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H I G H L I G H T S

• 1D and 3D Li-ion cell models explore the impact of mechanics on lithium plating.
• Lower temperature increases the risk of lithium plating.
• Mechanical deformation can accelerate the initiation of lithium plating.
• Folds and boundaries of jellyrolls are more vulnerable to lithium plating.
• Implications for fast charging algorithms are explored.
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A B S T R A C T

Lithium plating is one of the main concerns for cell durability, as cyclable lithium and cell capacity are
decreased during the process. Thermal and mechanical loads can influence cell behavior, including lithium
plating driving forces, as suggested by the Arrhenius equation and the Bruggeman relation, respectively. Hence,
a 1D and a 3D model are employed to study the thermal and mechanical effects on lithium plating in a
lithium-ion battery with a high areal capacity (4 mAh/cm2). The 1D model assumes uniform mechanical and
temperature profile, while the 3D model is capable of capturing the nonuniformity of stress and temperature in
the cell. The effects of mechanical deformation and different temperatures on the process of lithium plating are
investigated in this study. With the help of the 1D charging simulations, it is observed that lower temperatures
increase the risk of lithium plating and the presence of mechanical deformations can accelerate its initiation.
Furthermore, 3D charging simulations indicated that folds and boundaries of jellyrolls are more susceptible to
lithium plating due to the higher stress concentration and lower temperature, respectively.

1. Introduction

Lithium-ion batteries are widely used in various electronic devices
such as cell phones, laptops, tablets, wireless headphones, and other
electronic applications. Recently, a growing demand for batteries with
extended cycle and calendar life, in addition to increased energy den-
sity, is driven by the rapid development of electric vehicles. Due to their
importance, there have been many studies in the recent past that have
investigated the effects of factors like material properties, cell designs,
manufacturing processes, operating conditions and management strate-
gies on the durability of lithium-ion batteries [1–5]. Lithium plating is
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one such phenomenon which has been found to be one of the main

concerns for the aging of lithium-ion batteries [6,7].

Lithium plating refers to the formation of metallic lithium on the

anode surface leading to capacity loss, as the process consumes cyclable

lithium [8–10]. This undesired reaction is thermodynamically favorable

when the local anode surface overpotential drops below 0 V, which is

usually seen at lower temperatures or due to fast charging [11–14].

Continual growth of uneven lithium plating, usually in the form of

dendrites or mosses, can further penetrate the separator and induce

internal short circuit [15–17]. In addition, the reaction between the
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deposited lithium and the electrolyte solvent at high temperatures can
accelerate the thermal runaway of lithium-ion batteries, even resulting
in fire and explosions [18,19].

It has been found that lithium plating is more favored at lower
temperatures. According to the Arrhenius equation [20], lower tem-
peratures decrease the ionic conductivity in the electrolyte, slow down
the diffusion of lithium ions in both the electrolyte and the anode active
material, and reduce the charge transfer rate on the anode surface [21,
22]. As lithium ions accumulate at the interface between the anode and
the electrolyte due to poor transport, the surface concentration in the
active material particles tends toward its maximum [22–24]. This in
turn drives the lithium plating surface overpotential below zero, lead-
ing to lithium plating. Waldmann et al. [25] reconstructed commercial
16Ah lithium-ion cells for the purpose of anode surface overpotential
measurements, and the effects of low diffusivity on lithium plating was
demonstrated. Poor electrolyte transport at low temperature exacer-
bates the issue by concentrating the lithium insertion current near the
anode/separator interface, effectively imparting a higher local C rate
to the active material particles.

Similarly, volume expansion of the anode active material can re-
duce the effective electrolyte transport properties, via the Bruggeman
relation, by reducing the electrolyte porosity. However, unlike with
thermal effects, there has been a scarcity of both experimental and
numerical modeling studies in the literature that focus on exploring the
mechanical effects on lithium plating in lithium-ion batteries. Among
the few existing studies, Cannarella and Arnold [26] investigated the
effects of mechanical stress on the capacity of constrained lithium-
ion cells. In their experiments, cells subject to high stack pressure
(initially 5 MPa and then varying between 1 MPa and 3 MPa) exhibit
the highest rate of capacity degradation, while cells with low stack
pressure (initially 0.05 MPa and then varying between 0 and 0.5
MPa) exhibit the lowest rate, even better than unconstrained ones. The
authors further observed a large area of vertically aligned films in some
specific locations of the anode with similar mechanical environment,
and established a link between lithium plating and mechanics [27].
Both experiments and simulations show that local defects created or
aggravated by mechanical stress can cause electrochemical instability
leading to lithium plating. Birkenmaier et al. [28] reported that lithium
plating in cells tends to start from a thin line near the cell edge,
which could be a result of the unique mechanical environment on the
boundary.

As the mechanical effects on lithium plating is not well observed
in experiments in the past, previous modeling work mostly focuses on
thermal effects. Based on the model described by Christensen et al.
[29], Kim et al. [30] studied the thermal effects on lithium plating
in 50-Ah automotive cells. The authors demonstrated that lithium
plating is more likely to occur around the exterior of the jellyroll
due to its lower temperature, and more lithium plating is expected
at lower ambient temperatures. However, the authors only consid-
ered thermal effects in their simulations, without accounting for the
effects of mechanical deformation. Recently, Zhang et al. [31] pro-
posed a 1D modified electrochemical model to describe the mechanical
effects sourced from external applied pressure and lithium intercala-
tion/deintercalation. Further, a 3D multiphysics model was developed
by Zhang et al., by coupling the 1D modified electrochemical model
with a 3D thermomechanical model based on finite strain theory.
Although there are many models simulating thermal effects, very few
models consider the amalgamation of thermal and mechanical effects
on lithium plating.

This work investigates thermal and mechanical effects on lithium
plating in lithium-ion batteries, based on Zhang et al.’s framework.
The DualFoil model is a 1D physics-based model of a lithium-ion cell,
encompassing concentrated solution theory, porous electrode theory,
Ohm’s law, Butler–Volmer kinetics, and current and mass conserva-
tion [33–35]. The 1D modified DualFoil model used in this work also
accounts for the mechanical effects due to lithium intercalation and

external pressure by updating the porosity. The 3D multiphysics model
couples the 1D modified DualFoil model with a 3D thermomechanical
model through a spatial based mapping of independently resolved
model meshes for the sake of efficiency [29]. The whole cell is divided
into multiple sub-cells with identical voltage, and with currents sum-
ming to the specified total applied current. Thermal and mechanical
effects on lithium plating are studied using these two models.

