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� We present a Li-ion battery model
capable of predicting Li plating
induced aging.

� The model is able to capture the
transition from linear to nonlinear
aging.

� Nonlinear aging is attributed to
exponential increase of Li plating
rate.

� Anode porosity drop due to SEI
growth is response for onset of Li
plating.

� There is positive feedback btw
porosity drop and Li plating rate
increase.
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a b s t r a c t

A physics-based Li-ion battery (LIB) aging model accounting for both lithium plating and solid electrolyte
interphase (SEI) growth is presented, and is applied to study the aging behavior of a cell undergoing
prolonged cycling at moderate operating conditions. Cell aging is found to be linear in the early stage of
cycling but highly nonlinear in the end with rapid capacity drop and resistance rise. The linear aging
stage is found to be dominated by SEI growth, while the transition from linear to nonlinear aging is
attributed to the sharp rise of lithium plating rate. Lithium plating starts to occur in a narrow portion of
the anode near the separator after a certain number of cycles. The onset of lithium plating is attributed to
the drop of anode porosity associated with SEI growth, which aggravates the local electrolyte potential
gradient in the anode. The presence of lithium metal accelerates the porosity reduction, further pro-
moting lithium plating. This positive feedback leads to exponential increase of lithium plating rate in the
late stage of cycling, as well as local pore clogging near the anode/separator interface which in turn leads
to a sharp resistance rise.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Aging of lithium ion batteries (LIBs) is a critical issue for appli-
cations requiring long life such as electric vehicles (EVs) [1e8].
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When expecting a lifespan of 10e15 years for an EV, the durability
of LIBs is typically the bottleneck. In general, aging of LIBs involves
loss of capacity, rise of impedance, and reduction of power. A
fundamental understanding of aging characteristics, such as the
evolutions of cell capacity and resistance over the lifetime, is of
critical significance for development of reliable life-prediction
methods for battery management systems (BMS) [9e11].

Various aging mechanisms have been proposed in the literature,
including formation and growth of solid electrolyte interphase (SEI)
[3e5], mechanical breakup of electrode materials [12e14], disso-
lution of transition metals from the cathode [15e17], and deposi-
tion of metallic lithium in the anode [18e21]. Among them, SEI
growth has been recognized as the dominant aging mechanism in
most scenarios, especially for commercially available LIB cells
[22e25]. SEI is a layer formed on the surface of electrode materials
during the first charge (formation) process. Its role is to protect
electrode from further reaction with the electrolyte. Owing to the
porous nature of SEI, however, a small amount of electrolyte can
still diffuse across the SEI layer and be reduced on the electrode
surface after the formation cycle, leading to continuous thickening
of the SEI layer and thus loss of active lithium. Dominated by the SEI
growth, the capacity decay of LIBs exhibits a square root de-
pendency on time if in storage [26]. If under load, capacity decay is
revealed to be linear with respect to the charge throughput [25,26].
Furthermore, both calendar and cycling aging accelerate with the
increase of operating temperature, following the Arrhenius law.

In recent years, however, many studies have reported aging
behaviors that are in contrast to the above SEI-dominated aging
characteristics. One example is the nonlinear capacity drop after
prolonged cycling. Schuster et al. [27] cycled a set of commercial
1.95Ah 18650 cells at moderate temperatures and charging rate.
Capacity decay and impedance rise were found to be linear with the
charge throughput at the beginning, indicating SEI-dominated ag-
ing. After prolonged cycling, however, the cell capacity dropped
abruptly and cell impedance increased sharply, indicating that
some other mechanism took over the aging process. Similar
nonlinear aging behaviors have also been reported by other groups
[26,28e36]. Based on these research efforts, some major charac-
teristics can be concluded regarding the nonlinear aging phenom-
enon. First, it occurs for cells of various cathode chemistries,
including LiNi1/3Mn1/3Co1/3O2 (NMC111) [26e29], LiNi0.6Mn0.2-
Co0.2O2 (NMC622) [29], LiFePO4 [30e33], LiCoO2 [34,35], and
LiMn2O4/NMC111 blend [36]. It is therefore reasonable to expect
that this nonlinear aging behavior is mostly related to aging
mechanisms of the anode. Second, it is revealed that the transition
point from linear to nonlinear aging is strongly affected by the
current and cut-off voltage of the charging process [27], and also by
the composition of the electrolyte [28,34]. Third, through post-
mortem analysis of electrodes taken from cells after serious
nonlinear aging [27,30e33], thick films were observed near the
anode/separator interface, whereas no apparent morphology
change was observed for the cathode material. Using energy
dispersive X-ray spectroscopy (EDX), Klett et al. [31] showed that
the thick films in the anode contain similar composition as the SEI
layer. With the help of Osmium tetroxide (OsO4) staining approach,
Zier et al. [37] revealed existence of a large amount of metallic
lithium at the anode/separator interface. Broussely et al. [34] also
stated that a large deposit of lithium metal was observed after
dismantling the deeply cycled cell. Based on the above character-
istics, it is believed that the nonlinear aging after prolonged cycling
is attributed to lithium plating.

