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W N e

Abstract: Li dendrite growth, which causes potential internal short circuit and reduces battery cycle
life, is the main hazard to lithium metal batteries. Separators have the potential to suppress dendrite
growth by regulating Li* distribution without increasing battery weight significantly. However,
the underlying mechanism is still not fully understood. In this paper, we apply an electrochemical
phase-field model to investigate the influences of separator thickness and surface coating on dendrite
growth. It is found that dendrite growth under thicker separators is relatively uniform and the
average dendrite length is shorter since the ion concentration within thicker separators is more
uniform. Moreover, compared to single layer separators, the electrodeposition morphology under
particle-coated separators is smoother since the particles can effectively regulate Li ionic flux and
homogenize Li deposition. This study provides significant guidance for designing separators that
inhibit dendrites effectively.
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1. Introduction

Lithium metal is an ideal anode material for rechargeable batteries due to its high the-
oretical energy density and low redox potential. While the formation of lithium dendrites,
which may penetrate the separator, causes short circuits and even thermal runaway; and it
remarkably hinders the practical applications of lithium metal batteries [1]. The uncontrol-
lable growth of lithium dendrites, coupled with the transport of Li* and electrons as well as
the electrochemical reactions at the anode-electrolyte interface, is an extremely complicated
problem [2,3]. Many efforts have been devoted to handling this challenging problem, such
as building 3D structure Li anodes [4,5], introducing solid electrolytes [6,7], functional
separators [8,9], electrolyte additives [10,11], etc. Among them, functional separators are
highly attractive since they not only act as physical barriers between electrodes but also
effectively suppress dendrites by regulating Li* ion distribution without increasing the
weight of batteries conspicuously [12,13]. Considerable experimental studies have been
conducted to explore the relation between Li deposition and separator structure [14,15].
For example, Ma et al. extracted eggshell membrane and investigated its performance as
separator. Their results indicate that well-distributed pores and nanoporous structures
allowing fast ion-diffusion can effectively suppress formation of Li dendrites even after
long-term cycling at a high rate [16]. Shin et al. reported a thin nitrogen and sulfur codoped
graphene (NSG) nanosheets coated polyethylene (PE) separator, which can effectively
suppress dendrites due to the superior mechanical strength of NSG and the enhanced
interfacial interaction between the NSG layer and Li metal [17].
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In spite of massive screening experiments for designing separators with dendrite
suppression, inhomogeneous Li* flux and ion-concentration evolution can hardly be di-
rectly observed by experiments; thus, the mechanism of Li dendrite growth under different
separators is still not fully understood. The phase-field method is a powerful computational
approach for simulations of microstructural evolution of materials [18], which has been
widely used in dynamic processes including solidification, solid-state phase transformation,
grain growth, and electrochemical deposition [19]. In our previous review, we introduced
the theoretical framework of the electrochemical phase-field model and reviewed existing
phase-field simulations, especially for electrochemical dendrites [18]. For the application
of phase-field model in dendrite growth under separators, Jana et al. explored the effects
of pore size on Li dendrite growth through phase-field simulations. Four distinct regimes
of dendrite growth were identified, specifically suppression, permeable, penetration, and
short circuit regimes, which can serve as a guideline for designing improved separators [20].
Li et al. applied the phase-field model, which takes the separator phase into account to con-
struct the total free energy, to study the ion re-distribution behavior and dendrite inhibition
effects of porous separators with different pore sizes [21]. Nevertheless, the influence of
separator thickness and surface coating on dendrite growth has not been fully understood.
Herein, we apply the phase-field model to investigate the influences of separator thickness
and surface coating on dendrite morphology, aiming to provide rational guidance for
designing high safety battery separators.

2. Methods

The investigated system was a typical half-cell consisting of the lithium metal anode,
electrolyte, and porous separator. The electrochemical phase-field model, proposed by
Chen et al. [22], was used to investigate the effects of separator thickness and surface
coating on ionic transport in the electrolyte and deposition on the electrode. We introduced
two phase-field variables, ¢ and ¢ (ranging from 0 to 1), and a concentration set, {c;}
(i = Li, Li*, and anion A™"), to describe the system. ({ = 1,¢ = 0) denotes the electrode,
(& = 0,¢ = 1) denotes the separator, and ({ = 0,¢ = 0) denotes the electrolyte. The total
free energy of the system can be written as

F= /V [fch (C, ¢, {Ci}) + fgmd(V§1 V‘P) + felec({ci}r (D) + fns(g)]dv @

where @ is the electric potential; f, forq4, and fejec are the chemical energy density, gradient
energy density, and electrostatic energy density, respectively; f,s = 1 (&)xy is a noise
function representing fluctuation, with an interpolating function /’(¢), a random function
X, and the amplitude of fluctuation .

