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HIGHLIGHTS

e Propose a safe and fast charging method
based on a reduced electrochemical
model.

e Analysis of battery degradation from
side reaction, lithium plating and
stripping.

e Design charging profile considering
different limitations with negative
pulse.

o Verify the charging method in real time
using the Battery-In-The-Loop system.

o Reduce the charging time while main-
taining the degradation speed.
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ABSTRACT

Previously published work on fast charging method has demonstrated that the side reaction can be minimized by
a properly designed charging protocol, but does not consider effect of lithium plating and stripping. Therefore, a
model for side reaction, lithium plating, and stripping is developed and incorporated into a reduced order
electrochemical model (ROM) with extended Kalman filter. In addition, effects of negative pulse charging are
analyzed and show that negative pulse charging can recover ions from metallic lithium, so the capacity loss is
minimized compared with CC charging with the same charging speed. Finally, a new fast charging method is
designed by combining negative pulse and different limitations that include anode potential, side reaction rate
and cutoff voltage that are estimated from ROM, which is called a fast charging method with negative pulse
(FCNP). The proposed method, 2C and 3C CC/CV charging methods are tested in Battery-In-The-Loop using a
large format pouch type lithium ion battery. The charging time by FCNP up to 80% SOC is comparable to that by
3C CC/CV at the beginning of life and faster after the middle of life. At the same time, the capacity loss by FCNP
is comparable to that by 2C CC/CV.

1. Introduction

charging time can be reduced simply by increased C rates that adversely
accelerate degradation, which presents one of the major barriers to
overcome for rapid commercialization of EVs. In our previous work, a

Lithium ion battery is one of the most preferred energy storage de-
vices because of its high energy and power density [1]. However, since
the driving range of EVs is still relatively short, more batteries are
installed to extend the range, which results in long charging time. The
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new fast charging method is proposed that significantly reduce the
charging time while degradation is comparable to that by a normal 1C
CC/CV charging, by generating a charging protocol considering allow-
able maximal ion concentration and side reaction rates, and terminal
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Nomenclatures

A sandwich area of the cell (cm?)

a, anodic intercalation factor

a. cathodic intercalation factor

Qs side specific surface area of side reaction at electrode (cm™)

A 1 specific surface area of lithium deposition reaction at
electrode (cm ™)

BIL Battery-In-the-Loop

c ion concentration (mol L)

cC Constant Current

Ccp Constant Power

cv Constant Voltage

ch Charge

Dy diffusion coefficient in electrode (cm? s™1)

D, diffusion coefficient in electrolyte (cm?s™h

dis Discharge

DL Deposit Layer

EC Ethylene Carbonate

EIS Electrochemical Impedance Spectroscopy

EKF Extended Kalman Filter

F Faraday constant (96,487 C mol™)

FC Fast Charging

FCNP Fast Charging with Negative Pulse

FOM Full Order Model

I current of the cell (A)

io exchange current density (A cm2)

j reaction rate (A cm™3)

L thickness of micro cell (cm)

l coordinate along the thickness of micro cell

Nyide number of ions involved in the side reaction

OCV Open Circuit Voltage (V)

PC Pulse Charging

Q capacity of the cell (A h)

Qioss amount of ion loss caused by degradation (A h)

R resistance (Q ¢cm?) or universal gas constant
(8.3143Jmol 1K™ 1)

R; radius of spherical electrode particle (cm)

RMS Root Mean Square
ROM Reduced Order Model
r coordinate along the radius of electrode particle (cm)

SOC State Of Charge

SEI Solid Electrolyte Interphase

SELsec  Secondary SEI layer

T cell temperature (K)

t time (s)

Ueq equilibrium potential (V)

V; terminal voltage of cell (V)

x stoichiometric number of the anode

y stoichiometric number of the cathode

Greek symbols

a transfer coefficient of reaction

S thickness (mm)

13 volume fraction of a porous medium or strain
¢ electric potential (V)

n reaction overpotential of electrode (V)

K ionic conductivity (S cm™h)

A ratio of plated lithium and generation of secondary SEI

layer
conductivity (S em™)
total time (s)

S\ Q

Subscripts and Superscripts

a Anodic

aged aged cell

ave average value

c Cathodic

e electrolyte phase

eff Effective

eq Equilibrium

fresh fresh cell

loss caused by loss of lithium ion
Li lithium ion

LiP lithium plating

LiS lithium stripping

max Maximum

s solid phase

side side reaction

surf electrode particle surface

- negative electrode (anode)
+ positive electrode (cathode)

cutoff voltage [29]. However, the charging method does not consider
any conditions that suppress formation of lithium plating and promote
lithium stripping.

In this paper, we propose a fast and safe charging protocol that limits
side reaction and lithium plating by side reaction rate, anode potential,
and terminal cutoff voltage. The immeasurable internal variables from
the terminal of a cell are estimated in real time using a validated elec-
trochemical model. In addition, negative pulse currents are applied to
recover lithium ions out of metallic lithium, particularly at low SOC
range.