The equilibrium potential of lithium intercalation into graphite
is fairly close to, only ~100 mV higher than, the equilibrium po-
tential of lithium deposition reaction. These two reactions therefore
compete during cell charging. Under harsh conditions, the anode
potential can become negative with respective to Li/Liþ [18], lead-
ing to deposition of lithium onto the surface of graphite particles
instead of intercalation, which is called lithium plating. The plated
lithium can react with electrolyte to form a new SEI layer, or can
become isolated from the electron-conductive matrix, leading to
loss of lithium inventory. Furthermore, the plated lithiummetal can
be in the form of dendrites, which, in the worst scenarios, may
pierce the separator, induce internal short circuit and result in
hazardous consequences.

Previously, lithium plating was considered to be a serious issue
only under harsh charging conditions like high C-rate and/or low
temperatures. Recent work asmentioned above, however, indicates
that lithium plating can also occur at mild charge conditions in cells
after extended cycling, leading to rapid aging of the cell. One
plausible reason for the onset of lithium plating after extended
cycling is continuous growth of the SEI layer, which may clog the
electrode pores [34] and reduce anode ionic kinetics [27]. The SEI
layer can grow considerably after long-term operation. Using
focused ion beam (FIB) and scanning electron microscopy (SEM),
Yoshida et al. [5] reported that thickness of SEI layer in the tested
cells increased from 40 nm at the beginning to as high as 450 nm
after storage at 40 �C for 392 days. Lee et al. [38] also revealed via
FIB-SEMmeasurement that the SEI layer of a cell becamemore than
300 nm thick after 12.5% capacity loss. This significant increase of
SEI thickness can greatly reduce the anode porosity, as reported by
Frisco et al. [39] most recently. In their work, nano-scale X-ray
computed tomography was applied to visualize the pore structure
of graphite anode taken from fresh and aged commercial
18650 cells. Dramatic reduction of average pore diameter was
observed in the aged cell, with the anode porosity reducing from
0.25 in the fresh cell to 0.12 in the aged cell. This considerable drop
of anode porosity can exert strong impacts on cell performance, as
discussed by Sikha et al. [40]. However, research efforts on the
evolutions of anode porosity and the ensuing impact on cell per-
formance in the aging process are rather scarce in the literature.

Numerical modeling is a useful tool for investigating the aging
behavior of LIBs. Numerous physics-based aging models have been
proposed in the literature [41e47], most of which focus on capacity
fade due to SEI growth. Research on modeling of lithium plating,
however, is rather limited [48e52]. Arora et al. [48] proposed the
first lithium plating model by incorporating the lithium deposition
reaction as a side reaction into the macroscopic LIB model devel-
oped by Doyle et al. [53]. The scenario of overcharge was studied
and the concentrations of plated lithium at various operating
conditions were predicted. Tang et al. [49] extended Arora's model
to two dimensional and found that lithium deposition is prone to
occur near the edge of anode if the two electrodes are evenly
aligned. The importance of using a larger anode than a cathode
therefore was stressed. Perkins et al. [50] proposed a method to
reduce the complexity of Arora's model in order to develop a
control-oriented model suitable for BMS. Most recently, Ge et al.
[51] extended Arora's model to the scenario of low temperature
charging. The amount of lithium plating is predicted and compared
with experiment data measured by nuclear magnetic resonance. To
the best of our knowledge, no physics-based aging model has ever
been reported in the literature with the ability to predict lithium
plating induced aging.

Here, we present a physics-based LIB aging model able to pre-
dict aging behaviors associated with lithium plating. It will be
demonstrated in the present work that this model is able to capture
the above-mentioned transition from linear to nonlinear aging af-
ter prolonged cycling. In a companion paper following the present
one, the model is applied to study the effects of ambient temper-
ature and electrode thickness on cell aging, as it is known that
lithium plating is more prone to occur in cells at low temperatures
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and/or with thicker anodes. Detailed descriptions of the model are
given in the next section, which has two major features. First, both
SEI growth and lithium plating are incorporated in the present
model. The competition and interaction between SEI growth and
lithium plating can be studied. Second, the drop of anode porosity
as a result of SEI growth is considered, and is revealed to be
important in affecting the transition from linear to nonlinear aging.

2. Model description

The model presented here is based on our previous
electrochemical-thermal (ECT) model [54,55] with modifications to
account for lithium plating and SEI growth. The ECT model solves
the following governing equations:

Charge conservation in solid electrodes:

V,
�
seffs Vfs

�
¼ jtot (1)

Charge conservation in electrolyte:

V,
�
keffe Vfe

�
þ V,

�
keffD Vln ce

�
¼ �jtot (2)

Species conservation in electrolyte:

vðεceÞ
vt

¼ V,
�
Deff
e Vce

�
þ 1� tþ

F
jtot (3)

Species conservation in active material particles:

vcs
vt

¼ 1
r2

v

vr

�
Dsr2

vcs
vr

�
(4)

Energy conservation of the whole cell (lumped thermal model):

mcp
dT
dt

¼ _Q þ hAðT∞ � TÞ (5)

Detailed descriptions of these governing equations can be found
in the literature [54e60] and are therefore not repeated here. Only
the modifications made to incorporate lithium plating and SEI
growth are detailed below.

