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Abstract

Lithium metal batteries (LMBs) are considered one of the most promising next-generation
rechargeable batteries due to their high specific capacity. However, severe dendrite growth and
subsequent formation of dead lithium (Li) during battery cycling process impede its practical
application. Although extensive experimental studies have been conducted to investigate the
cycling process, and several theoretical models were developed to simulate the Li dendrite growth,
there are limited theoretical studies on the dead Li formation, as well as the entire cycling process.
Herein, we developed a phase-field model to simulate both the electroplating and stripping process
in a bare Li anode and Li anode covered with a protective layer. A step function is introduced in
the stripping model to capture the dynamics of dead Li. Our simulation clearly shows the growth
of dendrites from bare Li anode during charging. These dendrites detach from the bulk anode
during discharging, forming dead Li. Dendrite growth becomes more severe in subsequent cycles
due to enhanced surface roughness of the Li anode, resulting in increasing amount of dead Li. In
addition, it is revealed that dendrites with smaller base diameters detach faster at the base and
produce more dead lithium. Meanwhile, the Li anode covered with a protective layer cycles
smoothly without forming Li dendrite and dead Li. However, if the protective layer is fractured,
Li metal preferentially grows into the crack due to enhanced Li-ion (Li") flux and forms a dendrite
structure after penetration through the protective layer, which accelerates the dead Li formation in
the subsequent stripping process. Our work thus provides a fundamental understanding of the
mechanism of dead Li formation during the charging/discharging process and sheds light on the

importance of the protective layer in the prevention of dead Li in LMBs.

Keywords: Dead lithium, protective layer, phase-field simulation, dendrite growth, cycling.
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1. Introduction

Demand for lithium-ion batteries (LIBs) is growing due to an increase in the production of portable
electronic devices and electric vehicles (EVs). ! For decades, graphite has been extensively used
as the primary anode material in traditional LIBs. Unfortunately, graphite has reached its
theoretical limit due to its low specific energy capacity (372 mAhg!) and is not suitable for high-
capacity batteries. > The growing need for high-capacity batteries has prompted the search for
alternative anode materials. 3 Over the past decades, lithium metal batteries (LMBs) have emerged
as an alternative to LIBs due to the high specific capacity (3860 mAhg!) and low redox potential
of lithium metal (-3.04 V vs. standard hydrogen electrode) used as anode materials. 3 Nevertheless,
severe dendrite growth during the cycling process impedes its practical application. > These
dendrites reduce the Coulombic efficiency of the cell and cause safety issues due to short-
circuiting. 4 Additionally, during discharging the dendrites can easily lose the structural connection
to the bulk anode and form dead Li, which no longer participates in the subsequent charging-
discharging process, causing irreversible capacity loss. > The continuous formation and subsequent
pile-up of dead Li during each cycle may build a thick layer of dead Li on the lithium surface,

hindering the transport of Li ions (Li") from electrolyte to electrode. ¢7

Several experimental studies have been conducted to study the dead Li formation process and to
develop measures for the prevention of dead Li. Both qualitative and quantitative approaches have
been utilized to investigate Li plating/stripping behavior, such as operando nuclear magnetic
resonance (NMR) spectroscopy, ® ° operando neutron depth profiling, '© in-situ transmission
electron microscopy (TEM), !> 12 and in-situ optical microscopy '3 4. Strategies that have been
proposed to minimize the amount of dead Li include the use of an artificial protective layer, ! 16

reactivating dead Li by the use of additives in the electrolyte, '7-1° and creating a lithophilic surface

