitude of the discharge pulse resulted

in a further increase in the particle crack length.

Cell temperature

The internal cell temperature is a major factor impacting the capacity fade of batteries. The temperature brings changes

in equilibrium potential of reactions within the battery, the chemical kinetics which affects the rate of side reactions,

SEI layer formation and erosion, the diffusivity of charge and mass in electrodes, stress in battery, structure disordering

in electrodes and overall geometry, and safety in the operation of battery1,29,30.

A higher Crate resulted in an increase in the heat generation due to rapid diffusivity of charges and increased stress

in the electrode particles. The conventional CC and CCCV had control on the rise in the internal cell temperature.

However, during pulse charging with discharge, the temperature rose to a very high value. The temperature rise is

related to the ease in the diffusivity of charge in the battery both during intercalation and intercalation. With an

increase in the SEI layer thickness, decrease in porosity and increase in the tortuosity of electrodes, the charge and

mass transfer are offered resistance. The increase in the resistance adds to the heat generation and impacts the stability

of electrolyte.

The impact of the increase in internal cell temperature is deteriorating in nature. The increase in the temperature

induces stress in the electrode particles and erodes the SEI layer. On erosion, the surface of active material or electrode

particles are unlatched to further side reactions. Apart from forming the SEI layer, the side reactions leave behind

residual inactive materials and gases, which are generated due to phase transition from solid to gas or liquid to gas.

An uncontrolled rise in the temperature is imperative to lead to thermal runaway and harm the safety of the battery

being charged pr discharged. Fig. 1c infers that conventional CC and CCCV and pulse charging without discharge are

effective methods to perform fast charge with a limited rise in internal battery temperature.

Discharge capacity

Discharge capacity is the final parameter of the battery, which determines the performance of the battery. Discharge

capacity depends on various parameters discussed in previous subsections. The reduction in capacity fade depends on

the Crate and the types of charging techniques as shown in Fig. 1d. The Crate impacts the rate of chemical kinetics,

equilibrium potential and stress due to intercalation reactions. An increase in the mentioned parameters increases the

overpotential while vice-versa reduce the overpotential. At higherCrates, the overpotential rises and leads to an increase

in the terminal voltage. Since the battery terminal voltage reaches the cut-off potential much earlier, the electrode is

not lithiated fully. The battery does not charge to the full range of SoC. When CCCV is used to charge, the CV part

of charging allows the battery to be charged in a wider SoC range as the rise in overpotential is countered by a fall in

current. Further, the time to charge also impacts the reduction in discharge capacity. A larger time period will lead to

increased stress on electrode particles due to increased concentration gradients31. Increased stress adds to SEI erosion

and further side reactions leading to loss of active particles and Li-ions26.

In Fig. 1d, it can be seen that CCCV leads to larger capacity loss at slower Crate when compared to CC, but at

a higher Crate, the CC leads to larger capacity loss. A similar pattern is seen in the case of pulse charging without

discharge also. The ton and to f f time also impacts the reduction in discharge capacity. A decrease in ton and to f f are

instrumental in countering the reduction in discharge capacity. Contemplating, it is observed that higher charging rates

are a possible solution with pulse charging without discharge. However, 2C is found to be an optimal Crate.

Looking into the pulse charging with discharge, an increased ton leads to a similar pattern of reduction in discharge

capacity. The reduction in ton helps to reduce the rate of reduction of discharge capacity. The amplitude of discharge

pulse during charging too impacted the change in discharge capacity. When the amplitude of discharge pulse is more

than or equal to the average charging current, the discharge capacity reduces drastically. The drastic reduction can be

related to the change in the equilibrium potential of reactions and the overpotential during charge, rest and discharge

durations. The rise in internal cell temperature due to an increase in cell kinetics cannot be neglected while selecting an

optimal charging technique to fast charge. The pulse charging with discharge increases the internal cell temperature to
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a higher value, leading to thermal runaway. Considering the reduction in discharge capacity, CT5 is the best technique

to charge the battery at higher Crate.
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Figure 2: Variation of different parameters of the batteries: (a) An appropriate value of ton and to f f help in reduction in the X-

averaged negative electrode SEI thickness [m]; (b) The X-averaged negative electrode particle crack length is also least when CT5 is

used; (c) The variation of capacity fade is the most at higher Crate, and CT5 is found to be helpful in constraining the rate of capacity

fade.

Comparison of the results with the change in ambient temperature

Various works in literature have reported the impact of ambient temperature in operation and ageing mechanisms of

the battery at different Crate. However, the effect of the charging types is not a widely discussed topic in the literature,

although a few works suggest charging techniques for extreme temperature conditions32,33. Hence, this work is further

extended to analyse the impact of the charging technique at two extreme temperatures - 318.15 K (45 oC) and 273.5 K

(0 oC). The temperature changes the rate of formation of inactive materials, including SEI, erosion or decomposition

of SEI and instability in electrolyte resulting in reduction reactions with active material. Rise of internal temperature

above a certain level (125oC to 180oC) can lead to thermal runaway, venting, and complete damage of battery34.

The previous results, which were at 298.15 K (25 oC), are compared with the results obtained at two extreme

temperature for selected four types of charging techniques. CT5 and CT8 variants of pulse charge with discharge

resulted in the best performing charging types based on the previous simulations at normal ambient temperature.

Hence, to reduce the simulation time, further simulations are performed on only four types of charging techniques,

viz. CC and CCCV being conventional, and CT5 and CT8 are only simulated at two extreme temperatures. CT5 and

CT8 are found to be the best charging types based on the analysis performed in previous subsections.

Fig. 2 and Fig. S.10 shows all the parameters studied to determine the performance of the battery at different

charging rates and temperatures. Three different temperatures are represented by ”L” (273.5 K (0 oC)), ”N” (298.15

K (25 oC)) and ”H” (318.15 K (45 oC)). The parameters analysed are those presented in Fig. 1. The difference in the

formation of inactive material for different Crate is the least in the case of CT5. For CC, at lower Crate, the variation

in the formation of inactive material is negligible with a change in the temperature. The change in overpotential of

the battery is also less; thereby, the changes in SEI layer thickness, porosity, and tortuosity also follows a similar

pattern. The parameter which shows differences are the lithiation, particle crack length and capacity. The changes

in the lithiation is related to the rate of diffusivity, which changes with the change in the temperature. At lower

temperature, higher resistance to diffusivity is found in the batteries, resulting in decreased lithiation. With an increase
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in the temperature, the Li-ions and mass transfer rate increases with an increase in chemical kinetics. As the lithiation

increases, there is an increase in the stress in the particles of the electrode. Hence, as expected, the particle cracking

increases with the temperature.