In the present model, both SEI growth and lithium plating are
considered as side reactions in the anode. Thereby, a total of three
electrochemical reactions can occur in the anode, as illustrated in
Fig. 1. The desired reaction is lithium intercalation into graphite,
following Eq. (6a). The growth of SEI is induced by the formation of
new SEI at graphite surface due to the diffusion of electrolyte sol-
vent across the surface film. In this work, the SEI is considered to be
made of lithium ethylene dicarbonate (CH2OCO2Li)2, generated by
the reaction of ethylene carbonate (EC) with Liþ ions according to
Eq. (6b). Furthermore, if the local anode potential becomes negative
Fig. 1. Schematic illustration of the electrochemical reactions occurring in the anode
during cell charging. The main reaction is intercalation of lithium, but lithium can react
with solvent molecular to form new solid electrolyte interphase (SEI), or be deposited
onto the graphite surface to form metallic lithium.
vs Li/Liþ, lithium deposition would occur, as described by Eq. (6c).
As such, the surface film covering the graphite particles is consid-
ered as a mixture of SEI and lithiummetal if lithium plating occurs.
If not, the surface film contains SEI only.

C6þ Liþ þ e�4LiC6 (6a)

2C2H4CO3 þ 2e� þ 2Liþ / ðCH2OCO2LiÞ2Yþ C2H4[ (6b)

Liþ þ e�/ Li ðsÞY (6c)

The total volumetric current density, jtot in Eqs. (1)e(3), are the
sum of the current density of all the above three reactions, as:

jtot ¼ jint þ jSEI þ jlpl (7)

The transfer current density of lithium intercalation is calculated
by the Butler-Volmer equation:

jint ¼ ai0;int

�
exp

�
aa;intF
RT

hint

�
� exp

�
� ac;intF

RT
hint

��
(8)

where a is the specific surface area, i0,int is the exchange current
density of lithium intercalation, and hint is the surface overpotential
defined as:

hint ¼ fs � fe �
jtot
a
Rfilm � Uint (9)

where fs and fe are potentials in the solid phase and electrolyte
phase; Uint is the equilibrium potential for lithium intercalation
reaction, and Rfilm is the resistance of the surface film.

According to Safari et al. [44], the rate of SEI formation reaction
is affected both by the diffusion rate of EC across the surface film
and by the surface kinetics. Following their work, the local current
density of SEI formation reaction is calculated by the cathodic Tafel
expression below:

jSEI ¼ �aFk0;SEIc
s
EC exp

�
� ac;SEIF

RT

�
fs � fe �

jtot
a
Rfilm � USEI

��

(10)

where k0,SEI is the kinetic rate constant; USEI is the equilibrium
potential of SEI formation reaction, and csEC is the concentration of
EC on the surface of graphite, which is calculated based on themass
conservation of EC:

�DEC
csEC � c0EC

dfilm
¼ �jSEI

F
(11)

where DEC is the diffusivity of EC, c0EC is the concentration of EC in
the bulk electrolyte, and dfilm is the thickness of the surface film. The
left hand side of Eq. (11) represents the diffusive flux of EC across
the film, and the right hand side denotes the consumption rate of
EC through reaction (6b).

Lithium plating is assumed to be irreversible in this model. That
is, stripping of plated lithium in the subsequent discharge process is
neglected. As such, the following cathodic Tafel expression is used
to calculate the transfer current density of the lithium deposition
reaction:

jlpl ¼ �ai0;lpl exp
�
� ac;lplF

RT

�
fs � fe �

jtot
a
Rfilm

��
(12)

where i0,lpl is the exchange current density of Li deposition, which is
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treated as a fitting parameter in the present model due to the lack
of reliable experiment data.

The material balance of SEI and lithium metal can be expressed
as:

vcSEI
vt

¼ �jSEI
2F

� jlpl
2F

b (13a)

vcLi
vt

¼ �jlpl
F

ð1� bÞ (13b)

where cSEI and cLi are the molar concentrations of SEI and lithium
metal per unit volume of the electrode. As part of lithium metal in
contact with the electrolyte can be oxidized to form new SEI, a
parameter of b is introduced which denotes the fraction of plated
lithium that becomes SEI. For the sake of simplification, b is
assumed to be zero in the present work.

As mentioned above, SEI and lithium metal together constitute
the surface film covering graphite particles. In the model, graphite
particles are assumed to be spherical, and the surface film is
assumed to be uniform in thickness. As such, the amount of SEI and
solid lithium can be transformed to an equivalent thickness of the
surface film, defined as the ratio of the total volume of SEI and
lithium metal to the specific surface area, as:

dfilm ¼ 1
a

�
cSEI,MSEI

rSEI
þ cLi,MLi

rLi

�
(14)

where M and r are molar weight and density. The left term in the
bracket is the specific volume of SEI, and the right term is the
specific volume of lithium metal. As stripping of lithium metal is
neglected in this model (i.e. all lithium is lost once plated), the
plated lithium is considered to be isolated from the main electron-
conduction matrix. Hence, resistance of surface film is determined
by SEI only, i.e.

Rfilm ¼ uSEI
dfilm
kSEI

(15)

where uSEI is the volume fraction of SEI in the film, and kSEI is its
ionic conductivity.
Table 1
Cell design information and model parameters.