2. Methods

Numerically modeling the cell behavior is a challenging task due
to the presence of the coupling of electric, chemical, thermal and
mechanical effects. It has been shown in many studies that each com-
ponent contributes significantly to the overall behavior. Among the
existing models, the 1D modified DualFoil model assumes uniform
stress and temperature, and simulates the cell behavior with mechani-
cal deformation, while the 3D electro-chemo-thermo-mechanical model
additionally captures the non-uniformity of stress and temperature in
cells. In the upcoming subsections, the 1D modified DualFoil model and
the 3D electro-chemo-thermo-mechanical model are described. In ad-
dition, we also introduce the model parameterization for a lithium-ion
battery that is simulated using the aforementioned models.

2.1. 1D modified DualFoil model

Recently, Zhang et al. [31] reported a modified DualFoil model that
incorporates mechanical deformation ensuing from lithium intercala-
tion and externally applied elastic stress, and showed the importance
of mechanical effects in battery simulation. In their work, the evolution
of porosities of the electrodes/separator and the transport distance
(coordinate transformation) of charged species are both considered.
However, the overall thickness change of cells with graphite anodes
during normal operation is usually within 3% [31,32,36,37]. The effect
of coordinate transformation is relative small in such low-deformation
simulations and the dominant contribution of mechanics comes from
changes in porosities. In addition, we found that the coordinate trans-
formation led to instabilities in high-rate charging simulations. There-
fore, in this work, we only consider the mechanical effects on the
porosity change, which will further significantly impact the kinetics of
the battery system.

Porosity 𝜖e is defined as the volume fraction of the electrolyte.
As shown in Table 1, kinetic parameters like the effective diffusion
coefficients and the effective electrolyte/electronic conductivity are
functions of porosity and can be computed through the Bruggeman
relation [38] as

(⋅)eff = (⋅)𝜖𝛼e , (1)

where 𝛼 is the Bruggeman’s exponent.
For the sake of simplicity, side reactions are neglected and only the

volume change of active materials and the volume change caused by
externally applied elastic stress are considered [31]. By denoting 𝑉tot as
the total volume of the cell, 𝑉active as the volume of the active materials,
𝛥𝑉elastic as the volume change of the cell due to elastic deformation, the
total volume change is described by the equation

tr[𝜺] =
𝛥𝑉active

𝑉tot
+

𝛥𝑉elastic

𝑉tot
=

𝛺(𝐶)𝑉active

𝑉tot
+

𝜎

𝐸
= 𝛺(𝐶)𝜖0active +

𝜎

𝐸
, (2)

where tr[𝜺] is the total volume change, 𝛺(𝐶) is the average volume
change rate of the active materials, 𝜖0

active
is the initial volume fraction

of the active materials, 𝜎 represents the externally applied stress,
and 𝐸 represents the Young’s modulus. In this work, we assume that
the electrolyte is incompressible and can only flow in the thickness
direction of the cell [31]. Therefore, the porosity of the electrode region
can be updated as

𝜖e =
1 − 𝜖0

add
− 𝜖0

active

1 + tr[𝜺]
=

𝜖0e

1 + tr[𝜺]
, (3)
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Table 1
Summary of equations used to describe the involved physics in the model [29].

Equation description Equations

Electrolyte material balance 𝜕(𝜖e𝑐e )

𝜕𝑡
= ∇ ⋅

(

𝐷e,eff∇𝑐e +
𝑖e (1−𝑡+ )

𝐹

)

(7)

Electrolyte-phase Ohm’s law 𝑖e = −𝜅e,eff∇𝜙e + 2
𝜅e, eff𝑅𝜃

𝐹
(1 − 𝑡+)

(

1 +
𝜕 ln 𝑓±

𝜕 ln 𝑐e

)

∇ ln 𝑐e (8)

Intercalate material balance 𝑑

𝑑𝑡
𝑐 + 3

𝑗𝑛

𝑅𝑝

= 0 (9)

Volume-averaged flux relation 𝑑

𝑑𝑡
𝑞 + 30

𝐷s

𝑅2
𝑝

𝑞 +
45

2

𝑗𝑛

𝑅2
𝑝

= 0 (10)

Intercalate boundary conditions 35
𝐷s

𝑅𝑝

(𝑐s − 𝑐) − 8𝐷s𝑞 = −𝑗𝑛 (11)

Solid-phase Ohm’s law 𝑖s = −𝜅s,eff∇𝜙s (12)

Butler–Volmer insertion kinetics 𝑗𝑛 = 𝑘0𝑐
𝛼𝑐
s 𝑐

𝛼𝑎
e

(

𝑐maxs − 𝑐s
)𝛼𝑎

[

exp
(

𝛼𝑎𝐹

𝑅𝜃
𝜂s

)

− exp
(

−
𝛼𝑐𝐹

𝑅𝜃
𝜂s

)]

(13)

Charge conservation ∇ ⋅ (𝑖s + 𝑖e) = 0 with ∇ ⋅ 𝑖e = −𝑎0𝐹𝑗𝑛 (14)

where 𝜖0
add

is the initial volume fraction of the additive materials and
𝜖0e is the initial porosity.

As the separator does not contain any active materials, the total

volume change only consists of the elastic volume change given by

tr[𝜺] =
𝛥𝑉elatic

𝑉tot
=

𝜎

𝐸
. (4)

Similarly, the porosity of the separator region can be updated as

𝜖e =
1 − 𝜖0

solid

1 + tr[𝜺]
=

𝜖0e

1 + tr[𝜺]
, (5)

where 𝜖0
solid

is the initial volume fraction of solids.