1.1. Review of current charging protocols

There are many suggestions on how to design charging methods that
reduce charging time and at the same time degradation. A study con-
ducted by U.S. Army research laboratory showed the fact that charging
protocols (constant current (CC) charging, constant power (CP)
charging, and multistage constant current (MCC) charging) for lithium
ion battery have a significant impact on their cycle life [2]. One of the
most commonly used charging protocols is the constant current and
constant voltage (CC/CV) charging because of its simple and easy

implementation to chargers. During the constant current charging, a cell
is charged with a preset current amplitude until the terminal voltage
reaches a cutoff voltage set. Once the voltage reaches the cutoff voltage,
the applied voltage is kept as constant and then the charging current
decreases as the SOC increases. The charging time cannot be signifi-
cantly reduced by increased constant current because the cutoff voltage
is reached earlier and correspondingly an extra time is required during
the following CV charging. Other options are constant power and con-
stant voltage charging (CP/CV) or multistage constant current and
constant voltage charging (MCC/CV), where the amplitude of the
charging current and its duration is hard to determine. A new design of
protocols is approached using electric equivalent circuit models or
neural network models constructed using experimental data [3] in
conjunction with extended Kalman filter [4]. However, empirical
models do not provide internal physical variables. Therefore, the vari-
ables are extracted from a reduced order electrochemical model (ROM).
According to the previous studies on fast charging methods [28,29],
there are several limitations for charging current rates at a given SOC
that include side reaction rate, terminal cutoff voltage, and lithium ion
surface concentration. In addition, resting pulses are added to decrease
the surface concentration of lithium ions. However, these methods do
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not consider the degradation caused by lithium plating that is the most
dominant cause at high current charging. Further studies have been
focused on understanding of the effects of charging currents on lithium
deposition reaction so that a charging protocol can be designed that
suppresses the lithium plating.

1.2. Review of aging mechanisms

Aging phenomena of lithium ion battery are very complex, affected
by an electrochemical reaction, heat generated and mechanical stress.
The most dominant causes are by electrochemical reactions that include
side reaction and lithium deposition reaction. In this study, two re-
actions are considered as the side reactions as follows [5];

2Li"4+2e” + EC-»CH2 == CH2 + Li,CO;} (@))

2Li"+2e” +2EC—CH2 == CH2 + (CH,0CO,Li),| 2)

Main products are Li,CO; and (CH,OCO,Li), that form the com-
pounds of a thin passive layer on anode particle surface that is called
Solid Electrolyte Interphase (SEI). An initial SEI is artificially created to
protect the electrode from further reaction with the electrolyte because
of its permeability to lithium ion but impermeability to electrons [6].
However, as cycled, side reaction takes place continuously and produces
the SEI layer that covers pores of the electrode [7,8]. As a result, elec-
trode porosity gets decreased [9] and internal impedance gets increased.
Consequently, power gets faded. The lithium ions consumed by the side
reaction and trapped in isolated particles due to being completely
covered by SEI layers leads to capacity fade.

Lithium deposition reaction that is also called lithium plating forms a
metallic solid lithium from the lithium ions and electrons, which can be
expressed as follows;

Li* +e—Li(s) 3

The lithium plating consumes lithium ions, while the metallic plate
covers the surface of particles on anode electrode and reduces an active
area. In addition, some plated lithium metal reacts with the electrolyte
and becomes insoluble products such as Li,CO3; and (CH,OCO,Li),,
which is called secondary SEI [12,13]. The products can block the pores,
reduce ionic kinetics [14] and active anode material [15], which also
leads to power and capacity fade. Due to both reactions, the thickness of
SEI grows, a conductivity of electrolytes decreases and a layer is formed
by a new SEI and the secondary SEI at an interface between anode and
separator that is called a deposit layer. All of the depositions are sum-
marized with two impedances, SEI, and deposit layer. The decrease of
the active area and the increases of the two resistances are the main
causes of degradation. On the other hand, there is a reverse reaction of
lithium deposition reaction, which is lithium dissolution reaction also
called lithium stripping. A certain amount of the plated lithium can be
dissolved during discharge and this reaction promotes recovering ions
that are lost during lithium plating [23]. For modeling of side reaction
and lithium plating effects, the following assumptions have been made;

e Degradation takes place only on the anode electrode and depositions
on the anode particles are a mixture of primary and secondary SEI
layer, and plated lithium,

e Products of the primary and secondary SEI layer is composed of
Li2C03 and (CHzOCOzLi)z,

e Decrease of active area and porosity is calculated from the average
thickness of the deposits, and

e Mechanical failure, gas generation, and effect of dendrite are not
considered.

