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A B S T R A C T

The secondary lithium battery using lithium metal as a negative electrode has attracted more attention due to its
extremely high theoretical specific energy. During the charge and discharge cycle, lithium ions are reduced and
nonuniformly deposit on the surface of the lithium electrode, which leads to the formation and growth of lithium
dendrites. The growth of lithium dendrites can pierce through the separator and causes internal short circuit of
the battery as well as battery catastrophes like thermal runaway. The lithium dendrite growth process is com-
plicated and can be affected by various factors. In this paper, a phase field model is developed to simulate the
growth process of lithium dendrites, and the effects of anisotropic strength, applied voltage and microstructure
of solid electrolyte interphase (SEI) on the growth of lithium dendrites are considered and investigated. The
geometric model of solid electrolyte interphase (SEI) is established by numerical reconstruction method. Then,
the growth process of lithium dendrites in solid electrolyte interphase (SEI) is investigated, which provides
insight on revealing the growth mechanism of lithium dendrites.

1. Introduction

Lithium metal anodes have attracted extensive attention due to
extremely high theoretical specific energy (3860 mAh g − 1), low den-
sity (0.59 g cm−3) and lowest negative reduction potential (−3.040 V
vs standard hydrogen electrode). In the 1970 s, Exxon invented lithium
batteries with lithium metal as the negative electrode [1–4]. However,
due to the safety hazard of lithium dendrite growth, secondary lithium
battery using lithium metal as the negative electrode has to be given up.
In 1982, the Illinois Institute of Technology found that lithium ions
have the property of being embedded in graphite. This process is fast
and reversible. The first available lithium ion graphite electrode was
successfully produced by Bell Laboratories [1–3]. Until 1991, Sony in-
troduced the first commercial rechargeable lithium-ion battery. Since
then, lithium-ion batteries have been widely used, and become one of
the commonly used battery types [1–4]. In order to improve the anode
performance, a highly conductive metal phase 1T (octahedron) - MoS2
electrode was developed by Wang et al. [5] with a new mechanism of
"molybdenum lithium storage". Since MoS2 is a good candidate for
anode, Zhang et al. [6] prepared V-Mo-S-Na electrodes using the metal
doping method, which present excellent cyclic stability and Li storage
rate performance. It is expected to be a high performance anode for
lithium ion batteries. In recent years, with the development of electric
vehicles and the demand for higher specific energy batteries,

rechargeable lithium batteries using metallic lithium as a negative
electrode have once again attracted more and more attention. So far,
although many methods have been proposed to suppress lithium den-
drites, this problem has not been solved very well.

During the metallic lithium deposition, lithium ions are reduced to
lithium on the surface of the lithium electrode and then deposited,
which is mainly due to nonuniform lithium ion diffusion in the elec-
trolyte and nonuniform charge distribution on the surface of the lithium
electrode [7]. This continuous deposition may result in dendritic
structures so called lithium dendrites. The growth of lithium dendrites
can pierce through the battery separator as well as causing a short
circuit inside the battery and leading to thermal runaway and even
explosion. As one of first pioneers, Monroe and Newman [8] simulated
electrochemical dendrite growth, and proposed a comprehensive
mathematical model for the temporal evolution of dendritic tip height
and growth rate in lithium polymer batteries. The growth of lithium
dendrites is essentially the evolution process of the lithium electrode-
electrolyte interface, and the phase field method can simulate the
continuous phase transition at the solid-liquid interface. Guyer et al.
[9,10] established a one-dimensional phase field model for studying
equilibrium state and electrochemical reaction kinetics, and success-
fully obtained the spatial distribution of phase field variables, potentials
and charges in electrodes and electrolytes under different potential
differences. The above model assumes that the electrochemical reaction
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kinetics is linear. In order to accurately simulate the complex shape of
lithium dendrites during electrodeposition, Liang et al. [10,11] estab-
lished a one-dimensional nonlinear phase field model to simulate
dendrites and related factors. After that, Zhang et al. [12] and Chen
et al. [13] proposed a thermodynamically completely self-consistent
nonlinear phase field dynamics model. The phase field variables in this
model vary nonlinearly with the electrochemical potential. The che-
mical potential is a function of the electrostatic potential and the con-
centration of lithium ions. The advantage is that the Butler-Volmer
electrochemical reaction kinetic equation can be derived from this
model. The model considers the anisotropy of the electrode/electrolyte
interface energy and can be applied to any dendritic growth simulation
in an unbalanced electrodeposition system [14]. It can be said that the
nonlinear phase field model is a powerful tool for investigating the li-
thium dendrite growth in the batteries.

