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Lithium plating leads to severe capacity fading and possible safety problems in lithium-ion batteries. Thus, non-destructive detection
methods for lithium plating are critical for safe and reliable operation of lithium-ion batteries. In this paper, an electrochemical model
incorporated with lithium plating and stripping reactions is established to investigate the lithium plating-stripping process at low
temperature. The model is validated at different current rates and temperatures and can successfully predict the characteristic voltage
plateau during the rest period after low temperature charging. Modeling analysis helps to develop detection method for lithium plating
via differential analysis on the voltage plateau. Distinct local minima can be found in the differential voltage curves of the batteries
with plated lithium. The time when the local minima occurs in the differential voltage curves exhibits a linear relationship with the
amount of reversible lithium, and thus can be applied as a quantitative indicator for detection of lithium plating. The detection of
lithium plating based on differential voltage analysis is further extended to the discharge voltage profiles of the batteries after low

temperature charging, considering the effects of rest time.

© 2018 The Electrochemical Society. [DOI: 10.1149/2.0661810jes]
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Lithium-ion batteries have been widely used in electric vehicles
(EVs) and play an important role in the improvement of the EVs’
performance, considering their high energy density and prolonged
cycle life.! However, lithium-ion batteries still suffer from various ag-
ing mechanisms,” such as lithium plating, solid electrolyte interphase
(SEI) film growth and loss of active material at cathode and anode,
which reduce battery capacity and might cause safety problem.>*

Lithium plating is one of the most severe aging process in lithium-
ion batteries using graphite as anode material.>> The plated lithium
metal will react with electrolyte to thicken SEI film, resulting in capac-
ity loss and internal resistance increase.>>® Lithium plating will also
have impacts on battery safety performance. Batteries with lithium
metal plated at anode were found to exhibit a much lower onset
temperature (less than 50°C) of exothermic reactions and larger heat
generation between 50°C and 100°C compared to fresh batteries.”
Moreover, metallic lithium can grow dendritically and pierce separator
to cause internal short circuit,'®'! which can initiate thermal runaway.
Therefore, lithium plating should be effectively prevented or detected
to ensure safe and reliable operation of lithium-ion batteries.

Electrochemical experiments and post-mortem analysis have been
conducted to reveal the lithium plating mechanism in lithium-ion
batteries,'>"'* with the help of some in-situ and non-destructive meth-
ods, such as lithium reference electrode,'>!* in-situ neutron diffrac-
tion,'>!1 in-situ ’Li nuclear magnetic resonance (NMR),"~! and time-
resolved operando electron paramagnetic resonance (EPR).?° Lithium
plating will occur at anode surface when the anode overpotential drops
below OV vs. Li/Li* due to liquid or solid phase mass transfer limi-
tation or limited charge transfer kinetics of the lithium intercalation
reaction,”’ which are favored by low temperature charging,™® fast
charging?” or overcharging.?® In general, part of the plated lithium will
be consumed irreversibly due to the reaction with electrolyte to form
new SEI film or the formation of “dead” lithium that is electrically
isolated with anode, while most of the plated lithium is reversible.?’
Reversible lithium, which is still in electrical contact with the an-
ode - can undergo charge transfer reaction into electrolyte and then
re-intercalate into anode, and the whole process is known as lithium
stripping process. The stripping of the plated lithium was observed to
happen during the rest or discharge period after lithium plating,?° re-
sulting a high voltage plateau, which can be considered as an effective

*Electrochemical Society Member.
“E-mail: rds14 @mails.tsinghua.edu.cn; ouymg @tsinghua.edu.cn

indicator for lithium plating detection. Some researchers have pro-
posed some quantitative estimation methods for the amount of plated
lithium based on differential analysis of the voltage plateau.'>**?

Electrochemical models are crucial in understanding the lithium
plating-stripping process and can help to find possible solutions to
prevent or detect lithium plating. Arora et al.?® has incorporated
the lithium plating reaction as a side reaction into the pseudo two-
dimensional (P2D) model developed by Doyle and Newman,?
and presented the first electrochemical model to investigate the ef-
fect of battery design parameters on lithium plating behaviors during
overcharge process. An extended two-dimensional model was devel-
oped by Tang et al.?’ to study the edge effects on lithium plating
reaction. Lithium plating models for low temperature charging were
presented in Refs. 30 and 31 to determine the operating limits of
lithium-ion batteries at low temperature. Yang et al.*> has investigated
the long-term lithium plating induced aging behaviors by incorpo-
rating the SEI growth reaction and lithium plating reaction into the
P2D model. Moreover, control-oriented reduced-order lithium plat-
ing models have also been established to develop optimal charging
algorithms for lithium-ion batteries.*>” However, those existing mod-
els mainly focused on the lithium plating reactions and assumed the
plated lithium to be totally irreversible by neglecting the stripping of
reversible lithium, which accounts for the major part of the plated
lithium.? That leads to errors in determination of the lithium plating
conditions and underestimation of the amount of plated lithium. There-
fore, electrochemical models incorporated with both lithium plating
and stripping reactions should be developed to fully understand the
lithium plating-stripping process.

