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H I G H L I G H T S

• Degradation caused by lithium
plating/stripping is electrochemically
modeled.

• Lithium plating is analyzed based on
the charge and mass transfer limita-
tions.

• Differential voltage analysis is used to
calculate the amount of reversed ca-
pacity.

• The electrochemical model is vali-
dated for both BoL and EoL.
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A B S T R A C T

Electrochemical performance of lithium-ion batteries drops significantly at low temperatures, especially under
charging, because the lithium ions are prone to deposit as lithium metal on instead of intercalating into the solid
matrix of anode. At discharging, the existence of lithium stripping leads to the capacity reversed partially, whose
amount is proportional to the width of extra voltage plateau displayed at the beginning. A physics-based elec-
trochemical-thermal model considering effects of lithium plating/stripping is developed and validated to explore
the degradation mechanism and behaviors of NMC/Carbon cells undergoing prolonged cycling. The temporal
and spatial analyses of overpotential of lithium plating and surface concentration in solid phase at various
operating conditions demonstrate that lithium plating starts to take place at the interface between composite
anode and separator, and the degradation can be accelerated by the decreasing ambient temperatures and in-
creasing charging current rates. The degradation effects including loss of recyclable lithium ions, loss of anode
active material, growth of plated lithium and secondary solid electrolyte interphase (SEI) and consumption of
electrolyte solvents are considered. The model is capable of estimating capacity as a function of cycle number
with an overall accuracy of 3% if the capacity fade is less than 30%.

1. Introduction

Lithium ion batteries (LiBs), usually having carbon as anode, are
widely used for portable devices, such as laptops and mobile phones,
and electric vehicles (EVs), for the characteristics of high power and
energy density and long lifespan. When LiBs are operated in low

ambient temperatures, the capability of delivering or accepting energy
or power drops, which is a dramatic limitation of lifetime and safety
issues. Particularly under charging, the lithium ions are inclined to form
metallic lithium that is deposited on instead of intercalating into the
negative electrode, which is called “lithium plating”, also known as
“lithium deposition reaction”. As unwanted side reaction, the lithium
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deposition reaction leads to capacity and power fade, impedance rise,
and the growth of dendritically metallic lithium even triggers internal
short circuit [1]. Therefore, understanding of mechanisms and effects of
the lithium deposition reaction on battery performances at low tem-
peratures is of crucial significance for safe and durable design of LiB
systems.

At the temperatures larger than 0 °C, side reaction is regarded as the
predominant cause for degradation and is accelerated by the elevated
temperatures, large SoC cycling limits and high SoC levels, which has
been extensively investigated [2–7]. Lithium ions and electrolyte sol-
vents take part in side reaction at the interface between electrode and
electrolyte to form the unsolvable byproducts, lithium carbonate
(Li2CO3) and lithium ethylene dicarbonate ((CH2OCO2Li)2), which are
the main compounds in solid electrolyte interphase (SEI). In contrast, at
low temperatures, due to the sluggish charge transfer kinetics and low
diffusivities of lithium ions, lithium deposition reaction is prone to take
place. Schematic diagram of degradation mechanisms on anode at low
temperatures is depicted in Fig. 1. At initial cycles, a thin layer (primary
SEI: Yellow Color) is formed at the interface between carbon particles
and electrolyte to protect the electrode from further corrosion and the
electrolyte from being decomposed by participating in chemical side
reaction. Since the SEI is conductive to lithium ions, but isolative to
electrons, lithium plating occurs at the interface between carbon par-
ticles and the primary SEI to form metallic lithium (Red Color) at low
temperatures. The plated lithium can react with electrolyte solvents to
form the secondary SEI (Blue Color) that has the same compounds as
the primary SEI. Formation of the primary SEI, plated lithium, and
secondary SEI only occur under charging.

At discharging, the plated lithium can be partially dissolved and
extra lithium ions are released, which results in a certain amount of
reversible capacity, called “lithium stripping”, also known as “lithium
dissolution reaction”. If the dissolved lithium ions are unfortunately
fully covered by the SEI, the ions are isolated, which is called “dead
lithium”, resulting in the irreversible capacity loss. Therefore, the

lithium deposition/dissolution reaction contains both reversible and
irreversible processes that are accelerated by the decreasing tempera-
tures.

Due to the detrimental effects of lithium plating on battery perfor-
mances, considerable efforts have been made to develop methods to
detect the onset of metallic lithium and its growth, experimentally and
mathematically. In-situ and ex-situ experimental techniques have been
proposed [8]. The in-situ experiments [9–12] include constant char-
ging/discharging, incremental capacity measurement, differential ana-
lysis [13] and electrochemical impedance spectroscopy (EIS) etc. in the
field of electrochemistry, while in-situ neutron diffraction method
[14,15] in the field of material. The ex-situ techniques mainly imply to
the postmortem analysis [16], such as SEM [17–21], XRD [22,23], XPS
[24], and TEM [25]. Liao et al. [26] investigated the structural change
of the lithiation and delithiation using first-principle techniques.
However, in most cases, only the dendrite-like morphology has been
detected without any evidence of the compounds in the deposits.
Moreover, few calculate the amount of the plated lithium quantita-
tively.