The changes in temperature does not results in a major change in the parameter when CCCV is used, although there

is a rise in the formation of inactive materials, SEI layer thickness, overpotential, lithiation and tortuosity. Porosity

decreases while particle crack length does not show any major difference with CC. CT5, which is found to be the best

charging technique, shows the least variation in values of parameters at different charging rates. The decrease in the

ton and to f f resulting in the changes as described in previous subsections. The results with reduced ton and to f f aligns

with the finding in35 where it is shown that a low-frequency diffusion leads to higher impedance of the battery. The

impedance of the battery is due to an increase in the growth of the SEI layer and the formation of inactive materials.

CT8, which follows the CT5 in performance, has a similar results pattern as found in CC, CCCV and CT5.

Suitability of type of charging for high power or high energy applications

The degradation of Li-ion batteries in EVs also depends on the application. The EVs in transport sector ranges from

small two-wheeler to large bus application. The fast EV racing cars are not far behind in tracks. The variation in

the requirements of torque and speed of EV motor changes the discharge pattern of batteries. Hence, the rate of

degradation also varies for the same battery used in a different application. In this work, an analysis to determine

the performance of battery for the higher energy or higher power applications is also done. Fig. 3 shows the plot of

terminal power vs energy plots for different charging techniques and Crate.
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Figure 3: Variation of terminal power and energy of the battery for different charging techniques and charging rate at different

temperatures (a) Energy vs power plot at very low ambient temperature; (b)Energy vs power plot at normal ambient temperature;

(c)Energy vs power plot at high ambient temperature

Fig. 3a shows the plot for lower ambient temperature. CT5 performs the best up to 2Crate for all the temperature

conditions under study. The CCCV becomes a competitor at normal temperature conditions, but CT5 still outpaces.

Further, CCCV is performs worst at low and high ambient temperature regions. The results clearly depict the require-

ments of different charging pattern for different types of vehicles. Fig. 3b is the plot for normal ambient temperature

range. CT5 and CCCV are close competitors while CT8 and CC are far behind and not suitable for use. From Fig. 3c,

which is the plot for higher ambient temperature range, CT5 resulted in the best charging technique. The higher charg-

ing rate still remains a challenge for all the ambient temperature conditions. The solution to the problem is discussed

in the next section.

Discussion and outlook

The benefits of Li-ion batteries and their wide application in EVs have developed research interest to meet the chal-

lenges. All the challenges in EVs converge to one- rate of battery degradation1,2,9,36. The rate of battery degradation

changes with the change in utilisation of EV battery. The utilisation depends on the EV driver behaviour, temperature

of the environments and type of utilisation of EVs (high energy or high power applications). Higher energy and power

density requirements result in a series-parallel connection of cells, which adds to the challenges of making the pack

safe, durable, and lower cost1. The battery degradation is triggered by the change in the equilibrium potential of the

reactions in the battery. The thermodynamic force to drive the reactions in the battery is associated with equilibrium

potential. Hence, changes in the internal battery or external ambient temperature lead to a variety of chemical and

structural alternations37.

An increase in the temperature leads to heighten kinetics of both intercalation-deintercalation and side reactions.

The inactive material formed during elevated temperature has a different morphology in comparison with normal

temperature. Most importantly, the SEI layer composition changes. Studies are performed using differential scanning
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calorimetry and accelerated rate calorimetry to determine the cell or electrode behaviour38–40. These studies disclosed

the phenomenon of self-heating due to exothermic side reactions. The selection of electrolyte salt has a significant

role in the temperature rise. The elevated temperature further erodes the existing SEI layer over the active material.

The eroded SEI either dissolve or re-precipitate, leading to the restructuring of damaged SEI and more side reactions.

More stable SEI and inorganic products are formed, such as lithium fluoride and lithium carbonate41. Further, these

stable products are less penetrable for Li-ions, thereby decreasing SEI’s overall diffusivity and ionic conductivity.

At low temperatures, the degradation of the battery is not dominated due to changes in the SEI formation instead by

the phenomenon of lithium plating and dendrite formation16,42. This study does not consider these two phenomena.

Hence the related results are not presented. However, the literature states that, at low temperature, the equilibrium

potential of intercalation reactions drops close to the lithium metal potential43. Further, the viscosity changes in the

electrolytes are observed, leading to a decrease in the diffusivity of li-ion into electrolytes and electrodes44. Li-metal

reactions in the electrolyte lead to side reactions, which accelerated the ageing process and increased capacity loss.

The saturation of electrodes due to slow diffusion and Li’s settlement around electrodes adds to the increase in local

potential. Hence, the possibility of Li metal plating or dendrite formation increases.

The discussions in this subsection help gain insights into different types of charging techniques discussed in this

work. The conventional techniques viz CC and CCCV have shown increased chemical degradation during lower Crate

and increased mechanical degradation during higher Crate. The inactive materials and SEI layer formed at all the Crate

is higher when compared to pulse charging without discharge, as seen in Fig. S.10a and Fig. 2a. Similarly, the particle

cracking length is also higher. The CT5 has shown the best results in terms of all the parameters analysed in Fig. 2.

Even when the ambient temperature is taken into consideration, the performance does not deteriorate. Hence, pulse

charging technique without discharge pulse with a reduced ton and ton can be a suitable option to go for fast charging

and constrain the battery degradation. The value of ton and to f f is an optimization problem given in45.

Although the CT5 results are optimal for all temperature conditions analysed in this work, the design of new

charging techniques will be indispensable at extreme temperatures such as -20 oC and 80 oC. Further, each charging

technique has advantages and disadvantages that can be utilised to charge in extreme environmental conditions. The

amalgamation of the charging techniques directs us towards the developing a new rule-based charging strategy for

Li-ion batteries. Further, for high energy and high power applications as well, the rules can be framed by selecting the

suitability of charging type from Fig. 3, monitoring the rise in internal battery temperature, and appropriately varying

the Crate.