It is believed that many factors affect the growth of lithium den-
drites. These influencing factors not only affect the number of lithium
dendrites but also the growth morphology of lithium dendrites.
Newman et al. [8] and Akolkar et al. [15] conducted theoretical ana-
lysis and draw a conclusion: at higher current densities, the tip of li-
thium dendrite is smaller; and at lower current density, the tip of li-
thium dendrite is larger. Through the simulation of lithium dendrites,
Zhang et al. [13] and Chen et al. [14] found that lithium dendrite grows
faster at larger charging current densities, and the anisotropy strength
also affects the growth morphology of lithium dendrites. The more
significant influence is that the greater the anisotropy strength, the
longer the dendrite is elongated outward. Fukunaka et al. [16] ex-
perimentally studied the effect of temperature on the morphology and
quantity of lithium dendrites. The lithium dendrites formed under high
temperature conditions tend to be "needle-like", and the lithium den-
drites under low temperature conditions are closer to "moss". Lithium
dendrites formation is less at 10 °C. The increase or decrease in tem-
perature increases the amount of lithium dendrite formed. Through
experimental observation, Golozar et al. [17] found that lithium den-
drite is not pure lithium and its hardness is higher than pure metallic
lithium. Through in situ and ex-situ scanning electron microscopy, two
forms of dendrite growth, like moss and hollow needle, was observed in
lithium metal batteries. It was found that pressure on batteries can
hinder the growth of dendrites. On the surface of the metal lithium
electrode, lithium reacts with the electrolyte and a passivation film is
formed, which is called as the solid electrolyte interphase (SEI), and
plays a vital role in suppressing the growth of lithium dendrites. The
concept of passivation film was first proposed by Paled [18] in 1979. It
has been shown by existing research that the interface on the surface of
the lithium electrode almost completely determines the electrode per-
formance of the lithium metal electrode. It is considered that the SEI of
the lithium electrode is composed of two parts. The outer part of the SEI
is a porous structure composed of organic matter, and the inside is a
dense structure composed of inorganic substances [18–20]. Yurkiv et al.
[21] considered the effect of SEI on lithium dendrites by adding stress
terms to the phase field equation. Studies have shown that reducing the
stress field at the root of lithium dendrites can inhibit the growth of
lithium dendrites. Ozhabes et al. [22] calculate and analyze the surface
energy of layered materials, multivalent materials, halogen compounds
to obtain surface diffusion energy barriers. It has been found that the
metal halide has a relatively high surface energy and a low diffusion
energy barrier. When it is used as a SEI component, it is expected to
obtain a deposition morphology without dendrites. In Chen's article
[23], LiF and Li2CO3 are thought to be the two main composition of SEI.
By the DFT calculation of the surface energy, the conclusion is that it is
highly possible that the surface energy anisotropy of Li metal dominates
the anisotropy of Li/SEI interface despite the complication in the
structure of the multicomponent SEI. However, the influence of the
microstructure of SEI on lithium dendrite growth is rarely considered
and discussed in the literature. In addition, it is well known the stability
of lithium metal batteries highly depends on the SEI above and its

microstructure such as porosity. The different porosity of the SEI is
caused by the charge and discharge cycle. Different porosity results in
different SEI structures affecting lithium dendrite growth.

In this paper, we focus on the effects of the microstructure of SEI
and other factors on lithium dendrite growth. The nonlinear phase field
equation was developed to simulate the growth morphology of lithium
dendrites. The geometric model of SEI microstructure was established
by numerical reconstruction method. Various factors affecting the
growth morphology of lithium dendrites such as anisotropy strength,
applied voltage and SEI microstructure were explored. The analysis of
their effects on the lithium dendrite growth provides new insight on
understanding the growth mechanism of lithium dendrites.