Schematic diagram of a graphite particle on the anode electrode is
depicted in Fig. 1, where arrows indicate the path of participating
charges that includes lithium ion, EC, and electron and the location
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where reactions take place. Since the SEI layer is ionic conductive but
isolative to electrons [6], all reactions that include the main reaction,
side reaction, and lithium deposition reaction take place at the interface
between the SEI layer and the particle. On the other hand, once lithium
metal is deposited on the particle surface, no ion can be transported
through plated lithium because of its permeability to ions but imper-
meability to ions. As a result, no further main reaction is possible.
However, electrons in the particles can flow through plated lithium and
participate in side reaction or lithium plating on the surface of the plated
lithium. Even if the SEI layer or secondary SEI layer on the plated
lithium already exist, it is still possible for additional SEI layer or sec-
ondary SEI layer to build at the interface of the plated lithium and SEI
layer.

2. Degradation mechanism
2.1. Main reaction

Reaction rate produced by a main chemical reaction taking place at
the interface between electrode and electrolyte is governed by the
Butler-Volmer equation [16].

Li , a,F a.F
Jﬁ” = Gy, int10,int {CXP <ﬁ’7mr> - exP( - ﬁﬂim)} 4

, where ay;, is the specific reaction area of intercalation, 7, is the
surface overpotential, and iy is the exchange current density of the
intercalation that can be expressed as follows;

o me = kio(Ce)™ (Comax — c.\'..)‘m_‘/')a“ (cs,.\ur_f)a( ()

, where ko is the kinetic rate constant, ¢smax and c; g,y are the maximum
lithium ion concentration and surface ion concentration of the particles,
respectively. a, and o, are constants that represent anodic and cathodic
intercalation, which are symmetric in the main reaction and set as 0.5
for each value. The overpotential for the main intercalation is given as
follows;

N =Ps — be — Uegins — Vst int 6)
Rser o1l 1
Vserim = i @

s,int

where ¢, and ¢, are electric potential of the surface of the anode
electrode particle and the electrolyte, respectively. Ueqn is the equilib-
rium potential for the intercalation. j- , is the total reaction rate that
includes the main reaction, the side reaction, and the lithium deposition
reaction or the lithium dissolution reaction;

Li L L i
Jrotat = Jin T Fside T 1 ®
Rsgr torar is the sum of the SEI and the secondary SEI resistance. Rggy g is

the SEI resistance formed at initial cycle, which is measured by elec-
trochemical impedance spectroscopy (EIS) equipment.

Rs1.101a1(7) = Rsero + Rogr (1) + Rsgrsec (7) €©))
2.2. Side reaction

The rate of side reaction can be also expressed using the BV equation.
.Li . aa.xidensideF ac,sidensich
Joize = sl side {GXP (Tﬂsid@) - exp< - T’?:m)} (10)

, where i ;g is the exchange current density of the side reaction that is a
function of reactants of the side reaction, lithium ions, and ethylene
carbonate (EC) molecules.

i0,side = Kiide V/ Cs,surf CEC.Ry 1)
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Fig. 1. Schematic diagram of different types of depositions on a graphite particle.

, where kg, is the kinetic rate constant for the side reaction. cgc, is the
concentration of EC molecules at the surface of anode particles.

Ngige is the number of ions involved in the side reaction that is equal to
2. 1,4, is the surface overpotential of the side reaction defined as follows
[17];

Rser iotat 1
total

Nsize = Ps — Po — Uegsize — 12)

s,side
, where a4, is the specific reaction area of side reaction and Uy siq. is
the equilibrium potential for the side reaction.
Since the side reaction is irreversible and dominated by the reduction
process rather than the oxidation process, the equation (10) can be
simplified as follows;

(13)

Qe sideNside F
RT side

L .
Jside = — Qs,sidelo,side eXp( —

The total number of the consumed lithium ions is obtained by inte-
gration of the side reaction rate over the composite anode and cycling
time.

- T
G (1) = / { / A (x, t)dt}Adx
x=0 =0

, where ¢i¥ is the consumed lithium ions, §_ is the thickness of the

composite anode and A is the cross section area of the cell.
On the other hand, the amount of consumed solvents of the elec-
trolyte is reflected with the volume fraction rate of electrolyte as follows;

14)

Vg (7)

Aee,.&[de (T) = AS_F

(15)

, where V, is the molar volume of the electrolyte and « is the reaction
coefficient of the EC. Under the assumption that the products from side
reaction have the same reaction rate, the average value of the consumed
solvents of the electrolyte that are 0.5 for Li,CO3 and 1 for
(CH20CO,Li), when one mole of lithium ion is consumed is used for the
reaction coefficient of the EC.

Subsequently, the effective diffusivity of the lithium ion in the
electrolyte is affected by the change of the electrolyte volume fraction
affects as follows;

D¥ =D, ¢, (16)
, where ¢, is the porosity that indicates a volume fraction of electrolyte
that decreases as degraded.

Similarly, the change of the volume fraction of the active material
caused by the deposition of the SEI layer can be described as follows;

Vs / o
Ag; iae (X, 7) = — 9y S t)dt 17
S a7)
The change of the average thickness of the SEI layer at different lo-
cations and deposit layer can be expressed as;

VSE/ ’ Li
Aer —_oH ! t)dt 18
sl ) = 2 [ () as)
ViR [T 4
Abppiae(7) = 2% / a8 0t 19)
NsigeF Ji—o

, where Vg is the molar volume of the SEI layer and R; is the radius of
the anode particle.