The anode surface overpotential is calculated as

𝜂s = 𝜙s − 𝜙e − 𝑈s, (6)

where 𝜂s is the anode surface overpotential, 𝜙s is the solid-phase

potential, 𝜙e is the electrolyte-phase potential, and 𝑈s is the solid-phase

open-circuit potential.

2.2. 3D Electro-chemo-thermo-mechanical model

Following Zhang et al. [32], the 3D electro-chemo-thermo-mechani-

cal model is a 3D thermomechanical model based on finite strain theory

coupled to the 1D modified DualFoil model described in Section 2.1.

For the sake of computation, the whole cell is divided into multiple

sub-cells. For the 3D thermomechanical model, each electrochemical

sub-cell is mapped to a group of adjacent thermomechanical elements,

and its states are updated on each timestep using the 1D modified

DualFoil model. A space-based mapping scheme [29] maps each group

of thermomechanical elements to the corresponding electrochemical el-

ement. At each time step, the two models are solved in a staggered way.

In each group of thermomechanical elements, the volume-averaged

stress projected in the thickness direction and the volume-averaged

temperature are computed and passed on to the corresponding electro-

chemical element. After updating the temperature and stress in the elec-

trochemical element, the necessary outputs such as voltage, swelling

ratio and heat generation rate, which are sent back to the corresponding

thermomechanical elements for the next time step, are computed by the

1D modified DualFoil model. More details about the interface between

the 1D electrochemical model and the 3D thermomechanical model can

be found in [32].

Due to the volume change in each sub-cell, we must ensure that the

volume integral of the output volumetric current densities matches the

applied cell current. Our model iteratively updates the electric potential

of all the sub-cells to satisfy this constraint at each time step. The

simulation flow works in the following way:

1. Read input parameters and initialize the model with
appropriate initial state variables.

2. Perform the staggered simulation for one new time step.

(a) Update the mechanical loading (mechanical
boundary conditions and swelling ratio) and the
thermal loading (thermal boundary conditions and
heat generation rate) from the initial condition or
the last time step.

(b) Solve the displacement field and the temperature
field in the 3D thermomechanical model with the
current swelling ratio and heat generation rate.

(c) Compute the projected stress and temperature for
each sub-cell and update the corresponding state
variables in the 1D electrochemical model.

(d) Guess a value of the cell voltage and assign it
to each electrochemical element and then perform
2(d)i through 2(d)iii until convergence is reached.

i. Independently solve each electrochemical
element in the constant-potential mode,
and generate current densities of each
electrochemical element.

ii. Compute the total current by summing over
the current of each sub-cell and check if
it matches with applied total current. The
current of each sub-cell is calculated by mul-
tiplying the volumetric current density with
its current volume.

iii. If the relative error of the total current is
no less than the tolerance (we use 1e-8), ad-
just the voltage using the Newton–Raphson
method with the derivative d𝑉 ∕d𝐼sum nu-
merically calculated from previous itera-
tions, and repeat steps 2(d)i and 2(d)ii.

(e) Once converged, update the swelling ratio and the
heat generation rate for the associated thermome-
chanical elements of each sub-cell, wherein the
displacement field and the temperature field for
the next time step are computed.

3. Repeat step 2 until a specified cutoff potential is reached.

2.3. Model parameterization

We apply the models discussed in Sections 2.1 and 2.2 to study
the thermal and mechanical effects on lithium plating in a prismatic
cell. The cell consists of a graphite anode, a NCM811 cathode, a
Celgard 2320 separator, and a 1M LiPF6 salt in EC/DMC electrolyte.
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Table 2
Cell sandwich parameters used in all the test cases. The electrode parameters and activation energies are adopted from Kim
et al. [30] unless otherwise noted. AE represents activation energy.

Parameters Li𝑥C6 Celgard 2320 NCM811

Thickness, μm 87.5 20 70.7
Electrolyte volume fraction 0.25 0.39 0.2
Inert filler volume fraction 0.1225 0.2058
Diffusion coefficient in slid, m2/s 9.88e−15 1e-13 [39]
Film resistance, Ω m2 0.002 0.001
D50 particle radius, μm 5 5.5
Reaction rate constant, mol/(m2 s) 4.4e−10 1e−12
Density, g/cm3 2.2 4.8 [40]
Specific capacity, mAh/g 372 275.5
Matrix conductivity, S/m 100 100
Initial values of 𝑥 and 𝑦 0.01 0.93
Bruggeman exponent 2.632 [45] 2.36 [47] 1.895[44]
Effective Young’s modulus, N/m2 4.6e8 [43] 5.0e8 [43] 1.8e8 [42]
Salt concentration (LiPF6 in EC/DMC), M 1.0
Solid state diffusion, AE, K 3500 2300
Insertion kinetics, AE, K 14,000 15,000
Film resistance, AE, K 4400 1300

Table 3
Expression for the electrolyte properties used in all the test cases [46]. The fitted coefficients can be found in Landesfeind
and Gasteiger [46].

Property Expression

Diffusion coefficient, cm2/s 𝑝1 ⋅ exp(𝑝2 ⋅ 𝑐) ⋅ exp(
𝑝3

𝑇
) ⋅ exp(𝑝4 ⋅ 𝑐∕𝑇 )

Ionic conductivity, mS/cm 𝑞1 ⋅ (1 + (𝑇 − 𝑞2)) ⋅ 𝑐 ⋅ (1 + 𝑞3

√

(𝑐) + 𝑞4 ⋅ (1 + 𝑞5 ⋅ exp(
1000

𝑇
)) ⋅ 𝑐)∕(1 + 𝑐4 ⋅ (𝑞6 ⋅ exp(

1000

𝑇
)))

Thermodynamic factor 𝑟1 + 𝑟2 ⋅ 𝑐 + 𝑟3 ⋅ 𝑇 + 𝑟4 ⋅ 𝑐
2 + 𝑟5 ⋅ 𝑐 ⋅ 𝑇 + 𝑟6 ⋅ 𝑇

2 + 𝑟7 ⋅ 𝑐
3 + 𝑟8 ⋅ 𝑐

2
⋅ 𝑇 + 𝑟9 ⋅ 𝑐 ⋅ 𝑇

2

Transference number 𝑠1 + 𝑠2 ⋅ 𝑐 + 𝑠3 ⋅ 𝑇 + 𝑠4 ⋅ 𝑐
2 + 𝑠5 ⋅ 𝑐 ⋅ 𝑇 + 𝑠6 ⋅ 𝑇

2 + 𝑠7 ⋅ 𝑐
3 + 𝑠8 ⋅ 𝑐

2
⋅ 𝑇 + 𝑠9 ⋅ 𝑐 ⋅ 𝑇

2

Table 4
Assumed mechanical and thermal properties of the cell [32].