3
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via surface chemistry tuning. 2° A simple strategy to minimize dead Li is to inhibit dendrite growth
in the first place. The structural morphology of the dendrites, particularly the whisker type, makes
them very prone to losing structural connection and forming dead Li during Li dissolution.
Whisker dendrites can easily dissolve and detach from the anode at the base due to the narrower
neck of the dendrite base. 2! On the other hand, chunky dendrites, having large diameters, are less
prone to dead Li formation. 22 Once the dendrites form on the Li anode surface, they become more
severe in the next cycles due to the formation of pits or caves, which increases the Li anode surface
roughness and hence accelerates the dendrite formation. Consequently, the amount of dead Li also
increases in the next cycles, leading to severe performance loss. Unlike bare Li, Li anode covered
with a suitable protective layer performs smoothly even at higher cycles without forming dendrites
and dead Li, increasing the life span of batteries. 23 The protective layer reduces the concentration
polarization of Li* and electric field segregation on the Li surface by homogenizing the Li* flux,
resulting in dendrite-free deposition. 2* Since the protective layer inhibits dendrite growth, the

chances of dead Li formation are lower during the stripping process.

In parallel, theoretical studies such as phase-field modeling have proven to be very effective in
simulating Li dendrite growth and dead Li formation in Li metal batteries. In 2003, Monroe and
Newman 23 developed the first theoretical electrochemical model to simulate Li dendrite growth
in a lithium-polymer cell. In 2004, Guyer ef al. developed an equilibrium linear phase-field model
to study electrochemistry and later advanced their model to explore electrodeposition kinetics in
one dimension. 2% 27 Based on these earlier models, Liang et al. ?® developed a one-dimensional
non-linear phase-field model to study electrode-electrolyte interface evolution. In recent years, the
phase-field method has been further developed to study multiple factors affecting dendrite growth

such as mechanical stress and strain, 2% 30 external pressure, 3!-3? grain boundaries and porosity of

4

ACS Paragon Plus Environment

Page 10 of 38



Page 11 of 38

oNOYTULT D WN =

ACS Applied Materials & Interfaces

solid electrolyte, 33 34 thermal effects, 3 and the effect of a protective layer. 3¢ 37 Nonetheless, the
phase-field method has been less developed and utilized to study dead Li formation. Recently,
Zhang et al. developed a non-linear phase-field model to study dead Li formation in LMBs. 33
More recently, Gao et al. and Shen ef al. studied the effect of external pressure on dendrite growth
and dead Li formation using the phase-field method. 3> 3° However, these models are limited to
investigating simple Li plating and stripping behaviors and lack a detailed and comprehensive
study of the cycling process. In addition, the effect of a protective layer on Li plating/stripping

cycles has been barely studied using phase-field methods.

In this work, we developed a phase-field model to study the dynamic morphological evolution of
Li anode during plating/stripping processes. To be consistent with the real situations, we employed
potentiostatic conditions for the charging process and galvanostatic conditions for the discharging
process. First, we studied the cycling process in a bare Li anode and later introduced a protective
layer on top of the Li anode. Temporal evolutions of Li* concentration and electric potential were
studied. Effects of the geometry of dendrites on dead Li formation were also explored. In addition,
the effects of a fractured protective layer on Li plating/stripping were investigated. Our simulation
results thus provide fundamental insight into the plating and stripping behavior during the cycling

process in LMBs.

2. Methods

In this work, a half-cell model comprising a Li anode, a protective layer attached on top of the Li
anode, and an electrolyte solution was used for the investigation. Order parameters &; and &, were
introduced to describe Li anode (§; = 1, & = 0), protective layer (§; =0, & = 1), and electrolyte (;

=0, & =0), and their values continuously change from 0 to 1 across the interface. The components

5

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

of the electrolyte solutions are cations (Li*) and anions (A-), and only cations (Li") are assumed to
be mobile. It is assumed that the lithium metal surface has enough electrons (e°) to reduce all the
incoming Li" into Li atom (Li* + e — Li) and deposit on the Li anode surface. Additionally, it is
assumed that the protective layer is a good ionic (Li") conductor but a bad conductor for electrons,
i.e., its electrical conductivity is very low. Finally, the system is assumed to be isothermal, and all

the simulations were performed at room temperature.