The rule-based charging strategy should incorporate the battery electrochemistry, present battery health parame-

ters, environmental conditions, user requirements and grid conditions. Hence, a new rule-based charging strategy is

proposed to fast charge with reduced battery degradation in this work. Different types of electrochemistry of Li-ion

battery are commercially available such as Lithium Cobalt Oxide (LCO), Lithium Manganese Oxide (LMO), Lithium

Iron Phosphate (LFP), and Lithium Titanate (LTO). The battery electrochemistry is to be considered because of the

variation in ability to fast charge, performance, lifespan, specific power, and energy. The present battery health con-

ditions will help to determine the ageing of the battery. Capacity estimated by the BMS or any types of the model

or the previous battery charge and discharge profile data will help determine the battery’s ageing. The environmental

condition includes the temperature of the region. User requirements can be a fast, medium and slow charge. The

grid conditions should also be incorporated to avoid the impact of uncoordinated charging, which leads to voltage

imbalance and instability46–48. The electric grid can be at peak load, off-peak load or normal condition.

Assume an EV arrives at a charging station with lithium-titanate-oxide (LTO) battery electrochemistry. The battery

is new and can charge to full capacity as communicated by the BMS. The temperature of the region of the charging

station is below normal (-10 oC). The user opts to fast charge, and the grid is at peak load condition. For the given

scenario, if a fast charge is performed, the grid will be overburdened. Hence, the user will be given an option to go

with a slow or medium charge rate. If the user wants to continue the fast charge, the service will not be denied, and

fast charging will be selected. The only condition to be evaluated is the ambient temperature. Since the temperature is

very low, the battery is under stress, and the internal resistance is high. The rise of the internal resistance is due to the

low ionic and mass diffusivity. Suppose the battery’s internal temperature is increased, the viscosity of the electrolyte

and the overall rate of diffusion can be brought to normal. The analysis in the previous subsection has shown that

pulse charging with discharge can help in increasing battery’s internal temperature. Hence, the battery undergoes a

pulse charging with discharge for a period of time until the battery’s internal temperature becomes normal. Later, with

controlled battery temperature monitoring, fast charging can be performed using a charging pattern, leading to the least

battery degradation. For instance, in this work, CT5 is found to be the best performer. Similarly, for LTO battery, an

optimal charging pattern can be proposed.

The advantages of the rule-based charging system lie in the ease of implementation. The charging station developer

can predefine a set of rules based on the changes in the climatic condition, nature of the user and their requirements

of fast charge, condition of the electric grid over a period of time. The charger should be designed to meet the

requirements of different charging strategies. A set of rules can be framed and fed to the controller of the charger.

Every time a user connects for the charge, as per requirements, the rule will ensure the best services for both EV user

and the electric grid. The assurance of the least battery degradation will advantage the EV user, and the electric grid

will have the least impact of uncoordinated fast charge.

The disadvantages of such rule-based charging are data requirements related to battery parameters that need to be

considered to fast charge with constrained battery degradation. Further, robust communication needs to be established
8



with the grid for real-time monitoring of connected load. The charger should also be capable of communicating with

EV battery BMS. A computational signal processing board or connected infrastructure is also required to monitor and

control the charging of EV batteries. These requirements make the charging systems costly, but an increase in cost will

be compensated by avoiding ageing of battery and losses of power system operators due to uncoordinated charging.

Table 2 shows a rule base developed considering all the five parameters.
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Figure 4: Proposed charging technique: (a) The charging pattern that is suitable for charging at normal or high ambient temperature. The increase

and decrease in cell temperature is countered by reducing and increasing the amplitude of positive pulse current. (b) The pattern of pulse in which

T , ton and to f f are required to be computed to constrain battery degradation. (c) The charging pattern that is suitable for charging at extreme low

temperatures. The discharge pulse of more than average charging current help to increase internal cell temperature. The increase and decrease in

this case is controlled by shifting from pulse charging with discharge to without discharge and increasing or decreasing the amplitude of charge

current.

Methods

A brief literature, the modelling of battery and the types of charging is discussed in this section. Fig. S.2 shows the structure of a Li-ion battery,

which comprised of two electrodes, an electrolyte and a porous separator. The electrodes are made using active material particles held together

using binders, and their structure help in storing lithium. Current collectors are connected to the electrodes for electrical connection. The direction

of flow of lithium determines the state of charge and discharge in the battery. During discharge, the intercalated lithium in the negative electrode

diffuses to the surface, initiating an electrochemical reaction. The electrochemical reaction leads to the release of Li+ ion and an electron. The

electrolyte prevents the flow of electrons but allows Li+ ion to diffuse towards the positive electrode. Hence, the electron via the electrode and

current collector travels to the positive electrode. At the surface of the positive electrode, the Li+ ion combines with the electron to form a lithium

atom and intercalate in the positive electrode particle. The process reverses in the case of charging.

Apart from the required electrochemical reactions to charge and discharge, Li-ion batteries undergo various undesirable reactions called the

secondary reactions, which are not desirable. These secondary reactions are a major reason for battery degradation. The amplitude, frequency, and

time to charge or discharge impacts the rate of secondary reactions, leading to two types of degradation mechanism, viz. chemical and mechanical.

Further, the temperature and states of the battery also impact the rate of either degradation mechanism. Chemical degradation dominates at a

lower applied current at normal ambient temperature, while a higher applied current and higher ambient temperature lead to fast mechanical

degradation31,49 . Hence, changing the pattern of current while charging is often explored to reduce the degradation of batteries.

Fig. S.4a shows the different types of charging proposed in the literature to fast charge and control the degradation 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 charging. Each type of charging technique is proposed to increase the charging efficiency, reduce charging time, and reduce battery

degradation in comparison to conventional techniques (mostly CC-CV).

Constant current (CC) was the first technique to charge the battery. The battery is considered to be fully charged when charging with a constant

current leads to an increase in terminal voltage to a fixed cut-off voltage. Since, the battery is an electrochemical system, it experiences a reduction
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Table 2: Example rule set for charging: The set of rules are designed based on the results obtained for the selected battery in this work. The user

selection is not demonstrated in the process when the grid is in peak load hours. Further, frequency, duty cycle of the pulses and amplitude of

charge and discharge pulse should be either computed online by preset optimisation algorithms or set as a predefined value determined based on

experiments/simulations for any charge technique (CT5, CT9 or any pulse charging with discharge) defined in the table.