Component Material Young’s modulus
[Pa]

Poisson’s ratio 𝑘

[W/(m K)]
𝜌

[kg/m3]
𝑐𝑝

[J/(kg K)]

Jellyroll Composite 3.08e8 0.01 in plane: 28 2708 781
out of plane:
1.5

Housing Aluminum 6.9e10 0.334 202 2719 778
Tabs & terminals Aluminum 6.9e10 0.334 202 2719 778

Copper 1.21e11 0.34 386 8960 380
Current collectors Aluminum 6.9e10 0.334 202 2719 778

Copper 1.21e11 0.34 386 8960 380
Cap HDPE 6.0e8 0.46 0.4 960 2054

The material properties of the components used in this model are
obtained from previous studies [29,30,32,39–45], and are summarized
in Table 2. The electrolyte properties can be found in Table 3, which are
presented in [46]. The graphite open-circuit potential (OCP) was taken
from Ref. [30] and the NCM811 OCP was measured for the present
work (see details in B).

The cell geometry used in the 3D simulations, as shown in Fig. 1,
is meshed with 831,387 thermomechanical elements. The cell consists
of four jellyrolls and each jellyroll has a shape corresponding to two
half cylinders on either end of a prismatic part. Stress concentration is
expected to occur in the cylindrical regions due to the curved geometry
of the jellyroll [32]. Therefore, each thermomechanical element in
these regions is mapped to one electrochemical element, so as to better
capture the mechanical effects. For the prismatic part of the jellyrolls,
the assignment of sub-cells is based on the gradient of temperature, as
the stress distribution is mostly uniform. Specifically, the size of the
sub-cells in one direction is inversely correlated with the gradient of
temperature in this direction. Furthermore, as our parallel computing
algorithm adopts distributive memory, each processor owns only part of
the mesh, so some sub-cells will be further divided by different proces-
sors in the thermomechanical domain. Overall, the four jellyrolls are
modeled with 6863 sub-cells, each consisting of one electrochemical
element.

The mechanical and thermal parameters of each domain are sum-
marized in Table 4 [32]. For the sake of simplicity, perfect thermal

contact is assumed on the interfaces between different components that
are mechanically attached. Following [43], the homogenized Young’s
modulus of the jellyroll in Table 4 is computed via Voigt averaging as
follows

𝐸 = 𝐿 ⋅

(

∑

𝑖

𝐿𝑖

𝐸𝑖

)−1

(15)

where 𝐿 is the total thickness of the jellyroll and 𝐿𝑖 is the thickness
of each component of the jellyroll. Except for the jellyrolls, all other
components are modeled by materials with isotropic thermal conduc-
tivity. As a jellyroll is generally made up of a wound multi-layer stack,
it is modeled with anisotropic thermal conductivity: 28 W/(m K) for
in-plane and 1.5 W/(m K) for out-of plane thermal conductivity [29].
In the horizontal cylindrical segments of the jellyrolls, 3D Cartesian
coordinates are used to describe the thickness direction for assembling
the thermal conductivity tensor of each thermomechanical element.

Regarding the mechanical boundary conditions, the cell casing is
assumed to be fixed by five rigid end plates on five exterior flat
surfaces (left, right, front, rear, and bottom). Forced convection with
a heat transfer coefficient of 40 W/(m2 K) is considered as the thermal
boundary condition on all exposed surfaces of the cell. According to the
functionality of different domains in the cell, the heat generation terms
are computed in different ways. For the jellyrolls, the heat generation
term is computed in the 1D electrochemical model from the internal
impedances and current distributions of the component layers using



Journal of Power Sources 541 (2022) 231632

5

Y. Qiu et al.

Fig. 1. Geometry of the lithium-ion battery. The size of the exterior casing is 172.5 mm L × 45 mm W × 140 mm H. The structure and components of the cell are listed as
following: green, aluminum casing; blue, jellyrolls; yellow, copper current collector; orange, copper tab and terminal; red, aluminum tab and terminal; dark green, plastic. An
additional aluminum current collector on the right side of the cell is obscured by the jellyroll. The space between the casing and the jellyrolls is assumed to be vacuum.

an energy balance derived in [48]. For the current collectors and
the tabs, the Joule heating is computed in the 3D thermomechanical
model, where the volumetric current density is assumed to be linearly
distributed in the 𝑧 direction. Specifically, the current density is zero
at the bottom of the current collectors, and is equal to the applied
current density at the top of the current collectors. All other domains
are assumed to be electrically isolated and no heat generation terms
are included.

3. 1D numerical results

In this section, we use the 1D modified DualFoil model, incorporat-
ing mechanical deformation as discussed in Section 2.1, to investigate
the thermal and mechanical effects on lithium plating, which is indi-
cated by the anode surface overpotential. As temperature and charging
rates can have a significant impact on the battery performance, we run
simulations and present the results considering three main scenarios
summarized in Table 5: 1) 1C charge at an ambient temperature of
0 oC, as shown in Fig. 2; 2) 1C charge at an ambient temperature of
25 oC, as shown in Fig. 3; 3) 4C charge at an ambient temperature
of 25 oC, as shown in Fig. 4. In each scenario, simulations are per-
formed under either isothermal or nonisothermal conditions. Further,
each case is investigated by either considering or ignoring mechanical
deformations. For the isothermal simulations, the fixed temperature
is obtained by the average temperature of the corresponding non-
isothermal simulation, ignoring mechanical deformations, during the
whole charging process. Specifically, the average temperatures of the
nonisothermal simulations ignoring mechanical deformations for the
three scenarios are 16 oC, 34 oC and 56.5 oC respectively. In addition,
no external elastic stress is applied in the simulations considering
mechanical deformation, and hence the porosity change is only affected
by the volume change of the active materials during intercalation and
deintercalation. The cutoff voltage is set as 4.2 V for all the tests.