Based on our previous work, 3¢ the total free energy of the half-cell battery system is,

F=[,[fen(Ci§182) + felec(d,C) + fgraa(VE1,V62)1dV (1)

where fgrqa, fen and feo. are gradient energy density, Helmholtz free energy density, and

electrostatic energy density, respectively. The Helmholtz free energy is the combination of local

free energy density (f) and ion mixing energy (f;,»)- The local free energy density takes the form
fo= WiEt(1 — &) + W,E5(1 —&,)% + %{%E%, where W1 =0.25 and W, =0.15 are the
energy barrier height of the double-well function for the Li anode and protective layer,

respectively, and ¢ 1%&52 is a cross-term that yields three minimum values for three equilibrium
regions 1i.e., for Li anode, protective layer, and electrolyte. The gradient energy density can be

written as fgrqq = %(VE )%+ %(V{ )%, where where k; and K, are the gradient energy
coefficients of lithium metal and protective layer, respectively. We added an anisotropic gradient
energy coefficient for the Li metal surface to mimic dendrite growth. The anisotropic gradient
energy coefficient takes the form x; = ky[1 + dcos(w@)], where kg, §, w, and 6 denote the
surface energy coefficient, strength of anisotropy, mode of anisotropy, and the angle between the
reference axis and vector normal to Li interface, respectively. The complete descriptions of the
above energy densities are provided in the literature. 404!

6
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The temporal evolution of order parameter £; during charging is governed by the equation,

| = Cir exp |t} @

S o L (e iy (v2) ) — Ly (€ exp |22 L

081

where ¢ is the simulation time, L¢, is interfacial mobility for Li metal, L, is the reaction constant,
z is the valence of Li*, and 7 is the overpotential for the reaction. h(&;) = &13(10 — 15&1 +6&,?)
is an interpolation function and h'(§,) = dh(&1)/0&, confines the charge transfer reaction (Li* +

e = Li) to be at the Li/electrolyte interface. ¢ = # = 0.5 are the symmetric factors (¢ + f = 1), R

. . . . . Vin . .
is the universal gas constant, and 7 is a temperature in Kelvin. n,, = UT is an additional term

induced by the mechanical stress (o) which modifies the overpotential, where V,, = 1.3 x 10>

m3/mol is the molar volume of Li, and F is Faraday’s constant. 3

During the discharging process, the temporal evolution of order parameter &, takes the form,

5=~ fabe %2 0 (PE)} = falyh @lexp [ — ¢ exp [L2]} )

where f; = step(#) is a step function whose value steps from 0 to 1 at # >1,1e.,

when >1, fa=1 and when ﬁ< 1, fa=0. fg=1 represents active lithium,

_¢
$.—0.01
whereas f; = 0 represents dead lithium. ¢ is electric potential and ¢, is a reference electric

potential whose value is equivalent to the potential of the active Li anode.

To apply the effect of mechanical stress on the Li cycling process, we solve the mechanical
equilibrium equation to obtain the local elastic stress distribution. The mechanical equilibrium

equation is expressed as,

V-6=0 4)

7
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where o = C5Teel and e8! = &7 — 0. ¢!, €0, and eTare the elastic strain, inelastic strain, and total
strain, respectively. CS7 is the elastic stiffness tensor whose value depends on elastic modulus and
Poisson’s ratio. The inelastic strain is generated due to the volume expansion of the Li anode
during deposition and can be expressed by €0 = V4é1. Vg4 is a diagonal matrix composed of
Vegard’s strains coefficient, also known as the eigenvalue of strain tensor, and its value is obtained

from the literature. 2° We assumed plane strain conditions for our model.