In this study, an electrochemical model incorporated with both
lithium plating and stripping reactions is first established. The model is
validated with experiments at different current rates and temperatures
and can successfully predict the characteristic plateau in the voltage
relaxation profiles after low temperature charging. Modeling analysis
is conducted to study the origin of the voltage plateau and develop a
quantitative detection method for lithium plating.

The Lithium Plating-Stripping Process

In this study, lithium plating and stripping reactions are considered
as side reactions in the electrochemical model. Thus, three electro-
chemical reactions would occur at anode surface during low temper-
ature charging process, as presented in Eq. 1~3, with the reaction
current of each reaction denoted as jj, j, and j3, respectively. z;, 2> and
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Figure 1. Illustration of the lithium plating-stripping process. (a) four stages during low temperature charging and subsequent rest period; (b) changes of the

overpotential ny; and the amount of reaction products.

z3 are the fractions of the three products generated by lithium plating
reaction, respectively. The values of z;, z, and z3 are modified from
those reported in Ref. 20 to fit the experimental data in this study. The
total current density j is the sum of three reaction currents, as in Eq. 4.

Li,Cs 4+ AxLi* + e~ — Li,;2,Cs (1]
Lit +e” — z; Li¥ + z,Li), + z3SEl 2]
L — Lit +e” (3]
J=h+ih+ti (4]

The low temperature charging and subsequent rest process can be
divided into four stages according to the reactions happening in the
anode, as illustrated in Fig. 1. The electrochemical reactions in each
stage are summarized as follows:

Stage I: The desired reaction, i.e. lithium intercalation reaction,
happens in the anode at this stage, as presented Fig. 1a. The overpo-
tential of lithium plating reaction vy is still larger than OV vs. Li/Li*
(as in Fig. 1b) and thus no lithium plates at Stage 1.

Stage II: Lithium plating reaction begins at Stage II as ny; goes
below OV due to significant polarization, as presented in Fig. 1b. The
lithium intercalation reaction current j; and lithium plating reaction
current j, have a same direction and compete with each other at this
stage, as illustrated in Fig. 1a. The products of lithium plating reaction
are new SEI film, dead lithium and reversible lithium, as show in
Fig. 1a. The new SEI film and dead lithium are considered to form
immediately during the lithium plating reaction for simplification,
as in Eq. 2, neglecting the complex reactions for the generations of
SEI film and dead lithium.?® The rate of lithium plating reaction is
determined by the overpotential ny;, and the amount of the reaction
products (reversible lithium, dead lithium and SEI film) continues to
increase until ng; goes higher than 0V, as shown in Fig. 1b.

Stage III: At stage III, lithium stripping reaction occurs as the
overpotential ny; goes higher than OV during constant voltage(CV)
charge or rest period. The lithium stripping reaction has the same
kinetics as the lithium plating reaction. Only the reversible lithium is
consumed in the lithium stripping reaction, while the dead lithium and
SEI film are irreversible. The lithium stripping reaction stops when
the reversible lithium is fully consumed, as presented in Fig. 1b. At
Stage III, the lithium intercalation reaction continues in the anode,
and the intercalation reaction current j; and lithium stripping reaction
current j3 have opposite directions, as shown in Fig. 1a.

000
@ @ L
0 Ln Ln+|-sep Ln+Lsep+Lp

T X

Figure 2. Schematic of the P2D model for lithium-ion batteries.

Stage IV: All the electrochemical reactions stop at this stage, and
only diffusion process continues to make the battery reach an equilib-
rium.