2. Phase field model

2.1. Physical model

This paper assumes that the electrolyte is a dilute solution, and
there are enough electrons on the electrode surface for the reaction, as
shown in Fig. 1, the left side is the metal electrode, the right side is the
electrolyte, and lithium ions react with electrons to form lithium atom.
The unevenness of the anode surface causes nonuniform deposition of
lithium during the reaction. In some places, the lithium atoms gradually
aggregate and grow into lithium dendrites. The protruding portion of
dendrites on the surface of the lithium electrode indicates the initial
shape of the electrode/electrolyte interface. In phase field simulation,
the order parameter ξ is used to indicate the phase morphology of li-
thium. When ξ is equal to 1, it indicates solid phase lithium in the
negative electrode. When ξ is 0, it indicates liquid lithium in the elec-
trolyte. Between 1 and 0 indicates the interface between the two
phases. Here the anode is simplified to one surface without considering
the structure of the electrode. A tiny semicircle is set on the surface of
the electrode as the initial nucleation point for lithium dendrite for-
mation. The order parameter of the semicircle is set to 1, and the rest is
0, indicating the electrolyte. During charging, the lithium ion reacts
with the electrons on the surface of the electrode to form lithium atom
and deposit, which is described by

++Li e Li (1)

2.2. Phase field equation

The total free energy of the system consists of Helmholtz free energy
density, gradient energy density and electrostatic energy density, which
can be expressed as

Fig. 1. Schematic diagram of the electrodeposition process distribution of order
parameter.
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where fv is the Helmholtz free energy density; κ is the gradient energy
coefficient; ρ is the charge density; Ф is the electrostatic potential.

A double-potential function g(ξ) is used to describe the two equili-
brium states of the electrode (ξ = 1) and the electrolyte (ξ = 0) at zero
overpotential

=g W( ) (1 )2 2 (3)

where W is the barrier height.
The driving force of the electrode chemical reaction process can be

expressed as

= =G zF zF( )0 (4)

where z is the number of electrons involved in the reaction, taken here
as 1; η is the overpotential. When η < 0, it means that lithium ions in
the electrolyte are reduced, and when η > 0, it means that lithium in
the electrode is oxidized.

In order to accurately describe the complex dendrite growth process
in the electrodeposition process, a thermodynamically completely self-
consistent nonlinear phase field dynamics model is adopted, in which
the order parameter changes nonlinearly with the electrochemical po-
tential, and the electrochemical potential is the function of electrostatic
potential and lithium ion concentration. The model assumes that the
driving force of interface migration is mainly composed of two parts:
the reduction of the free energy of the electrode/electrolyte interface

and the electrode reaction. Since the driving force of the electrode re-
action related to the overpotential is far greater than the driving force
related to the thermodynamic interface energy, the rate of change of the
phase interface is linearly related to the decrease of the interface free
energy, and is exponentially related to the driving force of the electrode
reaction. A simple nonlinear model describing the variation of the order
parameter in time and space can be expressed as follows [11–14]

=

+

r t
t

L g r t

L h G
RT

c G
RT

( , ) ( ) ·( ( , ))

( ) exp exp
(5)

where +c is the normalized concentration of the lithium ions in the
electrolyte; Lσ is the interface mobility; Lη is the reaction-related con-
stant; h(ξ) is an interpolating function, = +h ( ) (6 15 10)3 2 , and
h′(ξ) is the first derivative of the interpolating function on the order
parameter; F is the Faraday constant, 96,485 C mol−1; R is the gas
constant, 8.314 J mol−1 K−1; T is the temperature; α and β are sym-
metry factors, the sum of the two is 1, α+ β= 1. The first term on the
right side of the equation represents the change caused by the free
energy of the electrode/electrolyte interface, and the second term re-
presents the change caused by the electrode reaction.

Anisotropy surface energy is introduced to represent the roughness
of the electrode surface. Consider the influence of the free energy ani-
sotropy at the electrode/electrolyte interface [12–14]

Fig. 2. (a) TEM image and porosity analysis of the SEI layer [20] and SEI geometrical model (b) generated by QSGS and (c) after morphological processing (black is
pores, white is solid particles).

Table 1
Phase field simulation parameters and their normalized values.