The corresponding increase of the resistances for the SEI and deposit
layer can be obtained using the ionic conductivity of the SEI and the
deposit layer as follows;

ARy (x,7) = Absgr (X, T) /Kser (20)

ARpL(7) = Abpysiae(T) /KDL 21

2.3. Lithium plating and lithium stripping

2.3.1. Introduction

Lithium plating and stripping are reduction and oxidation reaction
process. The rate of lithium plating or stripping can be also expressed
using BV equation

.Li . aa.LiF ac,LiF
Jripys = Gsitoi |CXP\ —priipys | = €XP\ = ~prlLipys

, Where iy 1; is the exchange current density of the reaction.

In fact, because the secondary SEI is insoluble, the lithium plating
and stripping are semi-reversible. Therefore, a.;; and aqy; are set to be
0.3 and 0.7 [12,19].

The lithium plating occurs during charging the local lithium plating
overpotential against a reference of Li/Li+ is less than OV, which makes
the kinetics of lithium deposition reaction higher than that of the main
reaction [10,11].

Conversely, the lithium stripping takes place during discharging.
When the short discharging currents are applied during charging (pulse
charging), not only concentration of lithium ions are decreased but also
plated lithium metal is dissolved and lithium ions are released [23]. If
the plated lithium has already reacted with EC and becomes the sec-
ondary SEI, the plated lithium cannot be dissolved. If the plated lithium
is completely covered by primary or secondary SEI layer, the lithium is
no longer dissolved and becomes a dead lithium.

A model for the lithium stripping is developed under the following
assumptions;

(22)
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e Lithium stripping takes place only when plated lithium is already
generated.

o If the plated lithium is completely dissolved, no more lithium strip-
ping exists.

e Once the plated lithium reacts with EC and generates the secondary
SEL, lithium stripping cannot take place.

e The rate of the secondary SEI formation from lithium plating is
constant.

2.3.2. Lithium plating
The overpotential of the lithium plating is expressed by Ref. [30].
RSEI‘mmI Li

Ni=¢, — o — Ueqri — Jiotal (23)
As i

s,Li

0 forn,; >0

i Jorn,, <0 for lithium plating

Nuip =

, where ag; is the specific active area of the lithium plating that is same
as Gsgige- Ueqri is the equilibrium potential for lithium plating and
stripping and is assumed to be zero because the potential is measured
with respect to a lithium metal reference [12].

The total number of ion loss consumed by the lithium plating and the
secondary SEI is obtained by integration of the reaction rate over the
composite anode during a given time.

5 T
G (®) = / { / <1—A)jiiip(x,z)dr}Adx 24
x=0 =0
G (1) = / { / Affip (x, r)df}Adx (25)
x=0 =0

, where 1 is the ratio for the amount between the plated lithium and the
secondary SEI layer formed from the plated lithium.

The consumed electrolyte by the secondary SEI can be expressed as
follows;

af/e qSEl.sec (T)

loss

AS6_F (26)

Ag('.SEI,sec (T) =

, where a is assumed to be the same as that of the side reaction. It also
changes the effective diffusivity of the lithium ion from the equation
(16).

A volume fraction of active material induced by the plated lithium
and the secondary SEI layer is expressed as follows;

‘7 i T :
tean(xt)= =20 [ (1= Dyt @7)
npipkF | =0
% .
Aeysprsee(x,7) = — - jE; / A (x, 1)t (28)
side =0

, where ny;p is the number of ions involved in the lithium plating that is
equal to 1 and Vy; is the molar volume of the plated lithium.

Increase of thickness of the secondary SEI layer from the plated
lithium can be expressed as;

14 T
ABspgec (X, T) :i/ Affip (6, 1)dt (29)
I

asn:idz'F =0
The corresponding increase of the SEI resistance including the SEI
and the secondary SEI layer can be expressed from the equation (20).
An increase of thickness of the deposit layer from the plated lithium
and the secondary SEI layer can be expressed individually as follows;

VirRs (7 L
Ay (z) = V128 / (1= 2 (5, 1)dt (30)
=0
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VeerRs [T L
Sonsone® =20 [ 3ty (6 0 31
”sich Jt=0
The corresponding increase of the deposit layer resistances including
the SEI, the secondary SEI layer, and the plated lithium can be expressed
from the equation (21).

2.3.3. Lithium stripping
Likewise, the overpotential for the lithium stripping is defined by

Mpi forn,; =0

Nyis = 0 forn, <0 for lithium stripping

, where 7;; is calculated according to the equation (23). Because of the
lithium stripping, the total amount of recovered lithium ions can be
obtained by integration of reaction rate over the composite anode and
time.