Model Development

An electrochemical model incorporated with both lithium plating
and stripping reactions is developed in this research based on the
P2D model by Doyle and Newman et al.,>”?® as presented in Fig. 2.
The governing equations in the electrochemical model are listed as
follows:

Charge balance equations.—The charge balance in the solid phase
follows the Ohm’s law, as in Eq. 5. o°" is the effective electrical
conductivity in the solid phase; ¢, is the electrical potential in the
solid phase; as is the specific interfacial area of the particle; F is the
Faraday constant; j is the current density. At the external boundaries
(x =0, Ly,+Lyp+L;), the charge flux is set to be equal to the applied
current density Z,yp, as shown in Eq. 6, while there is no charge flux at
the inner boundaries (x = Ly, L,+Ly), as in Eq. 7,

0 [ 50 )
o™ Loy ) —aFj=0 5
(o 0.) - aur 51
d el ;
_O'effi(bs = _Ojffiq)s = lapp [6]
dx x=0 dx x=Ln+Lsep+Lp
i ¢ =2 ¢ =0 (7]
ox |y, x x=Ln+Lep

The potential drop in the electrolyte phase is given by Eq. 8, where
eff +

k" is the effective electrical conductivity in the electrolyte phase; ¢,
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Figure 3. The variations of open circuit potential Uy and the entropic heat
coefficient g—IT] with the stoichiometric coefficients x. (a) negative electrode;
(b) positive electrode.

is the electrical potential in the electrolyte phase; R is the gas constant;
T is the battery temperature; z, is the transference number of Li*; and
ce is the Li™ concentration in the electrolyte. ¢, is continuous at the
inner boundaries (x = Ly, L,+Ls,), while it is set to be isolate at the
external boundaries since the flux of Li* in the electrolyte phase is 0
atx =0, Ly+Lgp+L,, as in Eq. 9.

9 [ .0 QRT(ty — 1) 8 [ 5 9 ,
(e 2 T (e Lne Fji=0
o (K x ) T e gy e J Tk

(8]

=0 [9]

a )
ad)e - a‘be

x=0 x=Ln+Lsept+Lp

Mass balance equations.—The mass balance of Li™ in a spherical
particle of electrode active materials is described by Fick’s law, as
in Eq. 10. ¢ is the solid phase concentration of Li* in the particle,
Dy is the solid phase diffusion coefficient, and Ry is the radius of the
particle. The flux of Li* at the center of the particle (r = 0) is 0, as in
Eq. 11, because there is no lithium source; while the flux at the surface
(r = Ry) is determined by the current density of the electrochemical
reactions, as in Eq. 12.

dcs Dy 0 , 0¢s
—-——\r—]= [10]
ot r2 or or
Lo
i [11]
or |,_
do) [12]
S or =R, =/

The Li* concentration distribution in the electrolyte phase follows
Eq. 13. & is the volume fraction of the electrolyte phase, and D¢ is
the effective electrolyte phase diffusion coefficient. The flux of Li*
in the electrolyte phase is set as O at the external boundaries (x = 0,
Ly+Lg,+L,), as shown in Eq. 14, while the Li* concentration at inner

A2169
boundaries (x = Ly, L,+L) are taken to be continuous.
0 B ad .
o (eece) = o~ (D:“ace> + (1 —1)agj [13]
9 9 0 [14]
76’ = 76- =
dx ¢ x=0 dx ¢ x=Ln+Lsep+Lp

Electrochemical kinetics equations.—For the lithium intercala-
tion reaction in cathode and anode, the local current density per active
material area is calculated by the Butler-Volmer equation, as in Eq.
15, where iy | is the exchange current density and can be derived from
Eq. 16 according to the reaction kinetics, k; is the reaction rate con-
stant, and o, ; and o ; are the anodic and cathodic transfer coefficients,
respectively. 1; is the reaction overpotential and can be calculated by
Eq. 17. U is the thermodynamic equilibrium potential of the solid
phase and can be calculated by Eq. 18, where U, is the open circuit
potential at reference temperature T,y = 298.15K, and j—‘T’is the en-
tropic heat coefficient. FjRsg; represents the potential loss due to the
SEI film, where Rgg; is the resistance of SEI film, and j is the total local
current density and equals j; in cathode, while j in anode is calculated
by Eq. 4.

. . A1 F'My Oe,1 F'My
J1 =101 |exp T — exp RT [15]

i(),l:kl . Cg&](cs,max - Cs.surf)%‘]c:(iir[ [16]
N =¢s — ¢ — U — FjRspr [17]
U=Upi () — (T — Ty [18]

=Uef(X) — T dref) 7
! Ydr

According to Arora et al.,? the rate of lithium plating reaction also
follows the Butler-Volmer equation, as in Eq. 19, where the exchange
current density i, is calculated by Eq. 20. The overpotential ny; is
calculated by Eq. 21 with the equilibrium potential of lithium plating
reaction Up; considered as OV. The lithium stripping reaction has
the same kinetics as lithium plating reaction, and the reaction rate
can be calculated by Eq. 22, where lﬁg;ﬁls the correction term
considering the limitation by the amount of reversible lithium ML rev-
B is a large value to effectively make the term %equal to 1 when