Sl.No

Present

battery

health

Environmental

condition

User re-

quirement
Charge technique

1 New Low Fast

Start charging by a high charge current pulse or pulse charging with discharge (similar

to CT9*). With an increase in the internal cell temperature, charge technique similar to

CT5* can be used to fully charge.

2 New Normal Fast Start charging with charging technique similar to CT5*.

3 New High Fast

Start charging by a technique similar to CT5* and monitor the internal temperature. With

the rise in the internal cell temperature, the Crate should be reduced to constrain the rise.

On stabilising the rise in internal cell temperature, Crate can be increased again.

4 Half-life Low Fast

Start charging by using a technique similar to CT9*, with amplitude of discharge pulse

lower than the average charge current. Monitor the rise in internal cell temperature. With

the rise in internal cell temperature, shift charging to CT5. The internal cell temperature

should be monitored to reduce Crate on a rapid rise.

5 Half-life Normal Fast

Start charging using a technique similar to CT5 while monitoring the internal cell temper-

ature. An increase in internal cell temperature near stability limits should be constrained

by reducing Crate .

6 Half-life High Fast

Start charging using a technique similar to CT5 and monitor the rise in internal tempera-

ture. Constrain the rise in internal cell temperature by reducing the Crate. On decreased

and stabilising the internal cell temperature, Crate can be increased.

7 Degraded Low Fast

Start charging by deploying pulse charging with the discharge with amplitude of discharge

pulse higher than the average charge current. The rise in internal cell temperature should

be monitored. The charging should shift to a technique similar to CT5 on rise in temper-

ature. The internal cell temperature should be monitored and a reduction in Crate should

be used to constrain the rise.

8 Degraded Normal Fast

The charging should be performed using a technique similar to CT5 and internal cell tem-

perature should be monitored. Crate should be decreased to constrain the rise in internal

cell temperature after a certain safe value.

9 Degraded High Fast

The charging should start by a technique similar to CT5 and internal cell temperature

should be monitored. With an increase in the internal cell temperature above a certain

safe value, the Crate should be reduced. The Crate can be increased again once the cell

reaches the level of normal internal cell temperature.

10 New Low Slow

Start charging using a technique similar to pulse charging with the discharge with ampli-

tude of pulse discharge greater than the average charge current. The rise in temperature

should be monitored and with an increase, shift to a technique similar to CT5. The Crate

should be decreased if the rise in internal cell temperature is observed around stability

limits.

11 New Normal Slow

A technique similar to CT5 should be used to charge and regular monitoring of rise in in-

ternal cell temperature should be done. The rise in internal cell temperature near stability

limits should be constrained by decreasing Crate.

12 New High Slow
Start charging using a technique similar to CT5 and monitor the rise in internal cell tem-

perature. Reduce Crate to control the rise in internal cell temperature.

13 Half-life Low Slow

The charging should start using a pulse charging with the discharge with amplitude of

pulse discharge greater than the average charge current. The rise in internal cell tempera-

ture should lead to shifting to CT5 or CT8. Reduce Crate to control the rise in internal cell

temperature.

14 Half-life Normal Slow

The charging should be done using a technique similar to CT5. The internal cell tempera-

ture should be monitored and Crate should be changed to constrain the rise in internal cell

temperature.

15 Half-life High Slow
Start charging using a technique similar to CT5 and monitor internal cell temperature.

Modify the Crate to control the rise in internal cell temperature.

16 Degraded Low Slow

Start charging using pulse charging with the discharge with amplitude of discharge pulse

higher than the average charge current. Monitor the rise in internal cell temperature, and

shift charging to CT5 once temperature rises. The internal cell temperature should be

monitored to modify the Crate on rise around safety limits.

17 Degraded Normal Slow

A A charging technique similar to CT5 should be performed with monitoring of inter-

nal cell temperature. The Crate should be modified to constrain the rise in internal cell

temperature above safety limits.

18 Degraded High Slow

Start charging similar to CT5 and monitor the rise in internal cell temperature. With an

increase in the internal cell temperature around safety limits, the Crate should be reduced

and on reaching normal internal cell temperature, Crate can be ageing increased.
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in open-circuit voltage after a specified time of turn off. Hence, and a new technique of constant current-constant voltage (CC-CV) was proposed

in which the battery is charged with a fixed value of current up to the specified cut-off voltage during CC22,50 . On reaching cut-off voltage, the CV

gets activated in which the voltage is kept constant and current starts reducing. At a specified value of current (50 mA), the battery is considered

to be fully charged20 . The reduction of current in the case of CV significantly increases the charging time. However, it allows the settling of mass

and ions in battery, helping to reduce the concentration gradients within the electrode, and leading to more energy storage for a specified maximum

voltage. The simplicity in implementing CC-CV and its ability to transfer more energy to the battery has made it a standard charging protocol for

charging51 .

The idea of settling of ions or mass in battery is further exploited in pulse charging by the researchers. In pulse charge, the continuous current

is interrupted periodically to give rest phases or discharge pulses52,53 . These rest phases and discharge pulses help to settle the kinetics of ions and

compounds in battery. Three types of pulse charging are reported in the literature: pulse charging without discharge, pulse charging with different

current amplitude stage, and pulse charging with short discharge pulses54,55 . Fig. S.4 shows the three types of pulse charging techniques. The rest

and discharge phases aim to reduce the following: (a)the mechanical stress in electrode particles due to uneven insertion and extraction of lithium

in the solid particles, (b) the possibility of electrochemical potential at anode becoming negative and concentration polarisation. Researches have

shown other benefits, such as inhibition of dendrite formation in battery, better charge and discharge efficiency, and active material utilisation56 .

Works in literature have shown that application of high current when the battery is at a state of high open-circuit voltage (OCV) and high SoC

accelerates the battery degradation due to increased intercalation of Li+ ions in electrodes and side reactions in the surrounding region of electrodes

in battery14 . However, at the state of low OCV and SoC, the battery can be charged at high currents. Hence, Notten et al. proposed a charging

technique called boost charging33 . Boost charging is characterised by a high charge current (1C) for a short period leading to a fast charge up to

one-third of the battery capacity. After that, conventional controlled low current CCCV is used to charge the remaining capacity. Although boost

charging resulted in fast charge with controlled degradation, the implementation is a challenge because of the unknown high current that flows into

the battery due to high voltage at the charger terminals. Moreover, the temperature rise and the degradation studies are not yet well discussed in the

literature for boost charging. Compared to other charging techniques like CCCV, boost charging is able to input more charge in the battery when

recorded in the initial fast charge period. However, the rise in battery temperature during boost charge was another challenge32,33,53 .