Numerical approach by modeling the behaviors of lithium plating is
a great way to quantify the amount of plated lithium. Arora et al. [27]
firstly proposed the equations that describe the lithium deposition re-
action at overcharge based on Doyle's model [28]. Tang et al. [29]
improved the Arora's model to 2D and found that the lithium deposition

Nomenclature

A sandwich area of the cell (m2)
as specific surface area of electrode (m−1)
c ion concentration (mol L−1)
D diffusion coefficient(m2 s−1)
F Faraday constant (96,487Cmol−1)
I current of the cell (A)
i0 exchange current density of intercalation (Am−2)
jLi reaction rate of intercalation (Am−3)
ks isolation coefficient due to SEI
L thickness of the micro cell (cm)
Q capacity of the cell (Ah)
q amount of ion loss caused by side reaction (Ah)
R resistance (Ω m2) or universal gas constant

(8.314 Jmol−1 K−1)
Rs radius of spherical electrode particle (m)
r coordinate along the radius of electrode particle (m)
T cell temperature (K)
t time (s)
U potential (V)
V voltage (V) or volume of the composite electrode (m3)
Ṽ molar volume (m3 mol−1)
x stoichiometric number of the anode
y stoichiometric number of the cathode

Greek symbols

Α transfer coefficient for an electrode reaction

Δ thickness (m)
Ε volume fraction of a porous medium
ϕ potential (V)
η over-potential of electrode reaction (V)
κ ionic conductivity (S m−1)
σ conductivity (S m−1)

Subscripts and Superscripts

a anodic
ave average value
c cathodic
e electrolyte phase
eff effective
eq equilibrium
error error
exp experiment
Li lithium ion
main main reaction
max maximum
r radial direction in electrode particle
s solid phase
p Lithium plating
sim simulation
surf electrode particle surface
0% 0% SoC
100% 100% SoC
+ positive electrode (cathode)
- negative electrode (anode)

Fig. 1. Schematic diagram of degradation mechanisms at low temperature.
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tended to occur at electrode edges and an extension of the anode edge
was capable of preventing the onset of lithium plating. Perkins et al.
[30] developed a control-oriented reduced order model (ROM) of li-
thium overcharge deposition in order to accomplish an optimal design
of a tradeoff between LiB performance and durability. Most recently, Ge
et al. [31] validated the charging behaviors of fresh cells at low tem-
peratures and extracted part of parameters by nuclear magnetic re-
sonance (NMR). Yang et al. [32] proposed a physics-based aging model
considering lithium plating to describe the transition from linear to
nonlinear behaviors at room temperature. However, none of the elec-
trochemical model was capable of estimating the degradation effects
caused by both lithium plating and lithium stripping simultaneously at
low temperatures.

In this paper, effects of lithium plating and lithium stripping on the
degradation will be experimentally analyzed and quantified, which
enables to predict the capacity and power fade, particularly at subzero
temperatures. The degradation effects during prolonged cycles are
firstly quantified, including loss of recyclable lithium ions, loss of active
material (AM), growth of plated lithium and secondary SEI, and the
consumption of electrolyte. In addition, a physics-based electro-
chemical-thermal model considering lithium plating/stripping is de-
veloped and firstly validated against both fresh and aged cells at dif-
ferent operating conditions, including temperatures, charging and
discharging C-rates. The experimental analysis at subzero temperatures,
including test matrices and the evidence of existence of lithium plating,
are summarized in section 2. The principles and equations of the
electrochemical-thermal model are discussed in section 3. The model
validations and analyses of different electrochemical parameters are
presented in section 4. The conclusion is section 5.

2. Experiment

The experimental LiBs investigated in this paper are pouch-type
NMC/Carbon ones, whose specifications are summarized in Table 1. A
programmable power supply and electric-load are connected in parallel
to supply the programmed charging and discharging current profiles.
The impedance spectra are measured by EIS equipment, GAMRY, and
the parameters are extracted by fitting the equivalent circuit model
(ECM).

To explore the performance of fresh cells at low temperatures, the
open-circuit voltage (OCV) as a function of state-of-charge (SoC) is
measured at the ambient temperature of −20 °C by a very small current
of 1/30 C-rate ( 2A) with sufficient resting time no less than 1h at each
testing point in order to allow the terminal voltage and OCV to be equal
in the maximum likelihood. For beginning-of-life (BoL), the cell is
charged by a constant current (CC) followed by a constant voltage (CV,
4.2V) protocol until reaching a cutoff current of 3A. After resting for
30min, the cell continues to be discharged by CC to 2.5V. The constant
current applied at charging and discharging profile varies among 1/2C-
rate, 1/3C-rate, 1/4C-rate and 1/10C-rate at different temperatures
(−20/-25/-30 °C).

For end-of-life (EoL), the cells are involved into the cycling tests
according to the test matrix summarized in Table 2. Effects of operating
temperatures (0/-10/-20/-25/-30 °C), charging and discharging current
rates (1/3C-rate, 1/4C-rate) on the electrochemical performance of LiBs
are discussed. Each consecutive cycle is performed by a CCeCV

charging and CC discharging protocol. Periodically, the cell is detached
from cycling and conduct a series of reference performance tests (RPTs)
at 25 °C, including the measurements of capacity and EIS. In each RPT,
the capacity is measured as follows: (1) Charge the cell using a CCeCV
protocol (CC: 1/3C-rate, CV: 4.2V, EoC current: 3A); (2) Rest for
30min; (3) Discharge the cell by 1/3C-rate current to 2.5V. EIS is
measured: (1) Charge the cell to 50% SoC by 1/3C-rate CC; (2) Rest for
3h; (3) Conduct EIS test at the frequency from 10mHz to 1 kHz. After
cycling, the cells are discharged to 0% SoC and dissembled in a glove
box fulfilled with argon gas to perform post-mortem analysis. The
morphological variation and identification of the compounds in the
deposits are performed by SEM and FTIR, respectively.