Cell Design Information

Parameter Anode (Graphite)

Thickness (mm) 48.7
Initial Porosity 0.32
Loading (mAh/cm2) 2.41
Electrolyte concentration (mol/L) /
Particle radius (mm) 10

Model parameters related to SEI growth and lithium plating

Parameter Unit

c0EC mol/L

MSEI kg/mol
rSEI kg/m3

kSEI S/m
ac,SEI /
DEC m2/s
k0,SEI m/s
ac,lpl /
i0,lpl A/m2

MLi kg/mol
rLi kg/m3

ad Adjusted.
As mentioned above, one feature of the present model is that
lowering of anode porosity due to surface film growth is consid-
ered, which is implemented through relating the change of anode
porosity with the increase of surface film thickness via the
following expression:

dε
dt

¼ �a
ddfilm
dt

(16)

In this work, the above model is applied to study the aging
behavior of a LIB cell designed for plug-in EVs cycled at room
temperature with moderate charge/discharge current. Cell design
information and keymodel parameters related to SEI growth and Li
plating are summarized in Table 1. Parameters on material prop-
erties, like solid-phase diffusivity and open-circuit potential of
active materials, conductivity and diffusivity of electrolyte, etc., are
taken from the material database of AutoLion™ [61,62], a com-
mercial software package for simulation of performance, life and
safety of Li-ion batteries.
3. Experimental

A Li-ion pouch cell fabricated by EC Power for plug-in EV ap-
plications is tested in this work, which has a nominal capacity of
12.4 Ah and energy density of about 170Wh/kg. It used graphite as
the anode, NMC622 as the cathode, and 1 M of LiPF6 dissolved in
EC/EMC (3:7 by wt.)þ2% wt% VC as electrolyte. Detailed design
information of the cell is given in Table 1.

The cell was put into cycling test using an Arbin BT-2000 system
(Arbin Instruments, TX) at room temperature. In each cycle, the cell
was charged using a constant current (CC) step at the rate of 1C to a
cut-off voltage of 4.2 V, followed by a constant voltage (CV) step at
4.2 V until the charge current dropped below C/10. Resting for
5 min after the charging process, the cell was discharged at a
constant current of 2C to 2.8 V, followed by another 5 min rest
before moving to the next cycle. Periodically, the cell was taken off
the cycling test and was subject to a series of reference perfor-
mance tests (RPTs) for evaluation of cell capacity at different
discharge rates. The RPTs were performed at an ambient temper-
ature of 25 �C controlled by an environmental chamber (Tenney
T10c, Thermal Product Solutions). In each RPT, the cell was charged
Separator Cathode (NMC622)

25 40.75
0.4 0.33
/ 2.0
1.0 /
/ 5

Value

4.541 [44]

0.162 [44]
1690 [44]
5.0*10�6 [44]
0.5 [44]
2.0*10�18 ad

1.0*10�12 ad

0.5
0.001ad

6.94*10�3

534
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using constant current-constant voltage (CCCV) protocol (CC @ 1C
to 4.2 V, followed by CV @ 4.2 V to C/20), followed by a 30 min rest,
and then discharged at a constant rate of either C/3,1C, 2C or 3C to a
cut-off voltage of 2.8 V.
4. Results & discussion

4.1. Model validation & nonlinear aging behavior

Fig. 2a presents the variation of the 2C discharge capacity during
cycling. Both numerical and experimental results are shown and
are found to match reasonably well. It is noted from this figure that
the 2C discharge capacity decreased linearly with cycle number in
the early stage of cycling, from 11.63 Ah at the beginning to 9.13 Ah
at the 2700th cycle (~0.93 mAh loss per cycle). Thereafter, cell aging
accelerated drastically, with the capacity falling to 6.63 Ah after the
3300th cycle (~4.17mAh loss per cycle from the 2700th to the 3300th

cycle). Though the 2C capacity already dropped below 80% of the
initial capacity before the nonlinear decay, which is usually
considered as reaching the end of life (EOL) for EV batteries, the
highly nonlinear capacity drop at the end has profound impacts on
the reuse of LIBs exhausted upon EV operation, e.g. 2nd-life appli-
cations in stationary energy storage, as discussed by Schuster et al.
[27]. Furthermore, as will be demonstrated in a companion paper,
Fig. 2. Comparison of model results with experiment data in terms of (a) variation of dischar
discharge capacity at C/3, 1C, 2C and 3C rates with cycle number obtained from reference per
discharge capacity at specified C-rate to the capacity measured at C/3 rate; (d) Ragone plot
the transition point from linear to nonlinear aging would shift
much earlier in cells with thicker electrodes and/or lower operating
temperatures.

Fig. 2b further compares the model and experimental results of
the discharge capacity at different C-rates obtained from the RPTs.
In experiments, the RPTs were performed periodically by taking the
cell off the cycling test as mentioned above. In the model, the rate
performance of aged cells are simulated by using cell status pa-
rameters stored during cycling as input parameters. These status
parameters include lithium stoichiometry, thickness and compo-
sition of surface film (e.g. mass of SEI and lithium metal), and local
porosity at each mesh grid, which are recorded at the end of each
cycle. It can be seen from Fig. 2b that the discharge capacity of each
C-rate follows the behavior of linear to nonlinear aging transition.
Also, the higher the discharge rate, the earlier the transition point.