Parameter Value Normalized value Reference

Temperature, T 298 K
Barrier height, W 3.75× 105 J m−3 0.25 [13,14,21]
Gradient energy coefficient, κ 5×10−5 J m−1 0.01 [13,14]
Interfacial mobility, Lσ 2.5×10−6 m3 J−1 s−1 15,000 [14]
Reaction constant, Lη 1.0 s−1 4000 [14]
Diffusion coefficient in electrode, De 7.5×10−13 m2 s−1 0.3 [14,21]
Diffusion coefficient in solution, Ds 7.5×10−10 m2 s−1 300 [14,21]
Conductivity in electrode, σe 1.0×107 S m−1 109 [13,14,21]
Conductivity in solution, σs 1.0 S m−1 100 [13,14,21]
Symmetric factor, α 0.5 0.5 [13,14,21]
Symmetric factor, β 0.5 0.5 [13,14,21]
Mode of the anisotropy, ω 4 4 [13,14,21]
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= +[1 cos( )]0 (6)

where δ is the strength of the anisotropy; ω is the mode of the aniso-
tropy; θ is the angle between the normal vector of the interface and the
reference axis.

2.3. Lithium ion diffusion equation

The Nernst-Planck equation is used to describe the diffusion trans-
port of lithium ions. In the electrodeposition process, solid lithium is
assumed to be immobile, without diffusion, ignoring the effects of
electron transport

= + ++
+

+c
t

D c D c
RT

nF r· eff
eff

i
(7)

where Deff is the diffusion coefficient; ri is the source term.
The source term at the right end of the diffusion equation indicates

the consumption of lithium ions during the electrochemical reaction
[12–14]

=r c
c

r t
t

( , )
i

s

0 (8)

where cs is the site density of lithium metal; c0 is the standard bulk
concentration of electrolyte solution.

The diffusion coefficient Deff is determined by an interpolation
function [12–14]

= +D D h D h( ) (1 ( ))eff e s (9)

where De is the lithium ion diffusion coefficient in electrode; Ds is the
lithium ion diffusion coefficient in electrolyte.

2.4. Charge conservation equation

Assuming the system is electrically neutral, the Poisson equation is
used to describe the conservation of current density

=r t
t

[ ( ( , ))]eff t
(10)

where σeff is the conductivity; ρt is the space charge density; t
t is the

source term of the conservation of charge equation.
The source term in the equation represents the change in space

charge density, that is, the entry or exit of charge during the electro-
chemical reaction [12–14]

=
t

nFc r t
t

( , )t
s (11)

The conductivity is related to the order parameter and uses the
following interpolation form [12–14]

= +h h( ) (1 ( ))eff e s (12)

where σe is the conductivity of electrode; σs is the conductivity of
electrolyte.

Fig. 3. Lithium dendrite growth process (a) our simulation results (The first row shows the change of the order parameter, the second is the lithium ion concentration
distribution, and the third presents the potential distribution.) and (b) simulation results from Ref. [13] (The insert in the corner of the figure of order parameter is
experimental observation from Ref. [2]).
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Fig. 4. SEM image of lithium dendrites (a) needle-like [29] (b) mossy [30] and simulated results of (c) needle-like lithium dendrite growth process and (d) mossy
lithium dendrite growth process (The first row shows the change of the order parameter, the second is the lithium ion concentration distribution, and the third
presents the potential distribution.).
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2.5. Initial conditions and boundary conditions

In the model, the initial solid-phase lithium is semi-circular, and an
initial nucleation point is set in the middle of the left side of the cal-
culation domain. The Dirichlet boundary condition is used. In the
concentration field, the electrolyte boundary concentration is set to 1,
and the electrode concentration is set to 0. In the electric field, the
potential at the electrolyte is higher than the electrode, the potential at
the electrode is set to 0, and the potential at the electrolyte is set to 0.1.

2.6. Numerical reconstruction of geometrical model of SEI

For complete understanding of the SEI's effect on lithium dendrite
formation the interaction between the different phases and the influ-
ence of the stress field should be considered. This significantly com-
plicates the calculations. In this study, only the SEI microstructure is
considered to investigate its effect on the lithium dendrite growth for
simplicity. The SEI is assumed as porous media composed of inorganic
layer and organic layer both with a fixed and different porosity.
According to the experimental study on the porosity of SEI by Guan
[20], as shown in Fig. 2(a), the porosity of the organic layer is assumed
to be 0.15, and the porosity of the inorganic layer is 0.05.