3.1. Effects of thermal evolution on anode surface overpotential

To show the contribution of thermal evolution to the anode surface
overpotential, we compare the results of the nonisothermal and isother-
mal simulations for the three scenarios in Table 5. Only simulations
which ignore mechanical deformation are discussed, as similar trends
can be observed in simulations that consider mechanical deformation.

Table 5
Summary of 1D simulation scenarios.

Scenario Charging
rate

Isothermal
(w/ or w/o mech.)

Nonisothermal
(w/ or w/o mech.)

Fixed temperature Ambient temperature

1 1C 16 oC 0 oC
2 1C 34 oC 25 oC
3 4C 56.5 oC 25 oC

Fig. 2 shows the comparison between the 1C nonisothermal simula-
tion (the blue line marked with asterisks) at an ambient temperature
of 0 oC and its corresponding isothermal simulation (the green line
marked with crosses). A temperature rise from 0 oC to 20 oC is observed
for the nonisothermal case, with the average being 16 oC, which in
turn is used as the fixed temperature for the isothermal case. From the
voltage profile, one can observe that the nonisothermal case holds a
higher voltage at the beginning of charging, but a lower voltage at the
end. This behavior can be explained based on the lower temperature
of the nonisothermal case, in comparison with the isothermal case,
which leads to a higher impedance and thus a higher voltage. However,
when the temperature increases, the impedance drops resulting in a
lower voltage. The opposite trend can be seen in the anode surface
overpotential curves. As charging commences, a lower anode surface
overpotential is found in the nonisothermal case due to a lower tem-
perature. However, when the temperature exceeds that used in the
isothermal case, the anode surface overpotential becomes higher. Here,
we define the term ‘‘plating onset SOC’’ as the state of charge (SOC) at
which the anode surface overpotential drops below zero. As a result, the
plating onset SOC in the isothermal case is 32.8%, while it is 37.9% in
the nonisothermal case. Thus, an additional +5.1% of the cell’s capacity
can be charged until plating is observed by considering nonisothermal
conditions; this result has been tabulated as shown in Table 6.

In Scenario 2, the ambient temperature is changed to 25 oC, while
the charging rate is still set as 1C. As shown in Fig. 3, the tempera-
ture range during the charging process observed in the nonisothermal
simulation is from 25 oC to around 37 oC, which is a smaller rise in
comparison with Scenario 1. In the isothermal simulation, the tem-
perature is fixed at 34 oC. Due to a smaller temperature difference in
this scenario, both the cases predict similar voltage and anode surface
overpotentials. The plating onset SOC in the nonisothermal case is
around 62.8%, while that in the isothermal case is around 60.6%.
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Fig. 2. 1D simulation results for Scenario 1: a) temperature versus SOC; b) voltage versus SOC; c) anode surface overpotential versus SOC; d) zoom-in version of (c).

Fig. 3. 1D simulation results for Scenario 2: a) temperature versus SOC; b) voltage versus SOC; c) anode surface overpotential versus SOC; d) zoom-in version of (c).
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Fig. 4. 1D simulation results for Scenario 3: a) temperature versus SOC; b) voltage versus SOC; c) anode surface overpotential versus SOC; d) zoom-in version of (c).

Fig. 5. 1D isothermal/nonisothermal 1C charging simulations without mechanical deformation at different temperatures.
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Fig. 6. Bar chart of plating onset SOC plotted with data in Table 6.

Fig. 7. 3D contour of (a) temperature and (b) projected stress in jellyrolls for the nonisothermal case considering mechanical deformation after being charged for 50 min. Only
the right half of the jellyrolls is plotted, so as to show the distribution in the cross section in the 𝑦 − 𝑧 plane.

Therefore, considering nonisothermal conditions in Scenario 2 yields
an additional +2.2% of the cell’s capacity that can be charged before
plating.

In the last scenario, we consider a 4C charging rate at an ambi-
ent temperature of 25 oC and the results are shown in Fig. 4 (the
green curve marked with crosses and the blue curve marked with
asterisks). The temperature in the nonisothermal simulation (the blue
curve marked with asterisks) increases from 25 oC to around 75 oC,
with a span of around 50 oC, while the temperature in the isothermal
simulation is fixed at 56.5 oC. This large temperature difference results
in significant differences in the evolution of voltage and anode surface
overpotential. The plating onset SOC is around 15% and around 26.4%
in the nonisothermal and isothermal simulations, respectively. In this
scenario, the difference in the plating onset SOC comes to 11.4%.

From the above scenarios, we can conclude that when the tempera-
ture rise is relatively small, isothermal and nonisothermal simulations
yield very similar predictions of the plating onset SOC. However, when
the temperature rise increases, one can see more significant effects
of thermal evolution on the anode surface overpotential, and so non-
isothermal simulations cannot be replaced by isothermal simulations.
We also observe that a lower temperature usually corresponds to a
lower anode surface overpotential. As the temperature of the isothermal
simulations is the average of the temperature in the nonisothermal
simulations, the latter always have a lower temperature and a lower
anode surface overpotential at the beginning. The order is typically

flipped sometime after the temperature of the nonisothermal simulation
exceeds that of the isothermal simulation.

3.2. Effects of lower temperatures on anode surface overpotential

In this subsection, we analyze the effects of lower temperatures
on anode surface overpotential, ignoring mechanical deformation. The
isothermal cases (1C charging at 16 oC and 1C charging at 34 oC) and
the nonisothermal cases (1C charging at an ambient temperature of 0
oC and 1C charging at an ambient temperature of 25 oC) in Scenario 1
and Scenario 2 are compared in Fig. 5.