Fig. 2 (a) presents the capacity retention of the cells cycled at dif-
ferent operating conditions. The upper subplot shows the capacity re-
tention at various temperatures (−30–0 °C). In order to allow the li-
thium plating/stripping to take place to the most degree, the cells
cycled at the temperatures lower than −20 °C become preferential se-
lections. The lower subplot shows the capacity retention at various
charging and discharging current rates (1/3C-rate, 1/4C-rate). When
the cell is charged at the same current, the same amount of lithium
metal is plated. Due to the existence of lithium stripping at discharge,
larger discharging C-rates promote the exfoliation of plated lithium,
resulting in more capacity reversed and less capacity fade. When the
same discharging current is applied, larger charging current leads to
more lithium plating formed and more capacity fade.

EIS spectra of the cells cycled by 1/4C-rate current at the tem-
peratures of −20 °C, −25 °C and −30 °C are shown in Fig. 2 (b), (c)
and (d), respectively. The impedance spectra shift rightwards as the
augment of cycle number, which denotes the increase of Ohmic re-
sistance, including the resistance of electrode, electrolyte and current
collectors. SEI resistance represented by the radius of the semi-circle in
the Nyquist plot varies a little in the first several cycles but increases
much in the last two cycles. The detailed analysis of the relationship
between capacity retention and the extracted Ohmic and SEI resistances
by the ECM of the cell cycled at the same operating condition as Fig. 2
(b) is plotted in Fig. 2 (e). The slight variation of SEI resistance at the
first 6 cycles implies that the ignorance of side reaction at temperatures
below −20 °C is reasonable, while the increase of SEI resistance at the
last 2 cycles result from the secondary SEI formation. Fig. 2 (f) shows
the FTIR analyses of the cells cycled at various operating conditions.
The peak around 1400 cm−1 paired with a peak around 860 cm−1 re-
present the vibration of CO3

− anions and ROCO2 containing species.
For EC based electrolyte, it manifests the existence of the compounds,
Li2CO3 and ROCO2Li, which are the main components of SEI. Due to the
ignorance of side reaction, the SEI detected by FTIR comes from the
products of the reaction between lithium metal and electrolyte solvents,

Table 1
Specifications of testing cells.

Material Cathode NMC622 (Li(Ni0.6Mn0.2Co0.2)O2)
Anode Carbon

End-of-charge (EoC) voltage, current 4.2V, 3A
End-of-discharge (EoD) voltage 2.5V
Nominal capacity @ 1/3C-rate 58.9Ah
Dimension (mm3) 99.7× 301.5×13.3

Table 2
Test matrix.

Effects of temperatures

Temp. (°C) Charge/discharge
current

SoC cycling
limit

Cycle No. Capacity fade

0 0.25C/0.25C 0–100% 8 1.4%
−10 8 1.7%
−20 8 24.1%
−25 6 21.1%
−30 6 43.9%

Effects of charging/discharging C-rate

Temp. (°C) Charge/discharge
current

SoC cycling
limit

Cycle No. Capacity fade

−20 (1/3)C/(1/3)C 0–100% 8 29.8%
0.25C/(1/3)C 14.3%
0.25C/0.25C 24.1%
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which can be regarded as an indirect evidence of the existence of li-
thium plating.

3. Model description

A well-established reduced order model (ROM) [33,34] has been
developed in our previous study to describe the electrochemical beha-
viors of LiBs, including intercalation/de-intercalation of lithium ions
to/from the electrode, kinetics of electrochemical reaction taking place
at the interface between electrode and electrolyte, ion transportation
and diffusion through electrode and electrolyte, whose governing

equations and their corresponding boundary conditions are summar-
ized in Table 3. Detailed explanations can be found in the references.
Only modifications made to incorporate the lithium deposition/dis-
solution reaction at low temperatures are described in the following
sections.

In order to develop a physics-based electrochemical model to in-
vestigate the electrochemical performances of both fresh and aged LiBs
at low temperatures, some assumptions need to be made in advance.

• Degradation only takes place on anode.
• Lithium deposition reaction is semi-reversible, which implies that

Fig. 2. Experimental analyses. (a) Capacity retention at different cycling conditions, including operating temperatures, charging and discharging current rates; (b)
Impedance spectra of the cell cycled by1/4C-rate charging/discharging current at −20 °C; (c) Impedance spectra of the cell cycled by1/4C-rate charging/discharging
current at −25 °C; (d) Impedance spectra of the cell cycled by1/4C-rate charging/discharging current at −30 °C; (e) Capacity retention, Ohmic and SEI resistance
extracted from the cell cycled by 1/4C-rate charging/discharging current at −20 °C; (f) FTIR analyses of cells cycled at various operating conditions.
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the reduction rate is 2 times of the oxidation rate.
• Film at the surface of anode particles in aged cells is a mixture of
plated lithium, primary and secondary SEI.
• Both the primary and secondary SEI are only a mixture of Li2CO3

and (CH2OCO2Li)2.
• Primary SEI formed at initial cycles is considered as constant.
• No mechanical failure nor gas generation is considered.
• No overcharge or undercharge process is considered.