Npirey >> 1, and O when ny ., = 0, as in Ref. 39,40

Fny; Fny;
Jo =0z [exp (—“2“;;‘“) —exp (—““';T”L‘)] M <0 [19]

l.()12:k2 . cg“‘z [20]
ML = ¢s — §e — ULi — Fj Rsgr [21]
i ex a2 Fi —ex Oe2 Fui . B - ey
S | PP TRy PUTRT ) T e
ML > 0 & npjrey >0 [22]

As illustrated in Fig. 1, the SEI film will be thickened due to
lithium plating, resulting in increase of Rgsgy, as in Eq. 23, where osg
is the electrical conductivity of the SEI film, dgg;o and A8gg are the
original and increased thickness of the SEI film, respectively. A8sg;
changes with the amount of new SEI film ngg; generated from the
lithium plating reaction and can be calculated by Eq. 24, where Mg,
is the molar mass of SEI film, and pgg; is the density of SEI film

d Ad
Rspi= sEL0+AdsEr (23]

OSEI
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M
ABSEIZM [24]
pserF

Energy balance equations.—The change of battery temperature
follows the energy balance equation, as in Eq. 25, where ppy is the
battery density, C, is the heat capacity of the battery, and Q is the
average internal heat generation and can be calculated by Eq. 26. Q,,
Orea and Qg represent the active polarization heat, reaction heat
and ohmic heat, and can be calculated by Eqs. 27~29, respectively.
h is the convection coefficient between the battery and ambient, ay,,
is the specific surface area of the battery, and T, is the ambient
temperature.

aT

pbathE:Q - habat(Tamb -7) [25]
Lo+Lsep+Lp
0= / (Qactt Oreat Qonm) dx/ (Ln + Lsep + Lp) [26]
x=0
Qact:ast((bs - ¢e -U- FJRSEI) [27]
0 FiTdY 28]
rea=0s =
I ar
(3 \? b \>  20°TRT dlnc, 3¢
ohm= f!ft s eff € e 1—¢ e e
Qo 0“<8x>+06(8x>+ ( +) ax ox
[29]

Temperature dependent parameters.—Some parameters in the
electrochemical model are temperature dependent,*' such as diffusion
coefficient, electrical conductivity and reaction rate constant. Their
values at a certain temperature 7' can be calculated by the Arrhenius

equation:
Yr=Y, wr (11 [30]
= - ex
r=tet SXP T Tof T

where Y stands for the temperature dependent parameters, Yy is
the value of the parameter at reference temperature Tyf, and E, y is
the activation energy corresponding to the parameter Y.

Experimental

Commercial pouch lithium-ion batteries with a 24Ah nominal ca-
pacity were tested for model calibration and validation. The battery has
Li,(NiCoMn);30, as cathode and Li,Cq as anode. The batteries were
tested using an §-channel battery cycler (Neware BTS4000-5V100A).
An environmental chamber (DONGGUAN BELL BE-TH-150M3)
was utilized to control the ambient temperature, and temperature sen-
sors were attached on the surface of the tested batteries to monitor
temperature change.

The initial capacities of all the tested batteries were first charac-
terized at 25°C by cycling three times at 1/3C (constant current(CC)
charge to 4.2V at 1/3C and then constant voltage(CV) charge at 4.2V
until current goes lower than 1/20C, discharge to 2.5V at 1/3C). The
discharge capacity in the third cycle was considered as the initial
capacity of the tested battery. After capacity characterization, the
batteries were charged to 4.2V using CCCV charging method with
different C-rates (1/6C, 1/3C, 2/3C, 1C and 2C) at 25°C to calibrate
the model parameters at reference temperature. Pulse charging tests
at different ambient temperatures (—5°C, 10°C, 25°C and 40°C) were
then performed to extract the activation energies of the temperature
dependent parameters. During the pulse charging tests, the batteries
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Figure 4. Validation of the electrochemical model under charging tests at
25°C, solid line = model, circle marker = experiment. (a) voltage responses
at different C-rates; (b) temperature responses at different C-rates.

were first charged at 1C for 6min, followed by a 1.5h rest period for
the batteries to reach equilibrium. The pulse charge-rest sequence was
repeated until the battery voltage reaches 4.2V.