It is well established that the main components of cell impedance
(ohmic and mass transfer impedance in the electrolyte, solid-phase
mass transfer impedance, film resistance, and charge transfer resis-
tance) increase in value as the temperature is decreased [50]. In
the isothermal cases, though both are charged at 1C with the same
material properties and cell design, the one at a lower temperature
has a higher voltage due to its relatively high impedance. The case at
16 oC generally has a lower anode surface overpotential, which drops
to zero at 32.8% SOC, while the plating onset SOC of the case at 34 oC
is 60.6%. Hence, it is evident from the results that a lower temperature
results in a 27.8% lower plating onset SOC for the isothermal case as
compared to the higher temperature.

The nonisothermal cases report different temperature evolutions,
with the case at an ambient temperature of 25 oC remaining at a higher
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Fig. 8. 3D simulation results after 50 min of charging under: a) 1C nonisothermal conditions ignoring mechanical deformation; b) 1C isothermal conditions (34oC) considering
mechanical deformation; c) 1C nonisothermal conditions considering mechanical deformation.

Table 6
SOC when the anode surface overpotential drops to zeroin each scenario, and the difference compared with the isothermal case without
mechanical deformation. Here ‘‘w/o mech.’’ represents the case not considering mechanical deformation, and ‘‘w/ mech.’’ for the case considering
mechanical deformation.

Cases w/o mech. & isothermal w/o mech. & nonisothermal w/ mech. & isothermal w/ mech. & nonisothermal

1C @ 0 oC 32.8% (+0%) 37.9% (+5.1%) 29.6% (−3.2%) 34.0% (+1.2%)
1C @ 25 oC 60.6% (+0%) 62.8% (+2.2%) 55.3% (−5.3%) 57.3% (−3.3%)
4C @ 25 oC 26.4% (+0%) 15.0% (−11.4%) 23.9% (−2.5%) 10.3% (−16.1%)
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Fig. 9. Experimental results of lithium deposits on anodes after 115 cycles of a model-based fast-charging protocol (MODcyc protocol) [49]. Very large localized deposits of lithium
can be observed in the folds of the anodes. Marked red boxes refer to the terminal tab imprints that are not modeled or captured in the present work. Reproduced with permission
from [49].

temperature in comparison with the one at an ambient temperature
of 0 oC. Similar to the findings in the isothermal cases, the former
with a higher temperature has a lower voltage and a higher anode
surface overpotential than the latter. Consequently, a 24.9% lower
plating onset SOC results from a lower ambient temperature for the
nonisothermal case.

Therefore, both the isothermal and nonisothermal cases show sig-
nificant effects on the anode surface overpotential profile of cells due
to the presence of a lower temperature. Keeping cells at appropriate
temperatures (e.g., between 15 oC and 35 oC [51]) can decrease the
risk of lithium plating and further enhance the durability of cells.

3.3. Mechanical effects on anode surface overpotential in isothermal con-
ditions

In order to investigate specifically the mechanical effects on the
performance of the cell, we compare the simulation results considering
mechanical deformation (the yellow line marked with diamonds) with
those ignoring mechanical deformation (the green line marked with
crosses) in isothermal conditions. As mentioned at the beginning of
this section, the temperature of the isothermal simulations in Scenarios
1, 2, and 3, are 16 oC, 34 oC and 56.5 oC, respectively. In all the
scenarios, the differences in the anode surface overpotential between
the simulations considering mechanical deformation and those ignoring
mechanical deformation are observed to increase as the SOC increases.

In Scenario 1, as shown in Fig. 2, the anode surface overpotential
curves of both cases almost overlap in the first 15% SOC. However later,
the anode surface overpotential for the case considering mechanical de-
formation starts to drop faster than that for the case ignoring it, finally
leading to a maximal difference in anode surface overpotential of 0.021
V at 39.5% SOC. Further, it can be observed that the plating onset
SOCs of the cases considering and ignoring mechanical deformation
are 29.6% and 32.8%, respectively. Thus, accounting for mechanical
deformation can lead to around 3.2% decrease in the plating onset SOC.

In Scenario 2, the anode surface overpotential curves of both cases
remain similar in the initial phase till 20% SOC, as shown in Fig. 3.
Similar to Scenario 1, the anode surface overpotential for the case
considering mechanical deformation decreases faster, and the maximal
surface overpotential difference is 0.0208 V at 70.2% SOC. However,
the plating onset SOCs of the cases considering and ignoring mechanical
deformation are 55.3% and 60.6% respectively, leading to a 5.3%
decrease by considering mechanical deformation.

In Scenario 3, the anode surface overpotential curves deviate earlier
than the last two scenarios. The maximal surface overpotential dif-
ference is noted as 0.083 V at 43.1% SOC. The plating onset SOC of
the case considering mechanical deformation is 23.9%, which is 2.5%
ahead of the case ignoring mechanical deformation.

In these three scenarios, once the charging rates and the tempera-
ture are determined, the evolution of the anode surface overpotential
curve is also determined. The effect of mechanical deformation will
distort the curve a bit, leading to a difference in plating onset SOC.
Because of different rates of change in the anode surface overpotential
in different scenarios, the surface overpotential difference is more a

combination of the effects of charging rate, temperature, and mechani-
cal deformation. As the mechanical effects in our model originate from
the volume change of the active materials, an increasing amount of
lithium transported amplifies the impact of mechanics. Scenario 1 and
Scenario 2 have very close maximal surface overpotential differences,
but the plating onset SOC difference is much larger in Scenario 2.
A major reason for this observed behavior is that although the rate
of change in anode surface overpotential is smaller in Scenario 2,
the larger amount of lithium transported leads to larger mechanical
effects. In scenario 3, although the rate of change in anode surface
overpotential is the largest, the fact that only a small amount of lithium
is transported results in the maximal surface overpotential difference
being the largest, but plating onset SOC difference being the smallest.

3.4. Mechanical effects on anode surface overpotential in nonisothermal
conditions

Mechanical effects on anode surface overpotential in nonisother-
mal conditions are studied in this subsection, by comparing the cases
considering mechanical deformation (the purple curve marked with
squares) with those ignoring mechanical deformation (the blue curve
marked with asterisks) in nonisothermal conditions. We observe that
there is a slight difference in the temperature evolution between the
two cases as mechanical deformation affects electrical responses which
further leads to different heat generation rates. From the plot of the
anode surface overpotential, one can observe that mechanical defor-
mation accelerates the drop of the anode surface overpotential, as we
have seen in isothermal conditions. Furthermore, the differences in
plating onset SOC between cases considering mechanical deformation
and those ignoring it are also similar to those we noted in isothermal
conditions, which are now around 3.9% for Scenario 1, 5.5% for
Scenario 2, and 4.7% for Scenario 3.