In the present model, the lithium deposition reaction is considered
as side reaction, which competes with intercalation on anode at low
temperatures. If the local anode overpotential becomes negative refer-
ring to Li+/Li ( <+ 0Li Li/ ), due to the charge transfer limitation, lithium
ions are inclined to deposit on instead of intercalating into the negative
electrode, as described in Eq. (6).

++Li e Li (s) (6)

The total reaction rate ( jtotal
Li ), can be divided to two components,

main reaction rate ( jLi), and lithium deposition reaction rate ( jplating
Li ).

Both of main and lithium deposition reaction rate can be described
using Butler-Volmer (BV) equation, as presented in Eq. (5) and Eq. (8),
respectively. The lithium deposition reaction rate is selected from the
minimum between 0 and jplating

Li .

= +j j jtotal
Li Li

plating
Li

(7)

=j a i
n F

RT
n F

RT
exp expplating

Li p
p

p
ps 0,p

a,p c,p

(8)

where i p0, is the exchange current density of lithium deposition reac-
tion, which is a fitting parameter as a function of temperature due to
the lack of reliable experimental data. np is the number of lithium ions
involved in Eq. (6) with a value of 1. a p, and c p, are the dimensionless
anodic and cathodic charge transfer coefficient, which are assumed to
be a value of 0.33 and 0.67 [27], respectively, due to the assumption of
semi-reversible lithium deposition reaction. The activation over-
potential of lithium deposition reaction, p, is calculated by

= U
R

a
jp s e eq p

film

s
total
Li

, (9)

, where s, e are the electrode and electrolyte potential, respectively.

Ueq p, , the equilibrium potential, equals to 0, because the measurement is
compared with a reference of lithium metal. Rfilm is the overall re-
sistance of the surface film, as defined in Eq. (10).

= + +Rfilm Li
film

Li
Li CO

film

Li CO
CH OCO Li

film

CH OCO Li
( )

( )
2 3

2 3
2 2 2

2 2 2 (10)

where Li is the electronic conductivity of the plated lithium. Li CO2 3 and
CH OCO Li( )2 2 2 are the ionic conductivity of Li2CO3 and (CH2OCO2Li)2,

respectively. Li, Li CO2 3, and CH OCO Li( )2 2 2 are the volume fraction of li-
thium metal, Li2CO3 and (CH2OCO2Li)2 in the film, respectively. film is
the thickness of the coated surface film.

= +film SEI p (11)

where SEI and p are the thickness of SEI and plated lithium, respec-
tively.

3.1. Analysis of degradation effects

Since the lithium deposition reaction is partially irreversible, the
lithium ions, as the reactants, are continuously consumed as shown in
Eq. (6). qtotal

Li is defined as the total amount of ion losses due to lithium
deposition reaction, which can be calculated by integrating the reaction
rate over the total volume of composite anode

=
=

=
q j x d Adx( , )total

Li

x
t

t
p
Li

0
0 (12)

where δ- is defined as the thickness of composite anode.
Since part of metallic lithium in contact with electrolyte can be

oxidized to form secondary SEI, a dimensionless parameter, λ, is in-
troduced to denote the fraction of plated lithium that forms secondary
SEI. The material balance of SEI and plated lithium can be expressed as

=c
t F

j1
2

SEI
p
Li

(13)

=c
t F

j1 (1 )Li
p
Li

(14)

where cSEI and cLi are the molar concentration of SEI and plated lithium
per unit volume of anode. In the model, the graphite particles are as-
sumed to be spherical, and the surface film is assumed to be uniform in

Table 3
Governing equations of the FOM and ROM.

FOM Reduction method ROM

Ion concentration in electrode =

= =
= =

( )r

D

;

0;

cs
t

Ds
r r

cs
r

cs
r r

s
cs
r r Rs

jLi
as F

2
2

01

Polynomial approach
+ =

+ + =

=

c

q q

c c D q

3 0

30 0

35 ( ) 8

d
dt

jLi

RsasF

d
dt

Ds
Rs

ave
jLi

Rs asF

Ds
Rs s surf s ave s ave

jLi
asF

s,ave

ave 2
45
2 2

, ,

(1)

Ion concentration in electrolyte
= +

=

+

= =

( )D c j

0

c
t x x

t
F

c
t x

c
t x L

( e e)
e
eff

e
1 0

Li

e

0

e

State space approach = +
= +

I
I

c A c B
C c Dy

e e
e

(2)

Ohm's law in electrode =

= =

= =

= =

= = +

( ) j 0

0

x x s

e
x x x x L

I
A

x x L x x L L

eff Li

ff
s

0

eff
s

s s
sep

=

= =

= =

= =

= = +

( ) j 0

0

x x s

e
x x x x L

I
A

x x L x x L L

eff Li

ff
s

0

eff
s

s s
sep

(3)

Ohm's law in electrolyte + + =

= =
= =

( ) ( )c jln 0

0

x x x D
eff

x

x x x x L

eff
e e Li

e
0

e

Simplification + =( ) j 0x x
eff

e
Li (4)

Electrochemical kinetics =

=
{ }j a i

U

exp expF
RT

F
RT

eq

Li s 0
a c

s e

Linearization =jLi as i F
RT

0 (5)
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the thickness direction. As such, the amount of SEI and plated lithium
can be transformed to an equivalent thickness of the surface film, de-
fined as the ratio of the total volume of SEI and lithium metal to the
specific surface area,

=
t

V
a F

c V
a F

c
˜

2
˜film SEI

s
SEI

Li

s
Li (15)

where ṼSEI and ṼLi are the molar volume of SEI and metallic lithium. The
first and second term in the right side of Eq. (15) denotes the thickness
change of SEI and plated lithium, respectively.