Low temperature charging tests were performed at —5°C to in-
vestigate the lithium plating-stripping behaviors. The batteries were
charged to 4.2V using CCCV charging method with different C-rates
(1/6C, 1/3C, 2/3C, 1C and 2C) to induce lithium plating, followed by
a 7.5 h rest period at —5°C to ensure fully stripping of the reversible
lithium. The ambient temperature was then changed to 25°C, and the
batteries were cycled at 1/3C to measure the capacity degradation
caused by lithium plating.

Furthermore, half cells with Li,(NiCoMn),;30, /Li and Li,Ces/Li
electrodes were assembled using pieces cut from the electrodes of
one battery. The half-cells were cycled with C/25 current at 25°C to
acquire the open circuit potential curves of cathode and anode.

Results and Discussion

The electrochemical model is established in COMSOL Multi-
physics ver5.2a, with the model parameters listed in Table 1. The
model parameters are derived from measurements (geometric param-
eters) or literature, and some of them are fitted using the experimental
results. The battery voltage is calculated by the following expression:

Ecel] = ¢s|x=L“+Lscp+LP - ¢s|x=0 [31]

Model validation.—Model validation is carried out by comparing
the simulated results with experimental data under variant conditions.
Fig. 4 compares the model results and experimental data under
charging tests with different C-rates at 25°C. Both the model-predicted
voltage and temperature responses can fit the experimental results
well. Furthermore, the model responses under pulse charging tests at
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Table I. The parameters used in the electrochemical model.

Symbol Parameter Unit Value

Constant

F Faraday constant C-mol™! 96487

R Ideal gas constant J-mol~!.K~! 8.314

Tret Reference temperature K 298.15

Thermal properties

Obat Density of the battery kg-m~3 2407*

(o Heat capacity of the battery J.kg7!.K! 1100*

h Convection coefficient W-m=2.K! 182

Apat Specific surface area of the battery m~! 277.78*

Symbol Parameter Unit Negative electrode Separator Positive electrode
Geometric parameters and volume fractions

L Length m 90 x 10762 30 x 10762 68 x 10762
Ry Particle radius m 1 x 1076 1 x10°62
£s Volume fraction of the solid phase 1 0.471% 0.297%

€e Volume fraction of the electrolyte phase 1 0.357% 0.45% 0.444%

as Specific interfacial area m! 3es/Ry 3es/Ry
Transport properties

O Electrical conductivity in the solid phase S-m™! 10046 3.8¥7

olft Effective electrical conductivity in the solid phase S-m™! el eldoy

Oeref Electrical conductivity in the electrolyte phase at Tyt S-m~! ce(5.38 — 3.49 x 107*¢e +2.30 x 1077¢2)? x 107448

Eq . Activation energy for o kJ - mol ! 30¢

ooff Effective electrical conductivity in the electrolyte phase S-m™! elda, eld0e eld0e

Ce0 Initial value of Lit concentration in the electrolyte phase mol - m~3 1200°¢

Cs,max Maximum solid phase Li* concentration mol - m™3 27872¢ 85187¢

D Solid phase diffusion coefficient m2.s~! 3.9 x 1071446 4.5 x 1071347
De ret Electrolyte phase diffusion coefficient at Tier m?.s~! 10~8-43-54/(59.15-0.005¢c)~2.2x 1074248

Ea b, Activation energy for D, kJ - mol~! 72¢

D Effective electrolyte phase diffusion coefficient m?.s~! eld D, S D, 9D,

X Stoichiometry coefficient, x at 1, 0 SOC 1 0.8911, 0.0373¢ 0.3585, 0.9448°
ty Transference number 1 0.382%

(810C) 8LITV-L91TV (01) ST ‘121008 0213120419315 2Y [ J0 [Diinof
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Table I. The parameters used in the electrochemical model.

Symbol Parameter Unit Value

Kinetics parameters

a1, O, Transfer coefficients of lithium intercalation reaction 1 0.5, 0.5%¢ 0.5, 0.526
ki ref Reaction rate constant of lithium intercalation reaction at Tret m23 . mol =05 . g1 35x 1071L¢ 9x 10711¢
Eqk, Activation energy for k; kJ - mol ™! 71°¢ 45¢

Uret Open circuit potential at Trer \ Fig. 3a* Fig. 3b*
‘;—‘T’ Entropic heat coefficient V.K™! Fig. 3a% Fig. 3b%7
0a2, Olc2 Transfer coefficients of lithium plating and stripping reactions 1 0.3,0.7%

k2 ref Reaction rate constant of lithium plating and stripping reactions at Trer mol®7 . m~11. ¢! 3.0x 1076¢