To better illustrate the evolution of cell performance of different
C-rates over cycling, we plot in Fig. 2c the variation of relative ca-
pacity with cycle number. The relative capacity is defined as the
ratio of discharge capacity at a given rate to the discharge capacity
at C/3 rate. For each C-rate studied, as shown in Fig. 2c, the relative
capacity drops slightly in the early state of cycling, indicating that
the resistance increase in this process is trivial and cell aging is
mainly capacity loss. Thereafter, the relative capacity descends
exponentially with cycle number, signifying significant rise of cell
ge capacity with cycle number in the cycling process (2C discharge); (b) variation of cell
formance tests (RPTs); (c) variation of relative discharge capacity, defined as the ratio of
of the cell after different number of cycles.
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resistance. This sharp increase of cell resistance would dramatically
deteriorate the power capability of the cell, as can be noted from
Fig. 2d where the evolution of Ragone plot upon cell aging is pre-
sented. The Ragone plot is an indication of trade-offs between
specific energy (SE) and specific power (SP). In this work, the SE and
SP of the cell are estimated by the total discharge energy and
average discharge power of the cell in the discharge process of the
RPTs. As shown in Fig. 2d, the fresh cell is able to deliver 175Wh/kg
SE at the SP of 60 W/kg, and 160 Wh/kg at 500 W/kg. After serious
aging (e.g. after 3300 cycles), however, the cell can only deliver
~80 Wh/kg at the SP of ~430 W/kg, though it is still able to deliver
125Wh/kg at 57W/kg. If hoping tomeet the SP of 500W/kg, the SE
would drop further to <70 Wh/kg.

It can be noted from Fig. 2 that the present model well captures
the aging characteristics of the cell over prolonged cycling, from
linear capacity fade with slight resistance rise in the early stage, to
nonlinear capacity dropwith sharp resistance rise in the later stage.
Further validation of the model is conducted by comparing the
model and experiment results in terms of discharge curves at
different C-rates obtained from the RPTs, as shown in Fig. 3. The
model results match fairly well with the experiment data for all the
cases studied, indicating that the model is able to predict the in-
ternal cell characteristics reliably throughout the lifespan of the
cell. It can also be noted from this figure that the shape of discharge
curves at low C-rates, e.g. C/3 or 1C, is similar across the aging
process. The shape of discharge curves at high C-rate, however,
Fig. 3. Comparison of model results with experiment data in terms of discharge curves at (
after different number of cycles.
changes dramatically when reaching the nonlinear aging stage. For
instance, at 3C discharge as shown in Fig. 3d, the voltage drop at the
beginning of discharge is much sharper after the 2900th cycle
compared with the discharge curves after the 1000th or 2000th

cycle. In the case after the 3300th cycle, cell voltage drops abruptly
upon the start of discharge, and then bounces back after reaching a
local minimum. This kind of voltage undershoot behavior was re-
ported in the literature for cells discharging in low temperatures
[59], and was attributed to the poor electrolyte performance at
freezing temperatures. For cells discharging at room temperature,
to the best of our knowledge, this anomalous behavior of voltage
undershoot has never been reported. Reasons for this behavior will
be discussed in the following section.

4.2. Resistance rise due to local pore clogging near anode/separator
interface

We can learn from Figs. 2 and 3 that cell resistance increases
exponentially after prolonged cycling and leads to dramatic change
in the shape of discharge curve at high C-rate. To explore the un-
derlying reasons for these phenomena, the voltage loss during 3C
discharge are analyzed in detail for the fresh and aged cells.
Following the work of Ji et al. [59], the overall voltage loss is broken
down into those due to (1) electrical resistance in electrode; (2)
charge transfer resistance at active material/electrolyte interface;
(3) ionic conduction resistance and concentration polarization in
a) C/3 (b) 1C (c) 2C and (d) 3C measured in the reference performance tests of the cell
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electrolyte (hereafter referred to as electrolyte resistance); (4)
concentration polarization inside solid active materials, and (5)
electrical resistance due to imperfect contact between individual
components. Detailed definitions of and methods for calculation of
these individual voltage losses can be found in Ref. [59]. Fig. 4aec
presents the evolution of the individual voltage losses during 3C
discharge of the fresh cell and of the cell after 2000 and 3300 cycles.
The cell after 2000 cycles is representative for linear aging stage,
Fig. 4. (aec) Analysis of voltage losses due to different mechanisms and (def) distributions
fresh cell, (b&e) cell after 2000 cycles and (c&f) cell after 3300 cycles.
and that after 3300 cycles denotes the cell after serious nonlinear
decay. Voltage losses due to (1)& (5) are not shown in these figures
as the electrical resistance is negligible in the electrodes, and the
electrical contact resistance are assumed to be constant over the
entire cell life.

It can be seen from Fig. 4aec that the increase of cell resistance
during aging mainly includes the rise of anode electrolyte resis-
tance and of anode charge transfer resistance. The latter is caused
of electrolyte potential across the anode thickness in the 3C discharge process of (a&d)
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by SEI layer growth, and is smaller than the former. Comparing the
anode electrolyte resistance in the three figures we can conclude
that the anode electrolyte resistance increases moderately in the
linear aging stage but sharply in the nonlinear aging stage. The
rapid rise of anode electrolyte resistance after extended cycling is
expected to dictate the rapid drop of the 2C capacity in the late
stage of cycling (Fig. 2a). Furthermore, as shown in Fig. 4c for the
cell after 3300 cycles, the anode electrolyte resistance ascends
steeply upon the start of discharge to a local peak, and begins to
decrease afterwards. This overshoot behavior of anode electrolyte
resistance is expected to be responsible for the voltage undershoot
observed in Fig. 3d.