3.5. Summary of the 1D results

In conclusion, a lower temperature and accounting for mechanical
deformation can accelerate the reduction of anode surface overpoten-
tial to zero, which indicates the initiation of lithium plating. Table 6
and Fig. 6 summarize the plating onset SOC for each case. In each
scenario, we set the result of the isothermal simulation ignoring me-
chanical deformation as the reference and quantify the effects in the
other scenarios by the difference in those capacities with the reference
one, which are reported in parentheses. The contribution of the thermal
evolution mostly depends on the temperature range of the charging
operation. In cases like Scenario 3, the thermal evolution has a non-
negligible impact, given a temperature rise as large as 50 oC, while in
the other cases with smaller temperature rise, the thermal evolution
has less effect on the anode surface overpotential. Mechanical defor-
mation also has been observed to have significant impact on lithium
plating. Mechanical effects are mostly determined by the amount of
lithium transported from the cathode to the anode, which causes the
volume change of active materials and subsequent decrease in anode
porosity. Both thermal evolution and mechanical deformation should
be considered for better accuracy of predicting the onset of lithium
plating.
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Fig. A.1. 3D simulation results with refined electrochemical mesh after 50 min of charging under: a) 1C nonisothermal conditions ignoring mechanical deformation; b) 1C
isothermal conditions (34 oC) considering mechanical deformation; and c) 1C nonisothermal conditions considering mechanical deformation.

4. 3D Numerical results

Although the 1D model can efficiently simulate cell behavior, it
assumes a uniform stress and temperature distribution in the whole
cell. However, if the nonuniformity in either the stress or temperature
distribution is significant, this model can lead to erroneous results.
Alternatively, our 3D model can accurately capture the distribution of
stress and temperature, thereby improving the accuracy when the stress

or temperature field is nonuniform. In addition, the 3D model can also

visualize the distribution of the anode surface overpotential in the cell,

which would be helpful in predicting the vulnerable regions for lithium

plating.

In this section, the cell is charged at 1C for 50 min and three

cases are investigated: a) in nonisothermal condition with an ambi-

ent temperature of 25 oC, ignoring mechanical deformation; b) in
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Fig. B.1. OCP curve of NCM811 obtained from a combination of slow cycling and galvanostatic intermittent titration technique (GITT) steps.

isothermal condition with a fixed temperature of 34 oC, considering me-
chanical deformation; c) in nonisothermal condition with an ambient
temperature of 25 oC, considering mechanical deformation.

Fig. 7 shows the 3D contour of temperature and projected stress
in jellyrolls for the nonisothermal case considering mechanical defor-
mation after being charged for 50 min. To show the distribution of
temperature and projected stress in the cross section in the 𝑦− 𝑧 plane
(as shown in the red box), only half of the jellyroll region is plotted.
Fig. 7(a) shows the temperature profile of the jellyrolls, where one
can observe that temperature is nonuniform along the 𝑦 direction, but
nearly uniform along the 𝑥 and 𝑧 directions. A main reason for this
is that the thermal conductivity in the 𝑦 direction is primarily through-
plane (1.5 W/(m K)), whereas the conductivity in the 𝑥 and 𝑧 directions
is primarily in-plane (28 W/(m K)). The projected stress in the thickness
direction is plotted in Fig. 7(b). The thickness direction of the prismatic
part is in 𝑦 direction and compressive stress is observed due to the
overall swelling of the jellyrolls during charging. However, due to the
geometry of the prismatic cell, tensile stress arises in the cylindrical
regions of the jellyrolls. Therefore, the differences in the projected
stress mostly depend on the geometry of the jellyroll, and are more
significant in the 𝑧 direction. As the nonuniformity of temperature and
stress is along the 𝑦 and 𝑧 directions, respectively, we will focus on the
contours in the 𝑦 − 𝑧 plane in our following analysis.

The results for the three cases using the 3D model are presented
in Fig. 8, which consist of the contours for temperature, projected
stress in the thickness direction, current density and anode surface
overpotential. Fig. 8(a) illustrates the results for the nonisothermal case
ignoring mechanical deformation. As the mechanical deformation is
ignored, all the spatial differences in the contour originate from the
nonuniformity in the temperature distribution. Owing to the thermal
convection from the cell exterior, the temperature at the central part is
higher than that at exterior surfaces. Due to the higher temperature at
the central part, the impedance is lower and hence the current density
is higher. From the contour of the anode surface overpotential, one
can observe that lithium plating is more likely to occur on the exterior
surface due to its lower temperature.

The results for the isothermal case considering mechanical deforma-
tion are shown in Fig. 8(b). As the isothermal condition is assumed, the
nonuniformity in the current density and the anode surface overpoten-
tial is affected by the difference in the projected stress in the thickness
direction. As the cell is charged, the cell sandwich thickness tends to in-
crease due to higher anode active material swelling relative to cathode
active material contraction. Swelling in the prismatic portions of the
jellyrolls, which due to mechanical constraints are under compression,

puts tension on the folds (cylindrical regions) in both circumferential
and radial directions. The net tensile stress (orthogonal to cell sandwich
plane) in cylindrical regions relative to prismatic regions results in a
relatively greater volume (thickness) increase in the cylindrical regions,
which in turn implies a greater drop in anode porosity, and hence
higher ionic transport resistance. Therefore, the anode surface overpo-
tential tends to be lower in the cylindrical than the prismatic portions
of the jellyrolls, resulting in a relatively higher driving force for Li
plating in these regions. Experimental observations consistent with this
result are shown in Fig. 9, where a significant amount of deposited
lithium can be seen in the folds of the anode after 115 cycles of a
model-based fast-charging protocol (MODcyc protocol) [49]. Marked
red boxes indicate the terminal tab imprints, which are not captured
in the present work, although mechanics (anode compression, reduced
porosity) could play a factor in the Li deposition observed there.