Eqk, Activation energy for k kJ - mol~! 50°¢

Ur; Equilibrium potential of lithium plating reaction v 020

21,22,23 Fractions of reversible lithium, dead lithium and SEI film generated from lithium plating reaction 1 0.775, 0.175, 0.05¢

B Correction parameter of lithium stripping reaction 1 1000°¢

dsEL0 Initial thickness of the SEI film m 1x1079¢ 0

OSEI Electrical conductivity of the SEI film S-m~! 5 x 10764

MsEgy Molar mass of SEI film kg- mol~! 0.162%

PSEI Density of SEI film kg-m™3 1690*

2The geometric parameters, the thermal and electrochemical properties of the 24Ah battery are derived from measurements.
bThe parameters that have citations are derived from the cited literature.
“The parameters that have no citations are evaluated within practical ranges to fit the experimental data.
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Figure 5. Model validation under pulse charging tests at variant temperature. (a) —5°C; (b) 10°C; (c¢) 25°C; (d) 45°C.

four different temperatures are also consistent with the experimental (a)
data, as shown in Fig. 5, indicating that the electrochemical model has
adequate accuracy.

The model is further applied to study the battery performance at
low temperature. The voltage and temperature responses of the bat-
teries charged at —5°C are compared in Fig. 6, where the x axis has
been changed from time to charged capacity to better illustrate the
battery performance. The simulated battery voltage profiles can fit
the experimental results well at differential C-rates, as presented in
Fig. 6a, except for the deviation at beginning of 2C charging. The de-
viation mainly results from the decrease of solid phase diffusion coef-
ficients at low SOC,** while the solid phase diffusion coefficients are
considered as SOC independent in this study. The simulated tempera-
ture responses also agree well with the experimental data, as show in i )
Fig. 6b, convincing us that the model can predict the electrochemical 0 5 10 15 20
and thermal performance of the battery at low temperature well. Charged capacity / Ah

Voltage plateau during the rest period after low temperature charg- (b) o
ing have been considered as a characteristic signature of the lithium
stripping process.!>>*43 In this study, the batteries were rested at —5°C A
for 7.5 h after low temperature charging to investigate the lithium strip-
ping behaviors. Fig. 7 presents the simulated and experimental voltage
relaxation behaviors after charging tests at —5°C. The model results
exhibit similar voltage relaxation behaviors as the experimental data
despite some deviations in the shape of voltage curves. Distinctive
voltage plateaus were found in both simulated and experimental volt-
age relaxation profiles of the batteries charged at currents higher than
1/3C, while the battery charged at 1/6C shows exponentially decreas-
ing voltage during rest period. To the best of the authors’ knowledge,

Voltage / V

——1/6C
e 1/3C

'
w

Temperatue / °C

IS

~9Yd0000g,

0000pgg,

that is the first electrochemical model that successfully predicts the -5 Ly

characteristic voltage plateau in the relaxation period after lithium X )

plating. , ‘ 0 5 10 15 20
Capacity losses induced by low temperature charging were evalu- Charged capacity / Ah

ated by cycling the batteries with a current of 1/3C at 25°C, as pre-

sented in Table II. The batteries charged with currents larger than Figure 6. Comparison of the model results and experimental data under

1/3C exhibit obvious capacity loss, indicating significant lithium charging tests at —5°C, solid line = model, circle marker = experiment.
plating in the batteries, while the battery charged at 1/6C shows (a) voltage responses at variant C-rates; (b) temperature responses at variant
little capacity loss and plated lithium. The model can achieve a C-rates.
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Figure 7. Comparison of the voltage relaxation behaviors after charging at
—5°C. (a)experiment; (b) model.

Table II. Comparison of the simulated and experimental capacity
loss of the batteries charged at —5°C.

Capacity loss / %

Charge current rate Experiment Model
1/6C 0 0.064

1/3C 1.672 1.996

2/3C 3.780 3.631

1C 5.577 5.105

2C 8.845 7.240

reasonable prediction of battery degradation behaviors induced by
lithium plating, as the predicted capacity degradations are consistent
with the experimental data.

Origin of the characteristic voltage plateau during the rest
period.—As shown in Fig. 7, a characteristic plateau can sometimes
be found in the battery voltage relaxation curves after low tempera-
ture charging. Several researchers have taken the voltage plateau as
an indicator of the lithium stripping process.'>>** However, little
direct evidence has been presented to correlate the voltage plateau
with lithium stripping behaviors due to the difficulties in observa-
tion of lithium stripping reaction. In this study, detailed analysis of
the lithium stripping process is carried out based on the validated
electrochemical model.