The quartet structure generation set (QSGS) proposed by Wang et al.
[24] is used for reconstruction of geometrical model of SEI. This
method is widely used for reconstruction of geometrical model of
porous media, such as electrode geometry [25], two-dimensional co-
continuous ceramic composites finite element model [26], three-di-
mensional microstructure of coal rock [27], etc. The method controls
the formation characteristics of porous structure by four main para-
meters: solid phase growth nucleation probability Pc; porosity n; growth
probability Pd in 8 directions; when there are three phases and three
phases or more, considering the interaction between phases and phases,
the mutual influence between the two phases is represented by the
probability density Iij. The procedure of numerical geometry re-
construction can be described as follows [24]:

(1) The solid phase is randomly arranged in space according to a cer-
tain distribution probability Pc.

(2) According to a certain probability, the distributed solid phase grows
in the adjacent points in all directions (eight directions).

(3) Repeat (2) until the pore phase reaches a given porosity n.

In the SEI, both the inorganic and organic components are regarded
as the solid phase, so there are only two phases, i.e. the solid phase and
the pore, regardless of the probability density. The probability of solid-
phase growth nucleation is set to 0.1. The growth probability in the
direction 1–4 is 0.1, and the growth probability in the direction 5–8 is
0.025. Through a self-developed code running in MATLAB and sub-
sequent morphological processing, the geometrical model of SEI can be
reconstructed, as shown in Fig. 2(b) and (c).

2.7. Numerical solution method

The multi-physics coupling calculation software COMSOL
Multiphysics 5.3 based on the finite element method is used to solve the
phase field equation. In order to speed up the calculation, the nor-
malized number is used for calculation. All the parameters are nor-
malized a characteristic energy density E0=1.5× 106 J m−3, a char-
acteristic length l0=100 μm, and a characteristic time step
Δt0= 4000 s [14]. The parameters are listed in Table 1.

3. Results and discussion

3.1. Lithium dendrite growth morphology

Lithium dendrite growth is related to lithium ion concentration and
applied voltage. By solving Eqs. (5), (7) and (10), the growth process is
obtained. The simulation results are shown in Fig. 3(a). The lithium
dendrite grows in a symmetrical tree-like form. The growth speeds as
well as the lengths of the dendrite arms on both sides and in the vertical
direction are essentially the same. Along with the tree-shaped lithium
dendrites growth, the lithium ion concentration distribution and po-
tential distribution continuously change and display the similar trend.
The simulation results are in agreement with the results given by Zhang
[13], which are consistent with the experimental results observed by Xu
[2], as shown in Fig. 3(b). It can be verified that the phase field model
can accurately describe the evolution of the electrode/electrolyte in-
terface and simulate the growth morphology of lithium dendrites.

According to the present research results, the morphology of lithium
dendrites can be divided into three types, i.e., dendritic [28], needle-
like [29] and mossy [30], the latter two as shown in Fig. 4(a) and (b).
For simulating the needle-like lithium dendrites, it can be assumed that
the electrodeposition of lithium occurs on the sides of the dendrites and
lithium ions are allowed to diffuse only in the y direction [21]. The
right direction of orientation is the positive direction of the x-axis, and
the upward direction is the positive direction of the y-axis. The simu-
lation results of needle-like lithium dendrite growth are shown in
Fig. 4(c). It is found that this type of lithium dendrite grows along the

Fig. 5. Variation of lithium dendritic morphology with anisotropy strength.

Fig. 6. Lithium dendrite growth morphology at different applied voltages.
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concentration gradient direction, with needle-shaped tip and without
branches formed. Compared with the tree-shape dendrite growth, the
growth speed of the dendrite tip is more rapid.

For simulating mossy lithium dendrites, it can be achieved by
adding a noise term to the free energy function. The noise term is ex-
pressed as [21]

=f h ( )ns (13)

where χ is a random number, and ψ is an amplitude of fluctuation. The
simulation results of mossy lithium dendrite growth are shown in
Fig. 4(d). It can be seen that the mossy dendrite grows irregularly, with
many branches growing out freely and asymmetrically. Apparently, the
growth speed of mossy dendrite is more rapid than that of tree-shaped
dendrite.