The chemical free energy density is expressed as follows:

fen(@, @, {ci}) = Licipf + RT (Cm In L5 4 ¢ g In A2 ) @)

FWor22(1 — &) + Woad? (1 — ¢)* + Wip2¢?

where 7 is the reference chemical potential of component i; R is the molar gas constant;
T is the temperature; and cy is the initial concentration of the electrolyte. The last three
terms on the right side represent interphase barrier potentials, with constants Wy;, Wy,
and Wyy. The gradient energy density is expressed as

Feraa(VE V) = 31+ Scos(@h)] (VE) + 3ra(V)? ©

where x; and «; are the gradient energy coefficients; ¢ is the anisotropic strength; w is the
anisotropic mode; 0 is the angle between the interface normal vector and the reference axis.
The electrostatic energy density is expressed as
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felec {C} (;D ZZPC@ (4)

where F is the Faraday constant and z; is the valence of component i.
The electrochemical reaction rate can be expressed from the Butler-Volmer equation.
Thus, the evolution equations for ¢ and ¢ are

d ) / (-a)Fy o+ =y

af ~L; 5{; RyH () <e< 2 %e xT ) 5)
op _ _ of
3 = 25 (6)

where L1 and L; are the interfacial mobilities of the electrode and separator, respectively;
R; is the reaction constant; @ and 1 — « are the charge-transfer coefficients; and h(¢) =
&3(6&2 — 15¢ 4 10) is an interpolating function. The overpotential is defined as 7 = ¢ — @,
where @ is the potential of the Li metal anode and @y is the equilibrium potential without
electric current. The evolution equation of Li* concentration is

aCLl+
ot

F e
== V . <DL1+ VCLﬁ» + DLi+CLi+ m_,v(D) - Kg (7)

where D+ is the diffusion coefficient of Li* and K is the accumulation constant. The
evolution equation of electrostatic potential is described by the law of charge conservation

0
V- (0 V®) = Feis o, ®

where 0o = h({)opi + [1 — h(&)]oe is the effective electric conductivity and o1; and o, are
the electric conductivity of electrode and electrolyte, respectively.

All simulations in this work were performed with COMSOL Multiphysics 5.6 using
the finite element method. The phase-field simulations of the Li plating morphology
were conducted in a two-dimensional half-cell electrodeposition system with a size of
8 x 8 um?. The simulation domain was discretized by quadrilateral mesh at a minimum
size of 0.0005 um and a maximum size of 0.5 um. Adaptive mesh refinement was used
for improving the convergence and accuracy of the simulations. The adiabatic boundary
condition was used for the four boundaries of the phase-field variable and for the left and
right boundaries of the concentration and electric potential. The top and bottom boundaries
of Li ion concentration were set as 1 M and 0 M, while the electric potential at the top and
bottom boundaries were set as 0 V and —0.1 V. Detailed parameters are listed in Table 1.

Table 1. Parameters of the phase-field model.

Parameters Symbol Value

5x10 5 m3.J1.s71

Interfacial mobility 1 Ly

Interfacial mobility 2 Ly 1x1070m3.J71.s71
Reaction constant Ry 25571
Gradient energy coefficient 1 K1 833 x 1071 ] m™!
Gradient energy coefficient 2 K2 1.67 x 107107 m~1
Anisotropic strength o 0.05
Anisotropic mode number w 4
Barrier height 1 Wor 6x10°]-m~3
Barrier height 2 Wo2 6x10°]-m~3
Barrier height 3 Wio 6x10°]-m~3

Diffusion coefficient of Li*

3x10718m2.g71
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Table 1. Cont.