The changes of anode potential at anode/separator interface and
anode/current collector interface during the rest period after low tem-
perature charging are presented in Figs. 8a and 8b. Distinctive plateaus
are observed in the anode potential profiles at both anode/separator in-
terface and anode/current collector interface for the batteries charged
with currents larger than 1/3C, like the battery voltage plateaus. As
shown in Fig. 8c, for the battery charged at a 1/6C with tiny plated
lithium, the lithium content at anode surface keeps decreasing during
the rest period due to diffusion; while rapid increases of the lithium
content are found at the anode/separator interface of the batteries
charged with currents larger than 1/3C, resulting from lithium strip-
ping and re-intercalation reactions. The lithium content begins to de-
crease after peaking at a high value, and turning point that indicates

Journal of The Electrochemical Society, 165 (10) A2167-A2178 (2018)

the fully consumption of the reversible lithium, is consistent with the
end of potential plateau shown in Fig. 8a. Similar difference in the
changes of lithium content at anode/current collector interface be-
tween the batteries charged with currents higher 1/3C and with a 1/6C
current can also be found in Fig. 8d. Lithium content at anode/current
collector interface for the batteries charged with currents higher 1/3C
increases rapidly, while that for the battery charged at 1/6C keeps
almost constant during the whole rest period. The increase of lithium
content at anode surface will change the electrical potential in the
solid phase ¢;|,—o, resulting in further changes in battery voltage ac-
cording to Eq. 31. Therefore, we can conclude that the plateau in the
voltage relaxation profiles after lithium plating is induced by lithium
stripping and re-intercalation reactions at anode surface, and the end
of the voltage plateau has correlations with the full consumption of
the reversible plated lithium.

Detection of lithium plating via differential voltage analysis.—
Differential voltage analysis is an effective tool to reveal the electro-
chemical reactions in lithium ion battery.** In this study, a modified
differential voltage analysis with respect to time is applied to inves-
tigate the lithium stripping process, as presented in Fig. 9. Distinct
local minima can be found in the differential voltage curves of the
batteries charged with currents higher than 1/3C, while that of the
battery charged at 1/6C rises exponentially, as shown in Fig. 9b. The
positions of the local minima are identified as the points in time, de-
noted as fyin. fmin increases with charging current and correlates to the
fully stripping of the reversible lithium, as presented in Fig. 9c. The
relationship between the total amount of reversible lithium Ny .y and
tmin is further presented in Fig. 10, where a good linear relationship
can be observed and fitted by Eq. 32. As a result, 7, determined
by the differential analysis on the voltage plateau can be used as a
quantitative indicator for the amount of reversible lithium.

Niirey = 1.2367 x 107 - fin + 0.0035 [32]

Influence of ambient temperature on lithium plating detection.—
The electrochemical model is further applied to simulate the lithium
plating-stripping process in lithium-ion battery at varying temperature.
The voltage relaxation behaviors of the batteries charged at —10°C and
0°C are presented in Figs. 11a and 11b, respectively. Similar plateaus
can be found in the voltage relaxation profiles of the batteries charged
at —10°C and 0°C, and characteristic local minima can also be seen in
the differential voltage curves shown in Figs. 11c and 11d. The total
amount of reversible lithium Ny, ., in relation to #;, in the differen-
tial voltage curves at different ambient temperatures is compared in
Fig. 12. Good linear relationships between Ny rey and #,,;, are observed
in all the three simulated results, with the fitting equations presented in
Eq. 33, indicating that quantitative detection of lithium plating based
on the differential voltage analysis can work well at variant tempera-
tures. Furthermore, for the battery with the same amount of reversible
lithium, the time required for fully stripping of reversible lithium,
1.€. Imin, increases when lowering the ambient temperature, due to the
decrease of lithium stripping reaction rate.

2.4090 x 107 - t;in — 0.0051, Ty = 0°C

1.2367 x 107 - tyyin + 0.0035, Ty = —5°C  [33]
6.6363 x 1076 - £, 4 0.0180, Ty = —10°C

NLi,rev -

Influence of rest time on lithium plating detection.—The quan-
titative detection of lithium plating based on the differential analysis
on the voltage relaxation behaviors requires a rest period of several
hours for the fully stripping of reversible lithium, as shown in Fig. 9
and Fig. 11, while the rest duration during cycling tests or real-time
operation is usually shorter than 1 hour. Some researchers have pro-
posed similar quantitative detection methods for lithium plating via
differential analysis on the discharge voltage profiles after low tem-
perature charging.>*?* However, the quantitative relationship has not
been proved and the effect of rest time is still unclear.
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E In this study, simulation based on the electrochemical model is
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Figure 9. Differential analysis on the voltage relaxation behaviors. (a) battery
voltage relaxation profiles; (b) differential voltage analysis; (c) change of the
amount of reversible lithium.