Numerous studies have shown a rise in temperature with an increase in the number of charge-discharge cycles. The temperature rise in the

battery is due to an increase in the impedance or the chemical kinetics on the application of high current to charge or both20 . Hence, considering

the impact of temperature in ageing, Xiaosong analysed a new type of charging protocol, constant voltage constant temperature using the electro-

thermal-ageing model. The analysis showed a tradeoff between charge time and the ageing of the battery. Constant temperature constant voltage

(CTCV) charging protocol is another technique proposed considering the importance of temperature in the ageing of battery23 . CTCV has simplicity

in implementation and results in 20% faster charging when compared with CCCV.

Chen introduced sinusoidal ripple charging (SRC), claiming reduced charging time, charging efficiency and lifetime of battery with a controlled

temperature rise of battery57 . A challenge in using SRC for practical chargers is precise control in the magnitude and frequency of charging current.

The frequency should be optimal to have a low impedance of the battery. Further, the magnitude of the ripple, which affects polarisation in battery

and selection of components in the charger, need to be monitored58–61. Hence, a new power electronics converter topology for the charger and precise

control of outputs (current and voltage) with the ability to reduce power quality for vehicle-to-grid issues is proposed in60. Further, suppression of

dendrite growth in the battery is another benefit demonstrated in62 . On the contrary, Bessman showed using experiments on prismatic cells and a

physics-based model that the claimed benefits of SRC are not true as mentioned in literature63 .

In recent years, a new research direction has opened towards the model-based charging system. Information gathered from electrical and

electrochemical modelling of batteries can be utilised to optimise the charging for a battery. The model-based charging technique uses electrical,

electrochemical and thermal models and computes parameters for the battery64–71. The parameters computed using the electrical model include

impedance and SoC. The electrochemical model computes SEI potential or thickness, active material concentration, and anode potential. Capacity,

temperature and SoH are common to the model-based charging techniques. The works in this research directions also demonstrated a decrease

in charge time and control of the rise in battery temperature. However, a few considered the effect of battery degradation during charging. Fur-

ther, the advantage of model-based charging is demonstrated in simulation due to the requirements of multiple battery parameters and extensive

computational cost.

The study on the parameter variations of Li-ion battery involves experimental procedures which requires enormous time and the use of precise

measurement instruments. Mathematical models which capture various phenomenon within the battery are replacement for the experiments. Hence,

mathematical models are widely proposed and used in the literature to design new battery or manage battery systems. Butler-Volmer equations

and Nernst’s theory are the earliest approaches to describe the physics in batteries. The Butler-Volmer equation relates the current density and the

overpotential in batteries72 . In contrast, Nernst’s equation describes the electric potential of the electrode and electrical charge in the battery73 .

These equations were simple, but it was not sufficient 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 is popularly reported as Doyle-Fuller-

Newman (DFN) model in literature74,75 . The Butler-Volmer and Nernst equations use differential-algebraic equations, while the DFN model use

partial differential equations. The equations of the DFN model are solved using a variety of numerical solving tools like control volumes, finite-

difference methods, finite element methods, orthogonal collocation and others. The challenge in using DFN is the complexity to solve the equations

even after using the listed variety of numerical solving tools.

Alternatively, equivalent circuit and simplified electrochemical models such as single-particle model and single-particle model with electrolyte

are developed to meet the challenges of complexity, computational cost (speed and memory) and fast convergence to get results. Although alternative

models solve the challenges, literature reports the requirement of correction factors to get appropriate results76 . Hence, in this work DFN is selected

to analyse the electrical, electrochemical, and mechanical parameters of the battery. The parameters of the battery used to simulate are given in

Table S.318. Apart from the parameters, various constant used in the simulation are also given in the table.

The governing equation of the DFN model is classified in three parts namely, charge conservation, molar conservation and electrochemical re-

actions. Each of them are discussed in detail in76,77 . The governing equations are solved using Python Battery Mathematical Modelling (PyBaMM).

The models of SEI formation, internal temperature variations and particle cracking were also incorporated77–80. These models are run for different

types of charging and charging rates (0.3C to 5C) given in Table S.4 for 350 cycles. High performance computing platform-Param Ishan is used to

simulate model.
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Figure S.1: The acceleration of capacity fade with increase in charging rate as described in81
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Figure S.2: The model of the battery with all components depicting the process of charging and discharging using the direction of flow of

electrons. The arrows and ions in red depicts the process of discharge while the green depicts charging process. The electrons flow via the

connecting wires and the positive ions diffuse to either electrodes (positive or negative) depending on the process of charging and discharging via

electrolyte.
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Crate↑

(constant temperature)

Chemical 

kinetics↑

Rate of chemical 

reaction↑
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Inactive material 
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SEI Layer 

thickness↑

Overpotential↑

Porosity↓

Particle 

cracking↑

Chemical degradation
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Figure S.3: The figure shows a list of parameters and their classification as chemical and mechanical. The chemical are marked in orange while

the blue represents the mechanical parameters. Adjacent to each parameters, the arrow shows its variation when there is increase in Crate. The

figure try to relate different types of parameters and convey a possible sequence of events with change in Crate.

Table S.1: The different types of parameters studied or used in models reported to date are presented in this table. The electrical model requires

least number of parameters to be modelled but help in deriving required health status. The electrochemical model is computationally expensive and

demands numerous parameters which are either available only with the manufacturer or determined using sophisticated test and equipments. The

mechanical model is also similar to the electrochemical model but the governing equations used are different. Both electrochemical and mechanical

model help in determining the health of the battery.

Charging technique Electrical Electrochemical Mechanical

CCCV Capacity, impedance, efficiency (charge

and energy), OCV, SoC, and SoH

Electrode potential, side reaction rate, ac-

tive material concentration, Lithium loss,

SEI (thickness, density, resistance), and

exchange current density.