Comparing the simulation results with the experimental observa-
tions, they have a good agreement. The needle-shaped dendrites do not
have too much bifurcation, while the mossy dendrites have more forks
and grow out in all directions. Thus it is assumed that the developed
phase filed model is effective in simulating the different growth mor-
phology of lithium dendrites and providing a theoretical basis for ex-
ploring its growth effects.

3.2. Effect of anisotropy strength

The strength of interfacial anisotropy indicates the degree of inter-
face surface tension, interface thickness, and interface dynamic aniso-
tropy. From the final shape of dendrite growth, it is reflected in the
difference in shape direction after a certain period of growth under
specific external conditions; from the crystal growth point of view, it
can be regarded as a reference value of the difference in growth rate
between the preferential growth direction and other growth directions
during dendrite growth. So far, the relationship between anisotropy
strength and actual physical parameters is still unclear, but the influ-
ence of anisotropy coefficient on dendritic morphology cannot be ig-
nored [31]. The anisotropy strength of the surface energy was changed

to 0.01, 0.02, 0.05 and 0.1, respectively, and the other parameters were
kept unchanged. The influence of surface energy anisotropy strength on
the growth morphology of lithium dendrites was studied. The simula-
tion results are shown in Fig. 5.

It can be seen from Fig. 5 that as the anisotropy strength δ increases,
the growth rate of lithium dendrite increases. When the anisotropy
strength is small, the tip of the lithium dendrite is split, and when the
anisotropy strength is large, the tip of the lithium dendrite is not split
and the tip is sharper and needle-like. At the same time, as the aniso-
tropy strength increases, the growth of secondary dendrite arms slow
down and the growth of the primary dendrite arm accelerates. With the
increase of anisotropic strength, the dendrite tip becomes sharper and
the dendrite grows faster under the same conditions. This is mainly due
to the fact that the greater the anisotropic strength, the higher the
energy of interfacial anisotropy. Compared with the preferred growth
direction, the larger the difference of energy between two directions is,
and the more complex the dendrite shape is.

3.3. Effect of applied voltage

The applied voltage △Ф was changed to −0.05 V, −0.065 V,
−0.08 V and −0.1 V, respectively, and other parameters were kept
unchanged. The effect of applied voltage on the growth morphology of
lithium dendrites was studied. The simulation results are shown in
Fig. 6.

As seen in Fig. 6, increasing applied voltage leads to a growing
acceleration of dendrite formation alongside the occurrence of the
splitting phenomenon. As the applied voltage increases, the lithium
dendrite tip changes from a complete needle tip structure to a tip-
splitting pattern. The applied voltage increases the degree of polariza-
tion on the electrode, which in turn affects the diffusion and migration
behavior of Li+ in the electrolyte. Under different polarization condi-
tions, the deposition and accumulation of lithium atoms will be sig-
nificantly different, which leads to changes in the morphology of li-
thium dendrites. At the same time, the applied voltage increases and the

Fig. 7. (a) Reconstructed porous media and models and (b) growth process of lithium dendrites in SEI (a magnified view of the suppressed lithium dendrites in the
red circle). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. SEI geometrical models (a) generated by QSGS and after morphological processing for Case1, (b) generated by QSGS and after morphological processing for
Case 2 (black is pores, white is solid particles), reconstructed porous media and models for (c) Case 1 and (d) Case 2, and growth process of lithium dendrite in SEI in
(e) Case 1 and (f) Case 2.
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current density increases. Monroe and Newman [8] found that the
growth rate of lithium dendrites is directly related to the current den-
sity. At higher current densities, the growth rate is faster; at lower
current densities, the growth rate is slower, and the results obtained by
the simulation about the dendrite growth rate agree with it.