The anode electrolyte resistance is defined as the difference
between the volume-averaged electrolyte potential of the anode
and the electrolyte potential at the anode/separator interface.
Fig. 4d and 4f present the distributions of electrolyte potential
across the anode in the above three cases. As ionic current moves
from anode to cathode in discharge, the electrolyte potential in the
anode decreases from the foil to the separator. The total drop of
electrolyte potential in the anode is fairly small in the fresh cell as
shown in Fig. 4d, and increases moderately in the linear aging
process as can be drawn from Fig. 4e. In the case after severe
nonlinear aging (Fig. 4f), a huge drop of electrolyte potential ap-
pears near the anode/separator interface, especially at the begin-
ning of discharge.
Fig. 5. Distributions of (a) local porosity, (b) fraction of pore volume occupied by SEI and (c)
cell after different number of cycles. (d) Relative volume fraction of free pores, SEI and lith
The rise of anode electrolyte resistance during aging is mainly
induced by the decrease of anode porosity over cycling, as shown in
Fig. 5a where the distribution of local porosity in the anode is
plotted for cells after different number of cycles. It can be noted that
the anode porosity decreases in the cycling process. In the early
stage (e.g. <2000 cycles), the local porosity is relatively uniform
across the anode. Thereafter, however, the local porosity drops
sharply in the region close to the separator. After 3300 cycles, the
porosity near the anode/separator interface becomes even lower
than 0.05, indicating clogging of pores.

The reduction of porosity is attributed to the growth of surface
film as described by Eq. (16). As mentioned above, both the for-
mation of new SEI and the deposition of lithium metal can
contribute to surface film growth. Fig. 5b and c presents the per-
centage of pore volume occupied by the SEI and by the deposited
lithiummetal respectively in the cycling process. The growth of SEI
layer, as shown in Fig. 5b, is moderate and relatively uniform across
the anode in the entire cycling process. Lithium metal, however,
appears only after ~2000 cycles and only in a very narrow region
near the separator. Nevertheless, the accumulation rate of lithium
metal increases significantly in the late stage of cycling, which is
responsible for the rapid drop of local porosity near the separator
shown in Fig. 5a. The relative volume fractions of free pores, SEI
layer and lithium metal along the anode thickness are plotted in
Fig. 5d for the cell after 3300 cycles. It can be noted that ~40e50% of
fraction of pore volume occupied by lithium metal along the thickness of anode in the
ium metal across the anode in the cell after 3300 cycles.



Fig. 6. (a&b) Distributions of lithium deposition potential (LDP) across the thickness of anode in the charge process of (a) the fresh cell and (b) the cell after 3000 cycles. (ced)
Evolution of the LDP at three different locations of the anode with time in the entire CCCV charge process of (c) the fresh cell and (d) the cell after 3000 cycles.
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initial pore volume is occupied by the SEI layer after serious aging.
In the meantime, a vast amount of lithium metal is plated in a re-
gion near the separator, leading to ultralow volume fraction of free
pores. As such, conduction of ionic charges and diffusion of Liþ ions
are extremely difficult in the region near the separator, leading to
high electrolyte resistance as shown in Fig. 4c.

Now with the understandings on the characteristics of porosity
reduction over cycling, the behavior of voltage undershoot in
Fig. 3d can be further elaborated. Several representative data points
are selected from the 3C discharge curve of the cell after 3300 cy-
cles, as marked and labeled in Fig. S1a of the supplementary ma-
terial. Corresponding evolution of cell temperature is given in
Fig. S1b. Furthermore, the distributions of electrolyte concentra-
tion, electrolyte potential, local current density of lithium de-
intercalation from graphite, and average lithium stoichiometry
along the anode thickness in the discharge process are plotted in
Figs. S1ceS1f respectively. At the beginning of discharge, almost all
the current is generated in a fairly small portion of anode near the
separator, as can be noted from Fig. S1e. This can be attributed to
the clogging of pores near the separator which makes conduction
and diffusion of Liþ ions be extremely difficult in this region. As
such, only a limited portion of the anode that is close to the sepa-
rator is active for current generation at the beginning of discharge.
To fulfill the demand for the 3C output current, a huge drop of
electrolyte potential occurs near the anode/separator interface
(Fig. S1d) to produce large local current density. A large number of
Liþ ions are thus extracted from graphite near the separator,
whereas the diffusivity of Liþ ions is rather poor in this region due
to the ultralow porosity. As a consequence, Liþ ions accumulate in
this region and form a local peak as can be seen from the concen-
tration profiles shown in Fig. S1c. The locally high Liþ concentration
further aggravates the electrolyte potential drop near the separator
because: a) the ionic conductivity is poorer at higher Liþ concen-
trations; b) the diffusional ionic conductivity is high in concen-
trated solutions, inducing larger concentration overpotential.
Therefore, the anode electrolyte resistance increases rapidly upon
the start of discharge (Fig. 4c), leading to rapid drop of cell voltage
(Fig. 3d). In the meantime, a great amount of heat is produced in
this process due to the high current and low voltage, resulting in
rapid rise of cell temperature as shown in Fig. S1b. The increase of
temperature is able to enhance both the electrolyte conductivity
and diffusivity, which offsets the negative impacts associated with
the rising electrolyte concentration. As a result, cell voltage bounces
back after reaching a local minimum, and distributions of concen-
tration, potential and current density become more uniform across
the anode.
4.3. Characteristics of lithium plating over cycling

It can be concluded from the above section that the rapid drop of
the 2C capacity in Fig. 2a after extended cycling is attributed to the
sharp reduction of local porosity near the separator which induces
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significant increase of anode electrolyte resistance. The rapid drop
of local porosity is ascribed to the large amount of lithium metal
plated near the separator in the late stage of cycling. In this section,
the characteristics of lithium plating are discussed in detail.