Since both primary and secondary SEI are isolative to electrons, the
growth of SEI can limit the accessible area of composite anode, which
causes the reduction of volume fraction of the active anode material, s,
leading to capacity fade, as shown in Eq. (16).

= k as s s film (16)

where ks is a dimensionless coefficient.
Since the plated lithium can react with the contact electrolyte sol-

vents to form the secondary SEI as shown in Eq. (17) and Eq. (18), the
consumption of electrolyte solvents resulting in the power fade can be
analyzed by the decrease of the volume fraction of electrolyte, e, in Eq.
(19).

+ = +2Li EC CH CH Li CO2 2 2 3 (17)

+ = +2Li 2EC CH CH (CH OCO Li)2 2 2 2 2 (18)

=
t

V
F

q
˜e e

total
Li

(19)

where Ṽe is the molar volume of the electrolyte. is a dimensionless
coefficient indicating how many moles of the electrolyte solvents are
involved in the reaction when 1mol of the lithium metal is consumed.
Under the assumption of the same reaction rate of Eq. (17) and Eq. (18),
equals to 0.75. Correspondingly, the decrease of the volume fraction

of the electrolyte solvents leads to a decrease of the effective diffusion
coefficient in the electrolyte.

=D De
eff

e e (20)

4. Results and discussions

Some of geometric and morphologic parameters of the cells, such as
thickness and particle radius etc., are provided by the manufacturer,
while the others, such as stoichiometric number and diffusion coeffi-
cients of solid and electrolyte phase etc., are used from literature and
then optimized based on the validated results. The list of the parameters
can be found in Table 4. The temperature-dependent parameters, such
as diffusion coefficients and exchange current density of lithium de-
position reaction, are optimized by the means of the Arrhenius equa-
tion.

4.1. Analysis of lithium plating under charging

According to the literature review, the lithium plating criteria is
discussed from two aspects, potential and concentration, which are
related to charge and mass transfer processes, respectively. At low
temperatures, the sluggish charge transfer kinetics introduces a large
overpotential as soon as the current is applied, especially for a high
current-rate whatever the initial SoC is, which is regarded as charge
transfer limitation (CTL). If the cell is charged at a relatively low cur-
rent-rate, the charge transfer is not a sufficient rate-limiting factor. The
poor solid diffusivity of lithium ions can cause a large concentration
gradient over the radial direction of the particles, resulting in the ac-
cumulation of lithium ions on the surface of carbon particles, which is
called “mass transfer limitation” (MTL).

4.1.1. Charge transfer limitation (CTL)
When the temperatures are lower than −20 °C, lithium plating be-

comes the dominant cause for degradation of LiBs. The effects of tem-
peratures and charging C-rates on the lithium plating are discussed in
Fig. 3. Subplot (a) shows the comparison of terminal voltage under
CCeCV charging between experiments and simulations at various
temperatures (−20/-25/-30 °C). The solid lines and markers represent
the experiments and simulations, respectively. The error of terminal
voltage estimation is within 4%, which verifies the model accuracy, as
shown in subplot (b).

The electrochemical kinetics of lithium plating are governed by the

Table 4
List of model parameters (a: Manufacture; b: model validation; c: literature).

Category Parameter Negative electrode Separator Positive electrode unit

Geometry and volume fractions Thickness, δ 84×10−6 8.9× 10−6 77.5× 10−6 m a
Particle radius, Rs 10.7× 10−6 17.5× 10−6 m a

Li+ concentrations Stoichiometry at 0% SoC 0.3 0.81 b
Stoichiometry at 100% SoC 0.77 0.49 b
Average electrolyte concentration, ce 1.2×103 1.2× 103 1.2×103 mol m−3 a

Kinetic and transport properties Exchange current density coefficient, i0 13.2× 104 6.79× 104 A m−2 c
Charge-transfer coefficient, αa, αc 0.5, 0.5 0.5, 0.5 c
Solid phase diffusion coefficient, Ds Ds= f(T) m2 s−1 b
Solid phase conductivity, σ 100 10 S m−1 c
Electrolyte phase Li+ diffusion coefficient, De De= f(T) m2 s−1 b
Bruggeman's porosity exponent, p 1.5 1.5 1.5 c
Electrolyte phase ionic conductivity, κ = c c1106 exp( 8900 )e e

1.4 S m−1 c

Li+ transference number, +t0 0.363 0.363 0.363 c
Equilibrium potential of anode

= +
× + ×

×
×

U y
x x

x x
x

x

( )
8.00229 5.0647 12.578
8.6322 10 2.1765 10
0.46016 exp(15 (0.06 ))
0.55364 exp( 2.4326 ( 0.92))

eq
0.5

4 1 5 1.5

c

Lithium deposition reaction model Exchange current density of lithium deposition reaction, i p0, 4.55× 10−8 at −20 °C
5.0×10−8 at −25 °C
8.51× 10−8 at −30 °C