The last case considers mechanical deformation in a nonisothermal
simulation. Similar to the first case, lower temperature is observed at
the exterior surface of the jellyrolls. The stress distribution is similar
to that in the second case. Therefore, the spatial difference in the
electrochemical response can be regarded as a combination of the
nonuniformity of both temperature and stress. The contour of the anode
surface overpotential shows that the lowest anode surface overpotential
exists on the exterior surface of the horizontal cylindrical segments of
the leftmost and rightmost jellyrolls. In comparison with the first case,
which ignores mechanical deformations, the span of the anode surface
overpotential increases from 7 mV to 9 mV, and the minimum is 20 mV
lower, indicating the significant effect of mechanical deformation.

These findings point to the need for either incorporating more
accurate models into battery management systems that utilize advanced
charging algorithms to avoid lithium plating and other aging mech-
anisms, or to increase the error margin to account for mechanical,
thermal, and spatial effects. As it is not yet tractable to incorporate
a 3D+1D model as described here in real-time battery control units,
the latter approach is recommended. The margin for error could be
analyzed in offline simulations and incorporated into online algorithms
as lookup tables, neural networks, or otherwise simplified surrogate
models.

5. Conclusion

Lithium plating consumes cyclable lithium and hence is one of the
main concerns for cell durability. Both the thermal and mechanical
effects play an important role in the initiation of lithium plating in
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lithium-ion batteries. A 1D model and a 3D model introduced pre-
viously [31,32] are employed to investigate these effects. The 1D
model accounts for the mechanical effects due to lithium intercalation
and externally applied pressure. The 3D model incorporates the 1D
model and further describes the nonuniformity of temperature and
stress in cells. We compute the anode surface overpotential as an
indicator for the initiation of lithium plating, with a more negative
anode surface overpotential representing a higher driving force for
lithium plating. Our 1D model shows that lithium plating is more likely
to occur at lower ambient temperatures and at higher charging rates.
Additionally, it is observed that mechanical deformation can accelerate
the initiation of lithium plating, thus corroborating the importance
of considering mechanical deformation in lithium plating analysis.
Although the 1D model assumes a uniform temperature and stress
distribution in the body, the 3D model is able to capture the effects
of nonuniformity. Because of the thermal convection on the exterior
surface of the cell, a lower temperature is observed there, leading to
a lower anode surface overpotential. The geometry of the prismatic
cell results in a tensile stress in the cylindrical regions (folds) of the
jellyrolls due to the swelling of the cell, which further decreases the
anode surface overpotential. All in all, our model qualitatively and
quantitatively estimates the impact of internal cell heating, nonuniform
temperature, and mechanical deformation on the initiation of lithium
plating, and demonstrates the importance of their inclusion in lithium
plating analysis, particularly in advanced charging algorithms and
cell design. Future work considering the lithium plating side reaction
itself is essential to better quantify cell durability. In addition, a more
comprehensive model is needed for large scale batteries to account for
the electrolyte flow caused by nonuniform electric field and mechanical
pressure.
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Appendix A. 3D Numerical results with refined electrochemical
mesh

The ratio of thermomechanical to electrochemical elements is set
as 1:1 to produce more smooth contour plots in 𝑦 − 𝑧 plane for 3D
simulations, as shown in Fig. A.1. The total number of electrochemical
elements is 94603. The ranges of the outputs are very close to those in
Fig. 8, which validates our results in Section 4.

Appendix B. Electrode properties measurement

The open-circuit potential (OCP) curve of NCM811, shown in Fig. B.1,
was obtained from a combination of slow cycling and galvanostatic
intermittent titration technique (GITT) steps. In a first step, slow
C/50 charge and discharge were averaged in a trust region where the
capacity accessed is not dependent on the C-rate applied (from 4.3 V
to 3.7 V for NCM811). The material was then characterized at higher
lithiation content with GITT steps consisting of short current pulses and
long rest periods to access the equilibrium potential of the material. The
combination of the two steps, detailed in a future publication, allows
for this method to characterize the OCP vs Li content relation up to 𝑥Li
= 1.

List of symbols
𝑎0 initial active interfacial area per unit electrode volume

(specific interfacial area), m−1

𝑐 volume-averaged solid-phase Li concentration, mol m−3

𝑐e Li+ concentration of electrolyte, mol m−3

𝑐s surface solid-phase Li concentration, mol m−3

𝑐maxs maximum surface solid-phase Li concentration, mol m−3

𝐷𝑠 solid-phase diffusion coefficient, m2 s−1

𝐷e,eff effective electrolyte diffusion coefficient, m
2 s−1

𝐸 Young’s modulus, N m−2

𝑓± salt activity coefficient
𝐹 Faraday’s constant, 96 485 C mol−1

𝑖e electrolyte-phase current density, A m−2

𝑖s solid-phase current density, A m−2

𝑗𝑛 pore-wall flux across interface in the reference configuration,
mol m2 s−1

𝑘0 reaction rate constant, m3∕2 s−1 mol−1∕2

𝑞 volume-averaged solid-phase Li concentration gradient,
mol m−4

𝑅 gas constant, 8.314 J mol−1 K−1

𝑅𝑝 radius of solid particles, μm
𝑡 time, s
𝑡+ cationic transference number
𝑈s solid-phase open-circuit potential, V
𝑉 volume
𝛼 Bruggeman exponent
𝛼𝑎 anodic transfer coefficient
𝛼𝑐 cathodic transfer coefficient
𝜖0
active

initial volume fraction of active materials
𝜖0
add

initial volume fraction of additive materials
𝜖e volume fraction of electrolyte
𝜖0e initial volume fraction of electrolyte
𝜖0
solid

initial volume fraction of solids
𝜂s surface overpotential, V
𝜺 strain field
𝜅e,eff effective electrolyte conductivity (Li

+), S m−1

𝜅s,eff effective electronic conductivity (e
−), S m−1

𝜙e electrolyte-phase potential, V
𝜙s solid-phase potential, V
𝜎 homogenized Cauchy stress, N m−2

𝜃 temperature, K

𝛺(𝐶) average volume change rate of active materials
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