Porosity, stress, expansion (cell width and

length), structural disordering

Pulse charging Capacity, impedance, SoC, efficiency

(charge and energy)

Li-loss, surface concentration, transfer re-

action

Structuring disordering and porosity

Model based Impedance, differential voltage, SoC,

SoH, ohmic loss, capacity, energy

Polarization voltage, SEI (thickness and

potential), electrode potential, Li concen-

tration, active material concentration

Boost charging Capacity, charge efficiency Concentration (electrolyte, surface) trans-

fer reaction

Porosity

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

of-life
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Charging techniques

Conventional

CC CCCV Pulse charge

With negative 
pulse

Without negative 
pulse

Model based

Dynamic programming

Variable frequency pulse 
charge

Duty-varied voltage 
pulse-charge

Optimal charge amplitude 
control

Sinusoidal ripple Boost Temperature

CVCT

CTCV

(a)

(b) (c) (d)
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Figure S.4: Types of charging techniques reported in literature and a few typical current and voltage waveforms; (a) All the types of charing

reported in the literature are extensively reviewed and classified appropriately. (b) The current waveforms in constant current (CC) and voltage

waveform in constant voltage (CV) charging technique are shown, (c) The variation in current and voltage waveforms in constant current constant

voltage (CCCV) is shown. When current is constant, the voltage varies and vice-versa, (d) The current waveform in pulse charging without

discharge with pulse stage and relaxation stage is shown, (e) The current waveform in pulse charging with different current amplitude stage is

shown. The current is never equal to zero in this charging technique. (f) The current waveform in pulse charging with short discharge pulse is

shown. It comprises of pulse stage and relaxation stage, where relaxation stage is further having off period and discharge period.
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Inactive material concentration

Li-ion batteries have active and inactive materials. Those materials that contribute to the energy storage process, such as storing

lithium, are the active materials. The inactive materials include separator, binders, current collectors, electrolyte, additives and

packaging components82, 83 . These inactive materials constitute almost 60% of the battery weight and hence, are a crucial parameter

affecting the battery energy and power density84. The concentration of inactive materials keeps increasing with the age of the battery.

The side reactions in the battery are a major cause supporting the conversion of active materials to inactive16, 80, 82.
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Figure S.5: The variation of X-averaged negative electrode inactive material volume fraction when the elected battery us charged using different

types of charging techniques at different Crate is shown. The lower charging rates results in maximum formation of inactive materials because

chemical degradation dominates at lower Crate.

Fig. S.5 shows the formation of inactive material in the battery when different types of charging are used at different charging

rates. The inactive material formation is the highest at lower charging rates. The charging technique 1 (CC), 2 (CCCV) and 9 (pulse

charge with discharge) shows the highest concentration of inactive material at the end of 350 cycles of charge and discharge at low

discharging rates. With an increase in the charging rates, the amount of inactive material concentration reduced. The reduction in

the formation of inactive material is related to two primary reasons: i) the battery reaches the cutoff potential faster because of the

increased overpotential, and ii) the time to charge is reduced. The first reason is, a higher Crate leads to an increase in chemical

kinetics, charge transfer via diffusion and change in equilibrium potential. Since the overpotential is high, the cutoff voltage is

reached faster, and the battery is considered to be charged. A larger time frame to charge at a slower Crate leads to a larger time for

side reactions.. Hence, the concentration of inactive materials is higher at slow Crate.

CCCV and variants of pulse charging have shown reasonable changes in the concentration of inactive material formation.

During CCCV, although the battery is charged at high currents during initial states, the charging end with a reduction in the Crate

or fall of charging current to 50 mA during CV mode. Hence, CCCV is the only technique in which there is the least variation of

the concentration of inactive material followed by the pulse charging with discharge (charging type 12 and 13). Fig. S.5 shows

the impact of the duty cycle, rest time and the amplitude of discharge pulse in different variants of pulse charging. The rest period

during the pulse charge provides a settling time to the batteries. During the settling time, the increase in the chemical kinetics,

charge transfer rate, and change in equilibrium potential is reduced or halted. Hence, the formation of inactive material is also

less when compared to CC and CCCV. However, there are variations due to the parameters of the pulses. The interpretation of

the concentration of inactive material for pulse charging without discharge is shown in charging type 3 to 8. The decrease in the

concentration of inactive material is seen with a reduction of the ton. For a higher ton, the charging technique tends to behave like

CC or CCCV; hence, a similar concentration is seen, although it is less than CC and CCCV. The to f f also impacts the formation of

inactive materials. A reduction in the to f f leads to a reduction in the formation of inactive material. In general, a reduced ton and

to f f reduces the increase in the concentration of inactive material volume concentration.

The pulse charging with discharge leads to the least increase in the concentration of inactive material compared to CC, CCCV

and pulse charge without discharge. Charge type 9 to 15 in Fig. S.5 shows the variation of the concentration of inactive material.

The charge type 9, 10 and 11 are having a reduction ton for a constant to f f and discharge time, resulting in reduced inactive material

concentration. The results obtained follows a similar trend as observed in pulse charging without discharge. Further investigation on

the impact of discharge pulse is studied by changing the amplitude. For simulations in which the amplitude of discharge current is

equal to average current, but the on-time varies from highest to lowest (charge type 9, 10 and 11), the inactive material concentration

is least for the smallest ton. When the amplitude of discharge current is reduced to half of the average current, higher on-time resulted

in the formation of less inactive material. In contrast, when the amplitude of discharge pulse is double the average current, inactive

material volume concentration is more for a higher on-time. Hence, for pulse charging with discharge, with charge type in which the

amplitude of discharge current equals the average current, and have least on-time results in the formation of least inactive material.

The battery discharge process also renders a similar change in the equilibrium potential of the reactions in the batteries. Hence, an

increase in the discharge pulse leads to a rise in the formation of inactive materials.
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Reaction overpotential

The deviation of the battery potential from the electrode equilibrium potential to meet the requirements of current during charge or

discharge is commonly called overpotential. A simplistic example of overpotential can be visualised by observing the increase in

the terminal voltage of a battery when a charger is connected to it after allowing it to rest for an hour or more. Hence, a higher charge

or discharge current will lead to an increase in the overpotential of the battery. Different types of overpotential are described in the

literature. Those include thermodynamic, charge-transfer, ohmic and concentration overpotential. Splitting the overall overpotential

is not done in this work. The literature describes that an increase in the SEI layer thickness (ohmic overpotential) add to the increase

in the overpotential31.
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Figure S.6: The variation of X-averaged negative electrode reaction overpotential [V] when the battery is charged using different charging

techniques at different Crate is shown. The overpotential is higher at lower Crate as the inactive material formation and SEI thickness is more.