A m−2 b

Standard equilibrium potential of lithium plating, Ueq p, 0 V c

Molar volume of Li, ṼLi 7.69× 104 mol m−3 c
isolation rate of active anode materials due to lithium plating, ks 10 b
molar volume of electrolyte, Ṽe 3.25× 108 mol m−3 c
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overpotential as described in Eq. (8). When the overpotential of lithium
plating ( p) drops to be negative, the lithium plating is triggered. The
distribution of overpotential of lithium plating along the anode thick-
ness direction at different temperatures (−20/-25/-30 °C) is depicted in

Fig. 3 (c). The x-axis denotes the dimensionless anode thickness. = 0
and = 1, denote the location of the interface between anode current
collector and the composite anode and that between the composite
anode and separator, respectively. Negative overpotential manifests the

Fig. 3. Analysis of charging behaviors.
(a) Comparison of charge behaviors be-
tween experimental data and simulation
results at −20/-25 °C/-30 °C; (b) Error of
terminal voltage estimation at −20/-
25 °C/-30 °C; (c) Distribution of over-
potential of lithium plating at −20/-25/
30 °C; (d) Distribution of lithium deposi-
tion reaction rate at −20/-25/30 °C; (e)
Comparison of charge behaviors between
experimental data and simulation results
at different charging C-rates (1/10C, 1/
4C, 1/3C and 1/2C, respectively) at
−20 °C; (f) Error of terminal voltage es-
timation when charged at 1/10C, 1/4C,
1/3C and 1/2C, respectively; (g)
Distribution of overpotential of lithium
plating when charged at 1/10C, 1/4C, 1/
3C and 1/2C, respectively; (h)
Distribution of lithium deposition reac-
tion rate when charged at 1/10C, 1/4C,
1/3C and 1/2C, respectively.
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existence of lithium plating. As the decreasing temperatures, the value
of overpotential becomes more negative, which leads to the increase of
the corresponding terminal voltage at the same SoC as shown in Fig. 3
(a). Moreover, the potential drop at the interface between composite
anode and separator is larger than that at the other locations on anode,
which implies that the lithium plating starts from the separator side.
The corresponding distribution of absolute reaction rate of lithium
plating along the direction of anode thickness as a function of operating
temperature is plotted in Fig. 3 (d). The analysis implies that lithium
deposition reaction rate increases as the decrease of temperatures. In
addition, the reaction rate of lithium plating near the separator side is
larger due to the relative higher lithium ion concentration, which is
consistent with the analyses of overpotentials.

With the exception for the low operating temperature, high char-
ging C-rate is another favorable factor to elicit lithium plating. The
comparison of terminal voltage and corresponding estimation error at
CCeCV charging with various applied current rates (1/10C-rate, 1/4C-
rate, 1/3C-rate and 1/2C-rate, respectively) at the operating tempera-
ture of −20 °C between experiments and simulations is plotted in Fig. 3
(e) and (f), respectively. The simulated evolution of terminal voltage in
terms of charging time has a reasonable match with the experimental
one, which demonstrates the great predictive capability of electro-
chemical performance of LiBs by the model. To extrapolate the influ-
ence of charging C-rates, the distributions of overpotential and reaction
rate of lithium plating along the anode thickness direction are pre-
sented in Fig. 3 (g) and (h), respectively. On one hand, the potential
drop is enlarged as the increase of applied charging current. According
to the potential governed criteria of lithium plating, no lithium de-
position reaction occurs when the current of 1/10C-rate is applied to
charge the cell, because the overpotential induced is positive. On the
other hand, the lithium deposition reaction rate is zero when charged
by 1/10C-rate current, which satisfies the conclusion that made by the
analysis of overpotential evolution.

4.1.2. Mass transfer limitation (MTL)
Another criterion of lithium plating corresponds to the mass transfer

of lithium ions. At low temperatures, the diffusion of lithium ions in
carbon particles is slowed down, leading to the accumulation of lithium
ions at the interface between carbon particles and electrolyte during
charging. When the surface concentration of lithium ions in carbon
particles reaches or even exceeds the maximum value that the active
material of the particles can maintain, the lithium plating is prompted.
Fig. 4 (a) displays the distribution of surface concentration of lithium
ions across anode when charged at various C-rates (1/2C-rate, 1/3C-
rate and 1/4C-rate, respectively) and operating temperatures (−20/-
25/-30 °C). The maximum concentration that carbon particle can hold
is plotted by a black dashed line. The surface concentration of lithium
ions in solid phase increases as the ascent of charging C-rates and
temperatures. Other than charging the cell by 1/2C-rate applied current
at −20 °C (purple line), the surface concentration of anode particle is
much smaller than the maximum value of the saturated one. Even
though the gap between the surface and maximum concentration of
lithium ions in anode cannot justify the existence of lithium plating, the
evolution of overpotential presented in Fig. 3 gives a robust support. In
order to obtain the distribution of surface concentration under the ex-
cluded charging condition more clearly, the performance in the region
near the separator where the lithium plating is originated due to the
oversaturated surface concentration is zoomed in. To better understand
the mass transfer behaviors over the entire CCeCV charging process,
the distribution of surface concentration over time at three different
locations of the anode is shown in Fig. 4 (b). The variation of terminal
voltage is also plotted as a reference. The increasing rate of surface
concentration at each location approaches its maximum at the end of
CC charging, then turns over to drop gradually at CV charging.

In summary of Figs. 3 and 4, lithium plating is prone to take place at
the interface between anode and separator due to both the higher

overpotential and surface concentration of lithium ions. Additionally,
compared the effects of overpotential and surface concentration under
various operating conditions in terms of the temporal and spatial evo-
lutions over CCeCV charging process, charge transfer limitation is a
more severe cause for lithium plating.