Parameters Symbol Value
Li* concentration of electrolyte Co 1 x 103 mol - m—3
Charge transfer coefficient o 0.5
Electric conductivity of electrode Ot 1%x107S-m™1
Electric conductivity of electrolyte Oe 0.1S-m™!
Accumulation constant K 1.92 x 10° mol - m—3
Temperature T 298.15 K

The simulations presented in this work focus on the dendrite inhibition of separator
thickness and surface coating. Accordingly, a number of simplifications were made, e.g.,
assuming a concentration-independent diffusivity and neglecting the mechanical dendrite-
separator interactions, electro-convection effect, and secondary reactions. Separators with
idealized pores were utilized to investigate the effects of separator thickness and surface
coating on ionic transport. These idealized pore separators allowed different characteristics
to be decoupled.

3. Results and Discussion
3.1. Li Dendrite Growth in Batteries without Separators

First, dendrite growth without a separator was conducted to test the validity of the
electrochemical phase-field model. In this study, we introduced a noise function fys (&)
to simulate the local thermal and structural heterogeneity stemming from anodic defects,
imperfect contact with the interface, local temperature variations, etc. [23] Electrodeposition
is an intrinsic process without initial artificial nuclei, which can avoid disturbances resulting
from the size, shape, and orientation of artificial nuclei. The initial phase-field variable (¢),
Li* concentration (c;;+), and electric potential (®) are shown in Figure 1a,e,i. The electrolyte
has a high Li* concentration (¢ = 0) and the anode has zero Li* concentration (§ = 1).
The electric potential of the anode was fixed at —0.1 V, which linearly increases from the
electrode/electrolyte interface to the top of the simulation area (Figure 1i). The foregoing
parameters remain the same for all simulations hereafter unless specified otherwise. A
large concentration and electric potential gradient occurred near the anode/electrolyte
interface, which acts as the driving force of Li electrodeposition.

During the charging process, the evolution of the phase-field variable, the Li* concen-
tration, and the electric potential are shown in Figure 1. After an electrodeposition process
of 0.6 s (Figure 1b,f,j), the roughness of the interface occurred obviously. With formation
of small nuclei at the interface, the tip region had a slightly higher concentration than the
valley region. Further growth of these nuclei led to the formation of long dendrite-like pat-
terns (Figure 1c,d). The difference between the Li* concentration surrounding the dendrite
tips and valley regions continued to grow (Figure 1gh), since the Li* diffusion paths of
dendrite tips were shorter than that of the valley regions [23]. This distribution further
promoted Li deposition on the dendrite tips. With dendrite growth, the electric potential
near the dendrite tip was lower than the surrounding valley region (Figure 11); thus, there
appeared a transverse component for the electric field, which facilitates Li* transport from
both the electrolyte and valley regions to the dendrite tips and further promotes dendrite
growth [23]. The simulation results are in good agreement with experiments and thus show
the validity of the electrochemical phase-field model above.
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Figure 1. Phase-field simulation for Li dendrite growth without separator: (a—d) phase-field variable,
(e-h) Li* concentration, and (i-1) electric potential.

3.2. Effects of Separator Thickness on Li Dendrite Growth

In order to investigate the effect of separator thickness on the Li deposition, the
simulation above was further extended to the case with a separator. The effect of separator
thickness on dendrite growth was investigated by conducting phase-field simulations with
four kinds of porous separators (thicknesses: 1 um, 2 pm, 3 pm, and 4 um) (Figure 2). The
results indicated that with the increase of separator thickness, electrodeposition becomes
more homogeneous and the average height is shorter.

thickness=1 um 2 um 3 pm 4 um

a

PN .2
A bﬂfﬂlwmi aad,

Figure 2. Phase-field simulation of Li deposition under separators with different thicknesses: (a-d) phase-
field variable at 1 s, (e-h) phase-field variable at 2 s.

The evolution of the Li* concentration and the electric potential in the above four
cases at 1 s and 2 s are shown in Figure 3. It can be observed that during the nucleation
and initial stages of dendrite growth (Figure 3a—d,i-l), both the lithium ion and electric
potential distributions were similar under different separators. While electrodeposition
occurred, the lithium ion and electric potential distributions under different separators
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were quite different (Figure 3e—h,m—p). After a period of initial deposition, there were
several dendrite tips under each separator, which produces a transverse electric field
and causes “ion tip aggregation effect” that accelerates uneven dendrite growth. For
thicker separators, the lithium ions can be divided and constrained within longer channels,
thus retarding the transverse migration of lithium ions, eventually generating a more
uniform Li* flux/electric field distribution, and, therefore, yielding a more homogenous
Li deposition. In contrast, the ion distribution under thinner separators is heterogeneous
and causes a larger concentration/electric potential gradient near the dendrite tips, and,
accordingly, aggravates uneven dendrite growth. Consequently, the design and fabrication
of thicker separators is needed to promote more uniform mass transport and suppress
dendrite growth.