Fig.S.6 shows the changes in the overpotential with an increase in the charging rates and change in the charging types. During

CC and CCCV, the highest overpotential is seen during low Crate. Since at low Crate, the SEI formed is stable and thick, the ohmic

overpotential due to SEI layer formation is dominant. Further, CCCV have higher overpotential when compared to CC, which is

similar to the SEI layer thickness. Moving right in Fig.S.6, the variation of overpotential when variants of pulse charging are done

is described. The rise in the overpotential is the least in CT5, which is attributed to SEI layer formation. With the decrease in ton

and to f f , the rise in overpotential decreases. The rest period in the pulse charge provided time to settle. Hence, the overpotential

due to thermodynamics, charge transfer, and concentration reduces. Further, the growth of the SEI layer is also constrained due to

the least deviation from equilibrium potential.

The pulse charging without discharge is found to reduce the rise in the overpotential. However, when the pulse charging with

discharge is observed, a sudden increase in the overpotential is visible. Although the rise in the overpotential follows the trend of

decreasing ton, the SEI layer thickness is not the highest compared to Fig. 1a. Hence, in pulse charge with discharge, it is not the

ohmic overpotential that dominates; it is the thermodynamics and the charge transfer overpotential that dominates. The claim is

corroborated by the rise in cell temperature as seen in Fig. 1c. The charge transfer overpotential increases with an increase in the

Crate. Hence, with an increase in the amplitude of the discharge pulse, from half of the average charging current to double the charge

current, the overpotential rises. Both thermodynamic and charge transfer overpotential dominates the rise in overpotential when

pulse charging with discharge is performed with a higher amplitude discharge pulse. CT5 and CT 8 resulted in the best charging

types when the increase in overpotential is accounted for.

Extent of lithiation

Lithiation is the intercalation of Li-ions in the negative electrode during charging. The extent of lithiation happening prominently

impacts the capacity of the battery during charging. The formation cycle, which is done after the manufacturing of the battery,

involves the process of prelithiate anode, which is also accompanied by SEI layer formation and a rise in overpotential during

formation. Hence, the extent of lithiation is also related to SEI layer thickness, and overpotential85 . Fig. S.7 shows the variation of

lithiation at different charging techniques and rate.

The change in the extent of lithiation in CCCV is the least for different charging rates. A larger impact of Crate is seen in CC.

The process of lithiation is dependant on the ease to intercalate in the electrodes. The ease to intercalate further depends on the

diameter of the pores. With the growth of the SEI layer, the diameter decreases and add resistance to the diffusion of ions. Hence,

lithiation reduces with the ageing of the battery. At the lower Crate, the SEI layer formed is thick and stable; hence, lithiation

reduces.

On the contrary, although the SEI layer is less thick than the lower Crate, the lithiation is less in the higher Crate. Hence, there

are other factors also that impacts the extent of lithiation. The higher Crate leads to an increase in the chemical kinetics in the
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Figure S.7: The X-averaged negative electrode extent of lithiation for different types of charging and at different Crate is shown. Lower Crate

results in better lithiation while higher Crate reduces it. A better lithiation is related to overpotential and the chemical kinetics which impact the

settlement of ions in electrodes.

battery. The equilibrium potential and overpotential also increases with an increase in the cell temperature. The overall change in

the battery makes does not allow the Li-ion to settle in and stimulate various side reactions.

A few patterns of pulse charging shows better results when compared to conventional CC and CCCV. The variation of ton and

to f f shows similar changes in the variation of extent of lithiation. A decrease in the ton and to f f leads to better lithiation. A larger ton

allows accumulative growth of SEI layer and cell temperature, and the to f f helps to settle the processes in the battery. A reduction

in ton time ensures a reduction in the accumulative growth of the SEI layer and temperature. The pulse charging with discharge

good results in low charging rates, but the extent of lithiation reduced drastically at higher charging rates. The decrease in ton is

visible here as well, with improvement in the extent of lithiation. The amplitude of discharge pulse also impacts the lithiation, but

visible changes are seen only at higher Crate. At higher Crate, the impact of SEI layer thickness and the processes leading to an

increase in temperature dominates convolutes. However, the impact of the SEI layer is dominant only at low Crate.

Porosity

The porosity of the electrodes is an important parameter that impacts the capacity of the Li-ion battery. The porosity of pores in

the electrode is varied with the deposition of inactive materials, which is the SEI layer. With an increase in the thickness of the SEI

layer, the pores get clogged, leading to a reduction in the intercalation reactions, as discussed in previous subsections14 . Hence, the

porosity also varies similarly as the inactive material, and SEI layer thickness varies. Fig. S.10b shows the variation of porosity of

the negative electrode after 350 charge-discharge cycles. The porosity is the least in the case of CCCV and CC, followed by CT9.

The variation in porosity in Fig. S.10b demonstrates that change in charging types have an impact on the performance of the battery,

especially when looked into the variants of pulse charging.

The porosity impacts from the ton and to f f for pulse charge without discharge. It is observed that for a lower value of on-time,

the impact on the porosity is least and retain a higher value. A lower off-time too have a similar impact on the porosity. The charge

type 5 shows the least variation in the porosity for different charge rates. With an increase in the Crate, the change in the value of

porosity is reduced. In contrast, a lower charging rate leads to a higher reduction of porosity with an increase in the number of

cycles. As described in previous subsections, the SEI layer formed is thicker and stable at lower charging rates. Hence, porosity

is reduced drastically, and the impact of pulse charging is also negligible. The pulse charging without discharge is capable of

controlling the reduction in the porosity of the negative electrode. However, pulse charge with the discharge has shown similar

benefits when the variation of ton and to f f is investigated.

The variation of pulse charging with discharge is shown in charge type 9 to 15. The change in the porosity is reduced with the

use of pulse charge with discharge because of the reduction in the SEI layer thickness as shown in Fig. 1a. The decrease in the ton in

this technique also impacts the porosity. For a higher value of on-time, the change in the porosity is greater at lower charging rates.

For higher charging rates, the change in porosity is the least. The charge types- 9, 10, and 11 shows a reduction in the change in the

porosity because of the reduction in ton. The reduction in ton stops a consistent rise in the rate of side reactions, and the to f f allows

to settle processes. The amplitude of the discharge pulse also impacts the change in the porosity of the electrodes. For cases where

the amplitude of discharge pulse is equal to the average current, the difference in porosity is with the reduction in ton, the change

in the porosity reduces. On the contrary, a more significant change in porosity is found when the amplitude of discharge current is

equal to half of the average current.