5 t
G5 oy (1) = / { / jéiis(x,ndr}Adx (32)
Jx=0 7=0

Finally, the total ion loss by the lithium plating and stripping is the
sum of individual loss and recovery that is given by the equations (24),
(25) and (32);

SEI sec

ioss (T) = Gy () + Ghogs ™ (7) + Grecorery (7) (33)
3. Reduced order electrochemical model (ROM) considering
degradation

Analysis and design of a charging protocol considering the degra-
dation require information of internal variables in real time such as ion
concentrations, side reaction rate and anode potential that cannot be
measured from the terminal of a battery cell. These variables can be
estimated only using a validated electrochemical model. Charging or
discharging of lithium ion battery involves several processes that
include ion transport and reactions. They are migration, diffusion, and
intercalation or deintercalacation. The processes are governed by
nonlinear or partial differential equations (PDE) that describe physical
laws, which is used to construct a full order model (FOM). Solving the
equations is very computationally expensive. Thus, the FOM is inap-
propriate for control purposes in real time even high accuracy. A
possible approach is to reduce the order of the FOM by converting PDEs
into ODEs and linearize the nonlinear equations, which is called a
reduced order electrochemical model (ROM). Details of the equations
are summarized in Appendix A.

3.1. Model validation

The constructed ROM embedding side reaction and lithium deposi-
tion reaction model is validated using a large format of lithium ion
pouch cell that has a nominal capacity of 39Ah. The values of the pa-
rameters for the ROM is listed in Appendix B.

Firstly, the cell is cycled with 2C CC/CV charging until the terminal
voltage reaches the cutoff voltage of 4.2V, where the cutoff current
becomes 1/40C, and then discharged with 1C until the terminal voltage
reaches 3.0V. The capacity is measured as a function of cycle numbers
and the results of capacity and discharge characteristics of terminal
voltages from 0 to 320 cycles in every 40 cycles are plotted in Fig. 2. The
prediction error of the capacity by the ROM is less than 1% while the
voltage is accurately tracked. The capacity drops almost linear until 300
cycles because no lithium plating takes place, which is explored in detail
later.

With the degradation model, ion loss is calculated from the side re-
action rate. Ion loss from 2C CC/CV charging as a function of cycle
number is plotted on the top in Fig. 3. Ion loss increases linearly because
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Fig. 2. Experimental and simulated results by 2C CC/CV; capacity fade and
terminal voltage when discharged with 0.5C CC.
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Fig. 3. Ion loss calculated using degradation model and side reaction rate with
2C CC/CV charging.

lithium plating does not occur until 300 cycles and correspondingly,
capacity decreases linearly as shown in Fig. 2. Side reaction rates rate at
the particle closely located to the separator during one cycling with
different cycle number are plotted on the bottom in Fig. 3. Side reaction
rate decreases in CV mode as the charging current decreases.

As a matter of fact, high current rates during the charging process is
one of the favorable conditions for the formation of lithium plating and
thus another cycling test is conducted with 5C CC charging until 40% of
SOC for 100 cycles with the same discharge condition. The experimental
data of the capacity is compared with that by simulation using the
degradation model and ion loss from side reaction and lithium plating
are plotted, as shown in Fig. 4, where the model can predict the capacity
fade well. In addition, there is a transition from a linear to a nonlinear
range caused by the lithium plating [21]. At the beginning of cycling, ion
loss is mainly caused by side reaction. After 60 cycles, the lithium
plating starts to occur and then increases rapidly, which results in the
nonlinear and rapid increase of the capacity loss and a transition from
the linear to the nonlinear increase.

This nonlinear transition can be better explained with lithium
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Fig. 4. Capacity fade and ion loss at 5C CC charging by side reaction and
lithium plating.

deposition overpotential during charging process that is the primary
factor for the formation of the lithium plating according to the BV
equation. The lithium deposition overpotential and lithium deposition
reaction rate at the particle closely located to the separator as a function
of time with different cycle number is plotted in Fig. 5 (a) and (b). When
cells are getting aged, the overpotential decreases and becomes negative
from 60 cycles, which represents the condition for the formation of
lithium plating, consequently lithium deposition reaction rate decreases.
As the cycle number increases, more lithium plating takes place, which
results in a rapid and nonlinear drop of the capacity. Particularly, the
increase of the overpotential and the decrease of the reaction rate at 100
cycles shortly after 250 s is caused by a change of the charging mode
from CC to CV because of the degradation and the associated reduced
time to reach the cutoff voltage. In addition, because the overpotential is
dependent upon the location, the lithium deposition overpotential and
the reaction rate at the end of the charging as a function of a location of
the particle in the composite anode with different cycle number is
plotted in Fig. 5 (c) and (d). The closer the location of particles to the
separator is, the lower becomes the overpotential, which causes local
lithium deposition reaction. Moreover, when lithium deposition takes
place, deposited metallic lithium covers the surface and pores of parti-
cles, so volume fraction of the active material decreases, especially se-
vere near the separator. As a result, the closer the location of particles to
the separator is, the less is the available active area, which increases the
magnitude of the overpotential and accelerates lithium plate like a
positive feedback, therefore lithium plating area extends to the opposite
direction of the separator.