ferential analysis on the discharge voltage profiles shows distinct lo-
cal minima, as shown in Fig. 14. The position of the local minima
in the differential voltage curves is denoted as tyindch. AS shown in
Figs. 14a~14c, tyindch increases with charging current in all the three
simulation cases with different rest time, the same trend as that in
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Figure 12. The relationship between Ni ey and #mi, at variant ambient tem-
peratures, circle marker = model results, dash line = fitting.

Fig. 9 and Fig. 11, indicating that #y;,4cn can also be trusted as an
indicator for the amount of reversible lithium. For battery charged at
a same current, fmin och decreases with the increase of rest time, as part
of the reversible lithium have stripped into electrolyte during the rest
period.

The amount of reversible lithium Ny, in relation to fyindcn is
presented in Fig. 15. For the battery discharged immediately after
low temperature charging (s = Omin), linear relationship between
NLirev and fpingen 1S observed and can be fitted by Eq. 34; for the
battery discharged after rest for a while (.. = 30min and 60min),
the amount of reversible lithium stripped during rest period can be
calculated by Eq. 32, while that stripped during discharge process
is calculated by Eq. 34, thus the total amount of reversible lithium
NLiirev can be calculated by Eq. 35. The amount of reversible lithium
calculated by Eq. 35 is compared with the simulation results in Fig.
15 and shows to be in good agreement. As a result, the time of the
local minima in the differential discharge voltage curves can also be

aNa)
——1/6C
3.5 ———1/3C
—2/3C
3 —1C
—2C
2.5
> 4/(b)
835
8
S 3
>
2.5
4 (c)
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3
2.5
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Times /s

Figure 13. Relaxation and discharge voltage profiles of the batteries charged
at —5°C and rest for different lengths of time. (a) frest = Omin; (b) trest =
30min; (C) test = 60min.

used as a quantitative indicator for the amount of reversible lithium.
NLi,rev =17.2177 x 1075 . tmin,dch —0.0044 [34]
NLi,rev = (12367 X 10_5 + trest

+0.0035) + (7.2177 x 107> - fynin aen — 0.0044) [35]

Conclusions

In this paper, an electrochemical model with lithium plating and
stripping reactions incorporated as side reactions at the anode surface
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Figure 15. The relationship between Ny ey and fmindch for the battery dis-
charged after rest for different f.g, circle marker = model results, dash line =
calculation by Eq. 35.

is built to explore the lithium plating-stripping behaviors in lithium-
ion batteries at low temperature. The model is validated through a
series of experiments on a 24Ah commercial lithium-ion battery and
shows good accuracy. Furthermore, the model can successfully simu-
late the characteristic plateau in the battery voltage relaxation profiles
after low temperature charging. The model-predicted capacity loss in-
duced by lithium plating with different C-rates is also consistent with
experimental data, indicating that the model can predict the lithium
plating and stripping behaviors at low temperature well.

Modeling analysis is performed to reveal the origin of the char-
acteristic voltage plateau. Similar plateaus are also observed in the
anode potential profiles during the rest period after low temperature
charging, along with the increase of lithium content at anode surface,
convincing us that the voltage plateau is induced by lithium stripping
and re-intercalation reactions at anode surface. Moreover, the end of

A2177

the voltage plateaus is found to correlate with the full consumption of
the reversible lithium.

Quantitative detection of lithium plating via differential analysis
on the voltage relaxation profiles is discussed using the validated
model. Distinct local minima can be found in the differential voltage
curves. The positions of the local minima 7., increase with charging
current and correlate to the fully stripping of the reversible lithium.
A linear relationship between the total amount of reversible lithium
NLirev and fi, is observed, indicating that 7, can be used as a quan-
titative indicator for the amount of reversible lithium. The effect of
ambient temperature on the detection of lithium plating is further an-
alyzed, and good linear relationships between Ny ., and #y;, are ob-
served at three different temperatures, verifying the detection method
for lithium plating at a wide temperature range. The detection of
lithium plating via differential voltage analysis is further extended to
discharge voltage profiles of the batteries charged at low tempera-
ture considering the effect of rest time. An equation combining the
reversible lithium stripped in the rest and discharge period is pro-
posed to estimate the amount of reversible lithium and shows good
agreement.
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