A larger difference in porosity is observed for case the amplitude of discharge current is double the average current. The change

in the porosity is related to the equilibrium potential, which on the increase in the magnitude, fall below the stability limits of the

electrolyte leading to SEI formation. The rest period after the discharge pulse helps to stabilise the SEI layer. Hence, in the case

of low Crate, which also generates a stable SEI layer, the larger reduction in porosity is visible even when pulse charging with
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Figure S.8: The X-averaged negative electrode porosity for different types of charging and at different Crate is shown. The porosity depends on

the SEI layer thickness over particles in electrodes. Hence, at lower Crate, when SEI layer thickness increases, the porosity of the electrodes is also

reduces.

discharge is used.

Tortuosity

Tortuosity is an important factor relating to the mass and charge transport in an electrochemical device86. Although this factor plays

a major role in the fast charging of batteries, it has not been widely discussed in works dealing with the capacity fade of batteries.

Tortuosity is a microstructural characteristic that defines the ease of flow of ions during charging and discharging87–89. However,

tortuosity should not be misunderstood with the geometric property of microstructure rather interpreted as the effective diffusibility

of mass in a porous object86. A higher value of tortuosity infers that the travel path through the porous structure is not smooth or

short for the charge. Hence, the lower the value of tortuosity, the better the charge and mass transport in the battery’s electrodes89 .

 5C

Figure S.9: The X-averaged negative electrode tortuosity for different types of charging and Crate is shown. Tortuosity is inversely related to

porosity. Hence, the variation follows a trend but opposite to the porosity.

Fig. S.9 shows the variation of values of tortuosity for different types of charging at various Crates. The lower charging rates in

all the techniques showed resulted in the highest value of tortuosity. The conventional CC and CCCV have the maximum variation

in the tortuosity, especially at low Crate. At lower Crate other parameters such as concentration of inactive materials and the SEI

layer thickness is higher. The SEI layer is a type of inactive material that is formed on the surface of electrode particles. These
22



particles are kept together using binders and have spaces in between them, which are called pores. These pores allow the Li-ion to

settle during intercalation reaction or charging. When the SEI layer thickness increases, the pores start getting clogged and restrain

the movement of charges14, 86. Hence, during charge transfer or diffusion, a larger path is required, which leads to an increase in

tortuosity. Since the porosity of electrodes is related to tortuosity, the calculation also involves the value of porosity.

On the introduction of pulse charge techniques, the change in the values of tortuosity reduces as compared to CC and CCCV.

The ton and to f f have impact on the change in the tortuosity similar porosity changes shown in Fig. S.10b. The decrease in the ton

and to f f reduces the tortuosity changes due to similar reasons as described in the previous subsection explaining the less change in

the porosity and SEI layer thickness. Looking at the pulse charging with discharge, the change in tortuosity over different charging

rates are the least except for a low Crate in CT9. CT9 has a high ton, therefore at low Crate, the formation of SEI to constrain

the diffusivity of charge is least. On an increase of Crate, the internal cell temperature increases, boosting the diffusivity of charge.

Further, the increase in the amplitude of discharge pulse in pulse charging with discharge also increases the internal cell temperature.

Hence, for CT13 and CT15, in which the amplitude of discharge pulse is twice the average charge current, the tortuosity changes

are minimal. The pulse charge with discharge turns out to be a good alternative to fast charge batteries if the only tortuosity is

considered under study.
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Figure S.10: Variation of different parameters of the batteries: (a) X-averaged negative electrode inactive material volume fraction; (b) X-

averaged negative electrode reaction overpotential [V]; (c) X-averaged negative electrode extent of lithiation; (d) X-averaged negative electrode

porosity; (e) X-averaged negative electrode tortuosity. For each parameters, shown in the figure, CT5 results a value which help to constrain the

battery degradation.
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Table S.3: The table shows the parameters of cell used for simulating the different types of charging at different rates. The cell parameters are

taken from18 and the additional data required for the degradation models are those predefined in PyBaMM.

Parameter Symbol Units Anode Cathode

Length of the electrode Li µm 88 80

Conductivity of electrode σ S/m 100 100

Volume fraction of solid phase ε1 0.49 0.59

Volume fraction of liquid phase ε2 0.485 0.385

Film thickness δ µm 2 2

Maximum Li ion in sold phase mol/m3 30555 51555

State of charge θ0 0.03 0.95

Diffusion coefficient of solid phase D1 m2/s 3.9×10−14 1×10−14

Rate constant of electrochemical reactions κ A/m2/(mol/m3)3/2 4.854×10−6 2.252×10−6

Anodic transfer coefficient of electrochemical reactions αa 0.5 0.5

Anodic transfer coefficient of electrochemical reactions αb 0.5 0.5

Initial Li ion in sold phase mol/m3 1000 1000

Diffusion coefficient of liquid phase D2 m2/s 7.5×10−14 7.5×10−14

Transference number of Li ion t+ 0.363 0.363

Faraday constant F C.mol−1

Gas constant R J.mol−1K−1

Table S.4: The table shows different types of charging techniques simulated in the work. The ton, to f f and tdis 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 on a DFN model with incorporated

degradation models at different charging rates. The empty spaces resembles that the specific parameter is not relevant for the charging type.

Sl.No Charging techniques Sub category ton(s) to f f (s) tdis(s)
1 CC

2 CCCV

3 Pulse charge without discharge Type 1 5 0.2

4 Pulse charge without discharge Type 2 3 0.2

5 Pulse charge without discharge Type 3 1 0.2

6 Pulse charge without discharge Type 4 5 0.1

7 Pulse charge without discharge Type 5 3 0.1

8 Pulse charge without discharge Type 6 1 0.1

9 Pulse charge with discharge Type 1 5 0.2 0.2

10 Pulse charge with discharge Type 2 3 0.2 0.2

11 Pulse charge with discharge Type 3 1 0.2 0.2

12 Pulse charge with discharge Type 4 5 0.2 0.2

13 Pulse charge with discharge Type 5 5 0.2 0.2

14 Pulse charge with discharge Type 6 3 0.2 0.2

15 Pulse charge with discharge Type 7 3 0.2 0.2
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