3.4. Effect of solid electrolyte interface (SEI)

In order to investigate the effect of SEI, the SEI microstructure was
numerically reconstructed using QSGS and the geometrical model in-
cluding the SEI was established, as shown in Fig. 7(a). Through using
COMSOL Multiphysics, the simulation results were obtained, as shown
in Fig. 7(b). Due to much low porosity, the SEI structure is dense and
the pores are tiny. Since there is a structure in which pores are not
connected during the reconstitution process, and during lithium ion
transport, lithium ions passing through the SEI are not only transported
by the electrolyte, but also migrate through Schottky vacancies in the
crystal [18,32]. Therefore, lithium dendrites can still be generated.
However, its growth is limited because the SEI cannot be penetrated.
Therefore, the lithium dendrite growth is suppressed. It is implied that
the lithium dendrites cannot penetrate through the SEI due to its high
strength and the pore structure of the SEI suppresses the growth of li-
thium dendrites. As demonstrated in the magnified area in Fig. 7(b), the
lithium dendrites are partially suppressed by the low porosity of the
SEI.

However, as a battery is cycled, the destruction and reformation of
SEI change its morphology, leading to an increased porosity that is
worse at suppressing dendrite formation. Thus, the other two cases
were considered for discussion. In the two cases, the porosity of the
organic layer n1 is set to 0.2 and the porosity of inorganic layer n2 is set
to 0.1, respectively. The difference between them is that there are some
connected channels in Case 1 whereas there is no connectivity in Case
2. The reconstructed SEI through QSGS and the established geometrical
model are shown in Fig. 8(a)–(d).

The simulation results for the two cases are shown in Fig. 8(e) and
(f), respectively. It was assumed that lithium ions were transported by
the electrolyte. For Case 1, the lithium dendrites asymmetrically grow
along the gap of the porous SEI during the growth process. The side
branches grow along the gap into the both sides, and the primary
dendrite arm grows up along the gap. After breaking through the
porous SEI, lithium dendrite grows in a tree shape with multiple
branches. With the growth of side branches, the two parts of dendrites
interact with each other and compete for growth. It can be seen that the
growth of lithium dendrites is affected by other dendrite arms. The
dendrites can only grow along the original gap and be limited in the
closed pores. Thus, lithium dendrite growth can be suppressed by
control the pore structure of the SEI.

For Case 2, as shown in Fig. 8(f), since the pores are not connected,
the lithium dendrites cannot grow outside the SEI. The pore structure
and shape of the SEI limit the morphology of lithium dendrite growth,
and the morphology of lithium deposit in the pores is asymmetrical and
depended on the shape of connected pores. Therefore, it can be deduced
that when the pores in the SEI is not through-connected, the dendrites
can only grow along the original gap inside the SEI and be limited in the
closed pores. Here it is assumed that the lithium dendrites cannot pe-
netrate the SEI, so the growth morphology is significantly affected by
the pore connectivity and depends on the SEI microstructure.

4. Conclusions

In this paper, a nonlinear phase field model of lithium dendrite
growth is established, and the evolution process of the electrode/elec-
trolyte interface and the three different morphologies of lithium den-
drite are simulated. The effects of anisotropic strength and applied
voltage on the growth of lithium dendrite are investigated. The mor-
phology of the porous medium layer of the SEI and the growth of

lithium dendrites in the SEI were simulated. The study found that the
growth morphology of lithium dendrites is affected by many factors.
The growth morphology and velocity of lithium dendrites are related to
the surface anisotropy strength and applied voltage. It is believed that
the anisotropy strength mainly affects the energy difference between
the growth direction of lithium dendrites and the preferred growth
direction, resulting in the generation of branches of lithium dendrites.
The applied voltage affects the overpotential, and the overpotential as
the driving force of the electrochemical reaction affects the growth rate
of lithium dendrites, which is consistent with previous research results.
For the first time, we used SEI as a porous medium to establish a model
by reconstitution method to study the effect of SEI microstructure on
the growth of lithium dendrites. In the case where the porous medium
layer restricts its growth, the lithium dendrites grow along the gap of
the porous medium layer, and when this obstacle is broken, it is still
symmetrically grown when not affected by other dendrites. When the
porosity is small or the pores are not connected, the growth of lithium
dendrites is suppressed and cannot penetrate the SEI. The shape of the
SEI limits the growth morphology of the lithium dendrites, and the
denser SEI structure can better inhibit the growth of lithium dendrites.
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