In short, the design objective of a charging algorithm should be the
reduction of the side reaction rate and prevention of lithium deposition
reaction, so that few ions can be lost and finally a capacity fade can be
minimized. The preventive measure against the lithium deposition re-
action results in inhibiting the growth of dendrites, so safer operation
can be ensured. Therefore, design objectives have set to develop a
charging algorithm that suppresses the side reaction and prevent the
lithium plating.

4. Design of a new charging method
4.1. Design of a new fast charging algorithm
The limitations of previously introduced charging method are the

side reaction rate and cutoff voltage to minimize the ion loss caused by
side reaction [29]. One of the other major causes for degradation is
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Fig. 5. Lithium deposition overpotential and reaction rate during charging as a function of charging time (a), (b) and location in the anode (c) and (d).

lithium plating that is directly related to negative lithium deposition
overpotential, given by equation (23), presents a farvorable condition
for the formation of lithium plating, which leads to loss of ions. In this
research, anode potential, which is ¢, — ¢, used for simplification pur-
pose and actually considering anode potential is more conservative
limitation than lithium plating overpotential so that it can reduce
degradation comprehensively.

The overall charging process and three limitations for C rates as a
function of SOC are calculated using ROM are plotted in Fig. 6 (a), which
should minimize the degradation of the cell. The charging starts with the
maximum C rate. At an every incremented SOC, the designed algorithm
checks if the applying C rates cause any variables to reach the afore-
mentioned three limitations, which is repeated until a required SOC or a
certain preset stop condition, such as cutoff current are reached. The
cutoff current is set as 1/40C.

When charged from 0% SOC with 8C charging current, the first
limitation during the low SOC is the anode potential that should not be
lower than the zero voltage and others are the side reaction rate and the
terminal cutoff voltage that is 4.2V. Because the high charging current
induces extreme heat and hot spots locally that could destroy the thin
material in the cell, the maximum charging current is set as 5C. Then at
the beginning of life, limitation of anode potential is not considered
because limitation of side reaction can always prevent that of anode
potential. Based on these constraints, a schematic block diagram of the
new fast charging method is depicted in Fig. 6 (b). The ROM continu-
ously compares the simulated voltage with that from measurement to
follow the physical internal variables of the battery. Any errors caused

by the inaccuracy of the ROM and measurements are further improved
by a feedback loop with a correction using Extended Kalman Filter
(EKF). The corrected model is used to estimate surface ion concentra-
tions and anode potentials that allow for estimation of SOC, side reac-
tion rate and lithium plating rate, respectively. In addition, a
degradation model is incorporated into the ROM and its aging param-
eters are updated as cycled.

As cycle number increases, the cell gets aged. The aged cell has a
decreased volume fraction of electrode and electrolyte that decreases
the overpotential that results in enhancing lithium plating and side
reaction. Thus, the side reaction rate increases and the anode potential
becomes negative, which produces more depositions. Consequently, the
Ohmic and SEI resistance increase, which causes a fast increase of the
terminal voltage that reaches the cutoff voltage of the cell earlier.
Therefore, the charging protocol should be updated as a cell gets aged.
Change of allowable C rate at given SOC by cycle number and the
updated relationship between SOC and C rate after 160 cycles are
plotted in Fig. 6 (c), where the limitation for anode potential changes
more than other limitations as aging is progressing. The charging
current is primarily limited by the anode potential rather than that of
side reaction rate. Therefore, the anode potential is considered at low
SOC range. Consequently, the limitation for the charging current is
divided into three regions, low SOC range by anode potential, middle
range by side reaction rate, and high SOC range by the terminal cutoff
voltage.
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Fig. 6. (a) Different limitations as a function of charging C rates and SOC; (b) Schematic block diagram of proposed fast charging method; (c) Change of SOC vs. C
rate as a function of cycles at three different numbers of cycle and updated SOC vs. C rate after 160 cycles.

4.2. Fast charging with negative pulse (FCNP)

Theoretically, no lithium plating should be formed if the anode po-
tential is larger than OV. In reality, lithium plating could have been
formed from the previous cycling or can be formed from any unknown
reasons. For such cases, ideally, lithium stripping enables to recover ions
out of plated lithium, which can be carried out by discharge pulse cur-
rents. In order to study the effects of the discharging current, a cycling
tests with 5C CC, 5C CC and 2C negative pulses (NP) with 20 mHz of
frequency [26], and 4.3 CC that is the average current of the pulse
current are conducted. The profile of the current and voltage during
charging is plotted in Fig. 7 (a), where the charging time of 5C CC
charging with 2C NP and CC charging with average current are almost
identical. The capacity of the three charging methods is measured
experimentally and compared with the simulation results from the
model, as shown in Fig. 7 (b), where simulation results match experi-
mental results well. Because 5C CC charging can charge the battery
faster than the other two methods, degradation speed is the fastest. Up to
60 cycles, the capacity loss is dominantly caused by side reaction and
then capacity decreases rapidly because of lithium plating. Comparison
between CC charging that has the same average current of the pulse
currents and 5C CC with 2C NP has shown that effects of negative pulses
are not significant until 100 cycles because lithium plating in the battery

charged with average CC charging is not formed yet. When the cycle
number is larger than 100 cycles, lithium plating starts to form heavily
and then the negative pulse currents take more effective in recovering
ions. At the 160 cycles, the charging protocol employing negative pulses
has accomplished 14% less capacity fade than that by CC charging.