4.2. Analysis of lithium stripping under discharging

When discharge the LiB after charging at low temperatures, extra
lithium ions coming from lithium stripping can be released on anode
besides de-intercalation at the beginning. The output delivering current
moving to the cathode includes that of both classical de-intercalation
and lithium stripping. The extra voltage plateau represents the ex-
istence of lithium stripping and the width of the plateau is proportional
to the amount of stripped lithium ions. The single cycle and multiple
cycle tests are performed to validate the static and dynamic responses of
the developed electrochemical model.

4.2.1. Single cycle
Fig. 5 (a) shows the discharging voltage profiles at 3 different C-

rates (1/10C, 1/4C and 1/3C) immediately after charging the cell to
100% SoC at the temperature of −20 °C. The experiments and simu-
lations are plotted by solid lines and markers, respectively. The inset
provides an enlarged view of the voltage profiles at the beginning of
discharging in order to observe the voltage plateaus more clearly. The
simulation results can well capture the experimental measurements of

Fig. 4. (a) Distribution of surface concentration of anode particles at different
temperatures and charging C-rates; (b) Distribution of surface concentration of
anode particles at various locations as a function of charging time at −20 °C.
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discharging voltage. In agreement with literature, the voltage plateaus
can be observed at the early stage of discharging at 1/4C and 1/3C,
which relate to the peaks of the differential voltage profiles (dV/dQ) in
Fig. 5 (b). The characteristics of the peaks of dV/dQ is well estimated by
the model with negligible discrepancies. The location where dV/dQ
peak appears represents the end of lithium stripping. The discharge
capacity at the dV/dQ peak equals to the total amount of the reversed
capacity due to lithium stripping and the classical discharging capacity,
which can be calculated by the integration of lithium stripping and
main reaction rate over the electrode area and time, respectively. The
reversed capacities of the cells with 1/4C and 1/3C discharging current
applied are 2.18Ah and 2.72Ah, respectively. As the increase of dis-
charging C-rates, more lithium ions can be released so that more ca-
pacity can be reversed. Fig. 5 (c) and (d) depict the comparison of
discharging voltage and differential voltage analyses between experi-
ments and simulations at different temperatures (−20/-25/-30 °C). The
number of ions released by lithium stripping estimated by the devel-
oped model is proportional to the width of the extra voltage plateau at
the beginning of discharging, which is approximate 2.18Ah, 3.14Ah
and 4.31Ah for the cell discharged at −20 °C, −25 °C and −30 °C,
respectively. The lithium stripping is accelerated as the decrease of the
temperature.

4.2.2. Multiple cycle
The top subplot of Fig. 6 plots the applied current profiles in the

multiple cycle tests at different temperatures. The blue and orange solid
lines represent the current profiles at the temperature of −20 °C and

−30 °C, respectively. The middle and bottom subplots of Fig. 6 com-
pare the terminal voltage between experimental measurements and
simulation results at −20 °C and −30 °C, respectively. Both lithium
plating and lithium stripping are considered in the validation of mul-
tiple cycle tests, the modeling results have a great match with the ex-
periments, which manifests the great capability of the model to predict
the dynamic responses.

4.3. Characteristics of lithium plating/stripping over cycling

The degradation effects of LiBs after extended cycling at low tem-
peratures are inextricably linked to the lithium plating/stripping, in-
cluding loss of recyclable lithium ions, loss of AM, growth of plated
lithium and secondary SEI, and the consumption of electrolyte solvents.
The detailed analyses of the degradation related parameters and vali-
dation of the degradation model incorporating lithium plating/strip-
ping are presented in section 4.3.1 and 4.3.2, respectively.

4.3.1. Analysis of degradation related parameters
To analyze the variation of the degradation related parameters in-

side the LiB over prolonged cycles, simulation results of lithium de-
position reaction rate and other related parameters are investigated at
−20 °C. The distribution of lithium deposition reaction rate along the
direction of anode thickness as a function of cycle number is depicted in
Fig. 7 (a). With the increase of cycle number, the lithium deposition
reaction rate is accumulated at interface between carbon particles and
electrolyte as the arrow indicates direction. In addition, the lithium

Fig. 5. (a) Comparison of discharge behaviors between experimental data and simulation results at different discharging C-rates (1/10C, 1/4C and 1/3C, respec-
tively) at −20 °C; (b) Differential voltage analysis of the cells with different discharging C-rates applied at −20 °C; (c) Comparison of discharging voltage profiles
between experiments and simulations at different temperatures; (d) Differential voltage analysis at different temperatures.
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deposition reaction rate is higher at the anode/separator interface.
Correspondingly, the variations of other physical degradation para-
meters are plotted in Fig. 7(b–d). Due to the continuous consumption of
recyclable lithium ions involved in the reaction of lithium plating, the
amount of ion loss (Blue Shade), qtotal

Li , is increased as the number of
cycles increased. The amount of AM loss (Yellow Shade) that is induced
by the reduction of the accessible area due to the growth of plated li-
thium and secondary SEI increases with the increasing cycle number.
The total amount of ion loss and AM loss is compared with the actual
capacity fade (Green Shade) measured by the experiments, which
shows a great match in Fig. 7 (b). The variations of resistance of plated
lithium (Rplating) and electrode volume fraction ( s) in terms of cycle
number across the anode are plotted in Fig. 7 (c). As the reactants of the
chemical reaction described in Eqs. (17) and (18), electrolyte solvents
are consumed continuously, which leads to the decrease of electrolyte
volume fraction ( e), as shown in the upper subplot of Fig. 7 (d). The
lower subplot shows the increase of resistance of deposit layer (DL) that
is defined as a layer located at anode/separator interface. The analyses
of the degradation effects of lithium plating based on the variation of
the electrochemical parameters can be summarized in Table 5.