thickness=1 um 2 um

a) b)

3 um

(©) (d) arn e

g) CLL+(M) ¢

" Hlal Helell Ny ""'"-“ .‘r,v',‘\‘ ﬂ I
0.0 0.0
o TR .
EI— afile )
2 |||||||
0.05 0.5
b
| -0.18 0.0
X

Figure 3. Phase-field simulation of Li deposition under separators with different thicknesses: (a-d) Li*

distribution at 1 s, (e-h) Li* distribution at 2 s, (i-1) electric potential at 1 s, (m—p) electric potential at 2 s.

3.3. Effects of Surface Coating on Li Dendrite Growth

In recent years, separators with various surface modifications for Li dendrite sup-
pression have been reported, while most of them mainly focus on preventing dendrite
proliferation and growth, including enhancing the mechanical strength of separators and
dissolving dendrites with Li reactions [14,24]. However, the essentially inhomogeneous Li*
flux that leads to dendrite nucleation and growth has not been addressed, thus limiting the
improvement of electrochemical performance.

Li* can only migrate through the separator pores in routine Li metal batteries; there-
fore, Li* are very crowded near the pores after crossing the separator. This leads to the
enrichment of Li* on the anode around the separator pores and the impoverishment of Li*
around the separator skeletons (Figure 4a). Zhang et al. [25] reported on a composite sepa-
rator consisting of a Lig 75La3Zr 75Tag 25012 (LLZTO) coated polypropylene (PP) separator
(Figure 4a), which has abundant three-dimensional ion-conduction channels to release
ionic congestion and guide Li* to deposit uniformly (Figure 4b). Herein, we will further
explore the effects of surface coating on Li deposition through phase-field simulations.
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Figure 4c—h exhibit Li deposition during 1-3 s under a single layer separator and coated
separator. For the single layer separator, Li dendrites grew quickly without hindrance
from protective layers. On the other hand, the separator with a particle coating reduced
the formation of long and uneven dendrites. The tips of sharp dendrites were deflected
once they contacted the curved surface of the particle coating. The tortuosity generated
by curved and narrow channels between particles increases the length of pathways for Li
dendrites, thus protecting the separator from puncturing.

LI (M)

¥ position (um)
PR

0.0 0.0

e . Pl

X position (um) e ~ -
@ Liions [ PP separator skeleton @ LLZTO layer as ion redistributor

Figure 4. Schematics, ionic distribution, and SEM images of Li metal anodes using (a) PP separator
and (b) LLZTO coated PP separator [25]; simulation results of phase-field variable under (c,e,g) single
layer separator and (d,f,h) coated separator.

The distributions of lithium ions and electric potential under the above two cases at
1s,2s,and 3 s are shown in Figure 5. Normally, Li* moves more slowly than electrons,
so concentration polarization occurs. At the early stage, concentration polarization under
the coated separator was slightly more severe than that under the single layer separator
since the coated round particles cause slightly higher ion concentration fluctuation. When
dendrites approached the separator, the particle coating reduced the growth speed of
the dendprites and Li deposition became more uniform because: (1) the particles and the
inter-particle channels can regulate movement of Li* and homogenize its distribution; and
(2) coated round particles can change dendrite growth direction, promote lateral growth,
decrease dendrite growth speed, and smooth the deposition morphology, which in turn
homogenizes lithium ions and the electric potential distribution.
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Figure 5. Li* concentration under (a,c,e) single layer separator and (b,d,f) coated separator, and

electric potential under (g,i k) single layer separator and (h,j,1) coated separator.

4. Conclusions

We used the electrochemical phase-field model to simulate the effects of separator
thickness and surface coating on Li dendrite morphology. Compared with thinner sepa-
rators, dendrite growth under thicker separators was relatively uniform and the average
dendrite length was shorter since the ion concentration within thicker separators was
more uniform. The surface coating of separators can reduce the dendrite growth speed
by deflecting their tips and prolonging their growth pathways. Moreover, surface coating
can regulate Li* movement and homogenize Li* distribution, thus suppressing Li dendrite
growth. This work will motivate both theoretical and experimental studies on the effects of
separators on Li dendrite growth in the future.
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