Since the rate of lithium deposition reaction is a function of the
lithium deposition overpotential according to BV equation, the lithium
deposition overpotentials from the pulse charging are calculated and
plotted over time as a function of cycles in Fig. 7 (¢). When negative
pulses are applied, the overpotentials tend to follow the pulse form of
the current profiles and become positive. At the end of 20 cycles, there is
a short period of time where the potential becomes negative, where
lithium plating starts to form. As cycle number increases, the formation
becomes more frequent, but the positive potentials produced by the
negative pulse currents promote lithium stripping. The more lithium
plating is formed, the more effective becomes the positive pulse that
recovers ions. In addition, the stripping takes more effective at low SOC
because the overpotential decreases when SOC becomes high.

Ion loss caused by the side reaction and the lithium plating and ion
recovery caused by the lithium stripping are calculated using the vali-
dated model and plotted in Fig. 7 (d). Note that the negative value of the
ion loss means ions are recovered. Blue line with square symbols in-
dicates ion loss caused by side reaction, red line with star symbols is that
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Fig. 7. (a) Comparison of charging current and voltage using 5C CC, average CC and 5C CC with 2C negative pulse charging; (b) Experimental and simulated capacity
fade with 5C CC, average CC and 5C CC with 2C negative pulse charging; (c) Lithium deposition and dissolution reaction overpotential during charging 5C CC with
2C negative pulse charging; (d) Ion loss and recovery from side reaction and lithium plating and stripping.

by lithium plating, green line with circle symbols is ion recovery by
lithium stripping, and pink line with plus sign symbols is a total sum of
ion loss by all reactions. Even though a large number of ions are lost by
the lithium plating, negative pulses enable to recover most of them, so
the total ion loss using negative pulses is much smaller than that by CC
charging with the same average current.

Therefore, adding negative pulses during CC charging allows for
minimization of degradation using lithium stripping effects without
increasing extra charging time. Afterward, a new charging algorithm
combines FC and negative pulse, which is called fast charging with
negative pulse (FCNP) is then designed. The FCNP is implemented in BIL
and its charging time and capacity fade are compared with those of 2C
CC/CV and 3C CC/CV charging.

The three current profiles and their associated SOCs from experi-
ments up to 100% SOC are shown in Fig. 8 (a) and measured and
calculated capacity fades are plotted in Fig. 8 (b). In addition, the total
amount of energy needed for different charging methods is calculated by
integrating the electric power over time, which results in 593.9kJ for
FCNP, 591.4 kJ for 3C CC/CV and 569.0 kJ for 2C CC/CV. In fact, FCNP
needs more energy due to negative pulses, which ratio amounts to only

2% of the total energy. Therefore, the energy cost incurring by the
negative pulse can be neglected. From the beginning of cycling, the
capacity loss by 3C CC/CV charging is always greater than that by FCNP
and 2C CC/CV charging and decreases rapidly after 30 cycles, when
lithium deposition reaction starts. The proposed FCNP has shown sig-
nificant improvements. The capacity loss is almost the same as that by
2C CC/CV charging and approximately 23% less than that by 3C CC/CV
charging at 60 cycles.

Analysis of the charging time at different SOC intervals summarized
in Table 1 has shown that the charging time by FCNP up to 40% SOC
becomes 50% less than that by 2C CC/CV and 31% less than that by 3C
CC/CV because of the high charging current at low SOC range, as shown
in Fig. 8 (a). When charged up to 60% SOC, the charging time by FCNP
becomes 43% less than that by 2C CC/CV, and 18% less than that by 3C
CC/CV. However, because of low charging current at high SOC range,
the charging time after 80% SOC by FCNP takes longer than that by 3C
CC/CV.

In fact, the charging time by FCNP up to 100% SOC is longer than 3C
CC/CV charging at the beginning of life. However, the 3C CC/CV
charging exceeds limitations of charging currents set for lithium plating
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Fig. 8. (a) Charging response using FCNP, 2C CC/CV, and 3C CC/CV; (b) Ca-
pacity loss by FCNP, 2C CC/CV, and 3C CC/CV.

Table 1
Charging time at different SOC intervals using FCNP, 2C CC/CV, and 3C CC/CV.
40% SOC 60% SOC 80% SOC 100% SOC
FCNP 5.5min 9.7 min 16.6 min 49.0 min
3C CC/CV 7.9 min 11.8 min 15.7 min 44.0 min
2C CC/CV 11.4 min 17.1 min 22.8 min 56.0 min
Table 2
Charing time up to 100% SOC as a function of cycle number.
Fresh cell 20 cycles 40 cycles 60 cycles
FCNP 49.0 min 51.1 min 51.1 min 52.0 min
3C CC/CV 44.0 min 47.3 min 53.7 min 55.2 min
2C CC/CV 56.0 min 56.1 min 56.7 min 59.2min
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and side reaction, so degradation is accelerated and the loss of the ca-
pacity becomes larger as the cycle number increases. Because the
charging time is affected by the aging process. The charging time up to
100% of SOC by three charging methods is measured and compared in
Table 2. As expected, the charging time by 3C CC/CV charging is the
shortest at BOL, but becomes longer because of fast progress in aging.
After 40 cycles, the charging time by FCNP is shorter than two others
while capacity fade can be maintained as that by 2C CC/CV charging.