As indicated by Eq. (12), the rate of lithium deposition reaction
depends highly on the lithium deposition potential (LDP), defined
as fs- fe-jtot*Rfilm/a. The solid-phase potential is close to zero in the
anode, and the resistance of surface film is small at room temper-
ature. The LDP is therefore strongly affected by the electrolyte po-
tential. Fig. 6a and b presents the distributions of LDP in the anode
during the 1C charge process of the fresh cell and of the cell after
the 3000th cycle. Corresponding distributions of electrolyte po-
tential in the anode are given in Fig. S2. As the ionic current moves
from cathode to anode during charging, the electrolyte potential in
the anode is highest near the separator and lowest near the foil.
Accordingly, the LDP decreases from the anode foil to the anode/
separator interface. In the charging process of the fresh cell, as
shown in Fig. 6a, the LDP is fairly uniform andmuch higher than 0 V
vs Li/Liþ across the anode, indicating that no lithium plating occurs
in the fresh cell. In the charging process of the aged cell after 3000
cycles, however, there is dramatic rise of electrolyte potential in the
anode, especially in the region near the separator. The LDP there-
fore drops greatly across the anode, and even becomes negative in a
Fig. 7. (a&b) Distributions of (a) lithium deposition potential (LDP) and (b) lithium plating cu
the CCCV charge process of the cell after different number of cycles. (c&d) Evolutions of LDP
CCCV charge process of the cell at different aging states.
region close to the separator at high cell voltages, as can be seen
from Fig. 6b, which would result in lithium deposition. To better
understand the behavior of lithium plating over the entire charging
process, we plot in Fig. 6c and d the evolutions of LDP with time at
three different locations of the anode in the CCCV charging process
of the two cells in Fig. 6a and b. The variation of cell voltage is also
plotted for reference. In both cases, the LDP at each selected posi-
tion drops during CC charging and approaches its minimum at the
time of reaching the cut-off voltage (4.2 V), and then bounces back.
In summary of Fig. 6, we can learn that lithium plating is more
prone to occur near the anode/separator interface due to the
highest electrolyte potential (lowest LDP) there. Furthermore, in
terms of temporal evolution over the charging process, lithium
plating is most serious at the time of reaching the cut-off voltage. In
the following, the time of reaching cut-off voltage, and the position
of anode/separator interface are selected to study the spatial and
temporal characteristics of lithium plating during cell aging.

Fig. 7a presents the distributions of LDP in the anode at the time
of reaching cut-off voltage in the CCCV charging process of the cell
after different cycle numbers. It can be noted that the drop of LDP
across the anode becomes steeper as the cycling proceeds, leading
to much lower LDP at the anode/separator interface in more aged
cells. This can be attributed to the sharper rise of the electrolyte
rrent density along the thickness of anode at the time of reaching the cut-off voltage in
and lithium plating current density with time at the anode/separator interface in the



Fig. 8. (aec) Variation of (a) overall capacity loss, (b) capacity loss in each cycle contributed by SEI growth and lithium plating, and (c) coulombic efficiency (CE) respectively in the
cycling process. The inset in (c) is an enlarged view of the CE within the first 2500 cycles. (d) Schematic illustration of the aging behavior of a cell undergoing prolonged cycling with
transition from linear to nonlinear aging.
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potential across the anode over cycling as can be seen from Fig. S3.
The increase in the gradient of electrolyte potential across anode
over cycling can be further ascribed to the drop of anode porosity as
shown in Fig. 5a, which reduces both electrolyte conductivity and
diffusivity. As such, lithium plating starts to occur after a certain
number of cycles and becomes serious afterwards, as can be noted
from Fig. 7b, where the distributions of local reaction rate of lithium
plating along the anode thickness are plotted. It can be learned
from this figure that lithium plating, occurring in a narrow portion
of anode near the separator, starts to be notable after ~2500 cycles
and becomes extremely serious after ~3000 cycles. This rapid rise of
lithium plating rate with cycle number in the late stage of cycling is
ascribed to the interaction between lithium plating and porosity
drop. As mentioned earlier, the drop of porosity due to surface film
growth reduces electrolyte conductivity and thus aggravates the
gradient of electrolyte potential in the anode, leading to lower LDP
near the anode/separator interface. The rate of lithium plating, as
described by Eq. (12), depends exponentially on the LDP, and
therefore increases drastically with the drop of porosity. A large
amount of lithium metal is thus generated, as shown in Fig. 5c,
which further accelerates the drop of anode porosity. As such, the
positive feedback between the drop of porosity and the increase of
lithium plating rate result in sharp drop of porosity near the anode/
separator (Fig. 5a), and exponential increase of lithium plating rate
(Fig. 7b) in the final stage of cycling.

Fig. 7c and d further plot the temporal evolutions of LDP and
lithium plating rate at the anode/separator interface over the CCCV
charging process of the cell after different number of cycles. It can
be noted that the length of time during which lithium plating oc-
curs increases as the cycling proceeds. Based on the spatial (Fig. 7b)
and temporal (Fig. 7d) variations of lithium plating rate, it can be
concluded that both the area of anode suffering from lithium
plating and length of time during which lithium plating occurs
increase in the cycling process. We shall note that the integration of
lithium plating current density (in A/m3) over time and volume is
the capacity (in Ah) lost due to lithium plating.