4.3.2. Model validation of end-of-life (EoL)
According to the analyses of overpotential and concentration in

terms of temporal and spatial distribution, both the temperatures and
charging C-rates have profound impacts on the lithium plating, while
the temperatures and discharging C-rates have influences on the lithium
stripping. To explore the effects on the prolonged cycles, both lithium
plating and lithium stripping are considered. The comparison of dis-
charge terminal voltage with 1/3C-rate discharge current applied be-
tween simulation results obtained by the physics-based degradation
model and experimental measurements at different operating

conditions are plotted in Fig. 8(a–d), while those for the cells performed
multiple cycling tests are plotted in Fig. 8(e and f). The solid lines and
markers represent the experiments and simulations, respectively. The
influences of charging C-rates on the long-term cycling tests are dis-
cussed between subplot (a) and (b), while those of temperatures are
summarized in subplot (c) and (d). In Fig. 8 (d), the terminal voltage is
overestimated at the 6th cycle whose capacity fade is about 43.9%.
Usually, the EV battery is considered as EoL when its capacity drops
below 80% of its nominal capacity, or 70% at the worst case. When the
battery continues to get further aged, not only lithium plating/stripping
from the aspect of electrochemistry, but also mechanical failure needs
to be considered. In this paper, the neglect of the mechanical failure
makes the model not be capable of predicting the electrochemical
performance when the capacity fade of the cell reaches 43.9%.

Capacity fade is one of the most significant criteria to evaluate
performance of degraded LiBs. The comparisons of simulated capacity
and the Ah-based measured capacity as the function of cycle number at
various charging C-rates and temperatures are shown in the upper
subplot of Fig. 8 (g). The markers, circles and crosses, denote the
measurements and simulations, respectively. Furthermore, the corre-
sponding error between measurements and simulation results is plotted
in the lower subplot. In order to display the capacity variations com-
parably, the SOH in terms of capacity and its corresponding estimation
error are calculated in Eq. (21) and Eq. (22), respectively.

=
Q
Q

SOHQ
aged cell

fresh cell

,

, (21)

= ×Q
Q Q

Q
100%error

simexp

exp (22)

Apart from a relatively large deviation of the last capacity

Fig. 6. Comparison of terminal voltage between experiments and simulations for multiple cycle tests at −20 °C and −30 °C.
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estimation at −30 °C, other deviation of simulations over experiments
is less than 3%. With regard to the comparisons of capacity for multiple
cycling tests, the error of capacity estimation is within 1.5% when the
capacity fade is less than 30%.

5. Conclusion

A physics-based electrochemical-thermal model considering de-
gradation effects of lithium plating/stripping is developed to in-
vestigate the electrochemical performances of LiBs at subzero tem-
peratures. The model is validated against both the fresh and aged NMC/
Carbon cells through a series of experiments at different operating
conditions, including temperatures, charging and discharging current
rates. The model has a reasonable match with the experimental results,
whose estimation error is less than 4%. Modeling analyses of lithium
plating are performed in the aspects of charge and mass transfer pro-
cesses. Negative overpotential or oversaturated surface concentration of

lithium ions denote the existence of lithium plating. The model also
well captures the characteristics of the extra voltage plateau which
represents the existence of lithium stripping at discharging. Differential
voltage analyses are used to characterize the amount of reversed ca-
pacity by the integration of reaction rate of lithium stripping over time
and electrode area. It is illustrated that the amount of reversed capacity
increases as the increase of discharging C-rates. Furthermore, the model
quantitatively manifests the degradation effects, including loss of li-
thium inventory, loss of anode active material, growth of plated lithium
and secondary SEI and consumption of electrolyte solvents. Both single
and multiple cycling tests are preformed to validate the static and dy-
namic responses of the model, which match reasonably with experi-
mental measurements with respect to the terminal voltage and capacity
retention. Except for the capacity drops below 70% of its nominal ca-
pacity, the error of the capacity estimation remains within 3%.

In the future work, the model needs to be improved to facilitate the
in-depth investigations on the side reaction and lithium plating/

Fig. 7. Analysis of degradation parameters in the lithium deposition reaction. (a) Lithium deposition reaction rate; (b) Ion & AM loss; (c) Variation of resistance of
plated lithium and volume fraction of anode; (d) Variation of volume fraction of electrolyte and resistance of DL.

Table 5
Degradation effects and parameters of lithium deposition reaction.

Causes Effects Degradation parameters Consequences

Lithium deposition reaction rate jplating
Li ↑

Ion loss q t( )total
Li ↑ Capacity fade

AM loss Electrode volume fraction s↓ Capacity fade
Plated Li growth Resistance of plated lithium Rplating↑ Impedance rise
DL growth Resistance of DL RDL ↑ Impedance rise
Electrolyte consumption Electrolyte volume fraction e Impedance rise
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stripping at the same time. Moreover, other degradation effects, such as
mechanical failure and cathode degradation need to be considered for
the deep cycling of the LiBs.
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