5. Conclusion

A ROM that embeds both side reaction and lithium deposition re-
action model is developed and validated against experimental data ob-
tained from a large format pouch type of lithium ion battery. The model
is used to analyze the mechanism of the cycle life of the lithium ion
battery. In the early stage of cycling, the side reaction is the dominant
cause for capacity loss that linearly increases. As the number of cycle
increases, lithium deposition reaction takes place, which is the dominant
cause for the capacity loss that rapidly increases. Thus, there is a tran-
sition of the capacity loss from a linear to a nonlinear range. Reduction
of the charging time is simply possible with increased charging currents
that accelerate both side reaction and lithium deposition reaction.
Therefore, a fast charging protocol is devised to suppress both reactions
by limiting side reaction rate and anode potential. Additionally, the
effect of discharging pulses on capacity loss is experimentally and
numerically analyzed. The added negative pulses on the CC charging
protocol promotes lithium stripping, which allows for recovering
lithium ions from plated lithium. Consequently, the capacity loss can be
decreased and cycle life is extended compared with the classical CC
charging protocol that has the same average current as the pulse current.
The negative pulse is particularly effective at low SOC range where the
amount of ions recovered out of plated lithium is large due to the high
lithium stripping overpotential. The proposed fast charging (FCNP) in-
cludes negative pulse charging current. Especially, suppression of the
lithium plating and removal of plated lithium from lithium stripping
through the negative pulses discourages the potential growth of den-
drites, which can prevent the internal short and increase the safety of a
battery system in operation. The charging time by FCNP is approxi-
mately 50% less than 2C CC/CV charging for the interval from 0% to
40% SOC and 43% for the interval 0%-60% SOC, while 31% and 18%
less than that 3C CC/CV charging for the interval from 0% to 40% SOC
and 60% SOC, respectively. Even though the charging time up to 100%
of SOC by FCNP is longer than that by 3C CC/CV charging at BOL, it
becomes shorter as degradation is in progress, particularly after 40 cy-
cles. On the other hand, the capacity loss by FCNP is comparable to that
by 2C CC/CV charging, which is approximately 23% less than that by 3C
CC/CV charging after 60 cycles. Future work includes effects of tem-
perature, particularly at a subzero range where lithium plating severely
takes place.
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Appendix A. Summary of FOM and ROM
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Appendix B. Cell information and model design parameters
Category Parameter Negative electrode Separator  Positive electrode
Design specifications (geometry and  Thickness, 8 (cm) 94.5%10~4 9.5%107* 72.0%10~*
volume fractions)
Lithium-ion concentration Maximum solid phase concentration, 52.5%107° 67.2¥1073
C5, max (mol em™3)
Stoichiometry at 0% SOC: Stoi0 0.3421 0.8764
Stoichiometry at 100% SOC: Stoil00 0.8562 0.3268
Charge-transfer coefficient, o, o 0.5, 0.5 0.5, 0.5
Solid phase conductivity, ¢ (S cm ™) 1 0.01
Electrolyte phase Li + diffusion coefficient, 1.8%107° 1.8%10°°
De (cm?s™Y)
Solid phase Li + diffusion coefficient, 77.1510°° 309.5%107°
Dso (cm2 s’l)
Bruggeman’s porosity exponent, p 1.5 1.5 1.5
Electrolyte phase ionic conductivity, k (S cm™!) 15.8c. exp(850cs) 15.8c. exp(850ci*)
Li + transference number, t+0 0.363 0.363 0.363
Equilibrium potential Negative electrode (V) U_(x) = 8.00229 + 5.647x - 12.578x"/2 - 8.6322*10*x~1 + 2.1765*107°x*/2 -
0.46016*exp(15*(0.06-x))-0.55364 *exp(-2.4326*(x-0.92), where X = C; surf /Cs max
Positive electrode (V) The difference between OCV and the equilibrium potential of the negative electrode
Side reaction Equilibrium potential of side reaction, 0.4
Ueq, side (4%]
Kinetic rate constant for side reaction, Ksjqe 0.2%1077 2
(A cm mol™ )
Cathodic symmetric factor of side reaction, acgide 0.7
Lithium plating, stripping Equilibrium potential of lithium plating, Ueq, 1; (V) 0
Exchange current density for lithium plating, 0.6%10742
ioLi (A cm mol 1)
Cathodic factor of lithium plating, ac; 0.7
Anodic factor of lithium plating, o ; 0.3
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