Fig. 8a present the variation of total capacity loss with the cycle
number. Here the capacity loss refers to loss of lithium inventory,
and is broken down to into those contributed by SEI formation and
by lithium plating respectively. The capacity losses in each cycle
due to the two mechanisms are plotted in Fig. 8b, and the variation
of coulombic efficiency (CE) with cycle number is given in Fig. 8c. It
can be seen from Fig. 8b that lithium plating is negligible in the
early stage of cycling (e.g. <1500 cycles); thus almost all the ca-
pacity loss is attributed to SEI growth in this process, as shown in
Fig. 8a. The decreasing rate of SEI growth leads to increasing CE in
the early stage of cycling, as can be seen from the inset in Fig. 8c. As
the cycling proceeds, lithium plating starts to occur. The rate of
lithium plating increases exponentially with cycle number, due to
the positive feedback between porosity drop and lithium plating
rate increase as discussed above. When the increase of lithium
plating rate outpaces the decrease of SEI growth rate, the overall
aging rate starts to increase, leading to drop of CE as can be seen
from the inset in Fig. 8c. In the late stage of cycling, lithium plating
becomes the dominant mechanism for lithium inventory loss, as
shown in Fig. 8b, and the steep rise of lithium plating rate results in
sharp drop of CE as shown in Fig. 8c. It can be drawn that high
precision measurement of CE is a possible method for online
detection of lithium plating, as proposed by Jeff Dahn's group [63].

To sum up, the aging behavior of a cell undergoing prolonged
cycling can be described by the sketch in Fig. 8d. In the early stage
of cycling, cell aging is dominated by the SEI growth, which leads to
linear drop of cell capacity with cycle number and slow rise of cell
resistance. The growth of SEI layer reduces the anode porosity,
leading to larger gradient of electrolyte potential in the anode and
thus lower LDP at the anode/separator interface in charging pro-
cess. After a number of cycles, the LDP in cell charging becomes
negative vs Li/Liþ in a portion of anode near the separator, trig-
gering lithium plating. Deposition of lithium metal contributes to
the drop of local porosity, while the drop of porosity further en-
hances lithium plating rate by aggravating the gradient of electro-
lyte potential in the anode. The positive feedback between the
increase of lithium plating rate and the decrease of local porosity
results in exponential rise of lithium plating rate and sharp drop of
local anode porosity simultaneously, leading to nonlinear lithium
inventory loss and resistance rise.

5. Conclusion

We have presented a physics-based Li-ion battery model able to
predict the aging characteristics of Li-ion cells associated with
lithium plating. Both SEI growth and lithium plating are included in
the model, and the ensuing reduction of anode porosity during
aging is also incorporated. The model is applied to study the aging
behavior of a plug-in EV battery undergoing prolonged cycling at
room temperature with moderate charge/discharge current. Cell
aging is found to be linear with cycle number in the early stage of
cycling, during which cell capacity drops linearly while cell resis-
tance increases only slightly. SEI growth is found to be the domi-
nant aging mechanism in this linear aging stage. As the cycling
proceeds, the anode porosity drops due to continuous SEI growth,
leading to larger gradient of electrolyte potential in the anode, and
therefore to lower lithium deposition potential (LDP) in the charge
process. After a certain number of cycles, the LDP in cell charging
would drop below 0 V vs Li/Liþ, leading to onset of lithium plating.
The lithium deposition reaction is found to occur only in a narrow
region close to the anode/separator interface due to the highest
electrolyte potential (lowest LDP) there during charging. The
appearance of lithium metal further accelerates the reduction of
local anode porosity, leading to larger gradient of electrolyte po-
tential in the anode, and accordingly to lower LDP and higher
lithium plating rate. This positive feedback between the increase of
lithium plating rate and the decrease of anode porosity results in
exponential rise of lithium plating rate as well as sharp drop of local
porosity near the anode/separator interface simultaneously. As a
consequence, cell aging transits from linear to nonlinear. The dra-
matic increase of lithium plating rate leads to rapid loss of lithium
inventory. In the meantime, the clogging of pores near the sepa-
rator induces substantial rise of anode electrolyte resistance, which
also leads to an interesting behavior of voltage undershoot in the
discharge curves of the seriously aged cells at high rate.
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Nomenclature

a: specific surface area, m�1

c: concentration, mol m�3

cp: specific heat, J kg�1 K�1

D: diffusion coefficient, m2 s�1

F: Faraday constant, 96487 C mol�1

h: convective heat transfer coefficient, W m�2K�1

i0: exchange current density, A m�2

j: volumetric current density, A m�3

k: kinetic rate constant, m s�1

M: molecular weight, kg mol�1

Q: heat source, W
r: coordinate in the radial direction, m
R: resistance, U
t: time, s
tþ: transference number
T: temperature, K
U: open-circuit potential, V

Greek

a: charge transfer coefficient
ε: porosity
s: electronic conductivity, S m�1

k: electrolyte conductivity, S m�1

kD: diffusional conductivity, A m�1

f: electric potential, V
r: density, kg m�3

h: overpotential, V
d: thickness, m

Subscripts

e: electrolyte phase
EC: ethylene carbonate
int: intercalation
lpl: lithium plating
s: solid phase, or surface
SEI: solid-electrolyte interphase
tot: total
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