The temporal evolution of the protective layer (§;) is expressed by the following equation,

= - Ll o(ve) -0 ©

where Lg, and k;, are interfacial mobility and gradient energy coefficient for the protective layer,
respectively. D is a driving force that is responsible for the motion of the protective layer during

Li surface movement. Based on our earlier work, 3¢ we define D Fas
_ ’ ' 0¢>
Dy = [max{ —HEON A6 E2 + cnlb (6

where AG is the Butler-Volmer expression defined in Eq. (2), and b is a driving force constant. d,,,

B . .. .. . .
= ﬁp,ﬁ is an additional driving force term that captures the deflection of the protective layer

caused by mechanical stress during Li deposition, and C is a calibration factor. We used the

: : PI3 :
maximum deflection of a beam theory 8,4, = 18E, 1, 1O determine d,,, caused by the stress, where

P is the force; [, E,, and I, are the length, modulus of elasticity, and moment of inertia of the
protective layer, respectively. 4> We replace force (P) with stress (o) to make sure that the unit of
d,, becomes m"!, which is compatible with D¢ in Eq. (6). Furthermore, a calibration factor (C) is

also included in Eq. (6) to simulate accurate deflection of a protective layer. It is seen that d,,, is

8
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inversely proportional to E,, indicating that a higher modulus of elasticity of the protective layer

can better suppress the dendrite growth. An experimental study suggests that protective layer with

modulus of elasticity value of 6.85 GPa is sufficient to suppress the Li dendrites. 43

The temporal evolution of Li* concentration is governed by the Nernst-Plank equation,

acr . . Gl
—LL =V - [DIVC e + uyCryr 2FY] =K ()

where K is a constant that defines the annihilation/accumulation rate of the Li* at the Li interface,
¢ is electric potential, p;; is the mobility of Li*, and z is the valence number. D¢/ = D h(&;) +

Ds(1 — h(&;) —h(&2)) + D,h(&5) is the effective diffusivity of the Li* and h(§;) = &,3(10 — 15
&5 +6&,2) is an interpolation function defined by &,, where D, D, and D,, are the diffusivity of

Li" in the Li metal, electrolyte, and protective layer, respectively.

Assuming the system to be charge neutral, the electric potential distribution is calculated by

solving the current continuity equation,

V- (0°1Vp) =RS5E ()

€ ot

where 0¢// = o.h(&1) + 05(1 — h(§1) — h(&2)) + o,h(&2) is the effective electric conductivity
of the system; o,, g5 and g, are the electrical conductivity of Li anode, electrolyte solution, and

protective layer, respectively. Since the protective layer is assumed to be electrically insulative,

we approximate g, = g, for our simulations. R, is a current constant.

It is more realistic to apply galvanostatic conditions for the discharging process, i.e., the current
density remains constant while the electric potential may change. The discharging current density

can be approximated using the Tafel equation, #*

9
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where I is an exchange current density. The total current depends on the Li metal interfacial area
where an electrochemical reaction (exchange of electrons) occurs. Therefore, the current density

can be assumed to be proportional to the surface area of the Li interface by modifying Eq. (9),

7 S
I~ loexp{<ZE0= (10)

where S is the interfacial area of Li metal, and S, is the initial interfacial area of Li metal att =0

s. We define the Li interfacial region as 0.05 < é; < 0.95.

The overpotential can be obtained by solving Eq. (10) as follows,

< et 3D

Our phase-field model was developed based on the COMSOL Multiphysics platform and all the
equations were solved using finite element methods. The model geometry consists of a two-
dimensional square-shaped domain with the size 500 um x 500 um. The real parameters were
converted into normalized parameters using characteristics length (l), characteristics time (Atg),
and characteristics energy (Eg). The detailed formulas for parameter conversion, real values, and
their normalized values are shown in Table 1. Zero flux boundary conditions were applied for
parameters &1 and &,, while Dirichlet boundary conditions were applied for electric potential (¢)
and Li" concentration (C;+). The Li* concentration (Cp;+) is normalized by dividing with the
bulk concentration of Li* ions, i.e, C};+ = Cp;+ /Co, Wwhere Cy = 1 mol/L. For the charging process,
electrical potential ¢ is set as a fixed value at both left boundary (¢ =-0.35 V) and right boundary
(¢ = 0 V), whereas the value of Cj,+ is set to be 1 at the right boundary. Similarly, for the

discharging process, the value of ¢ is set to be 0 V at the right boundary, while it is set as a variable

10
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1
2
2 at the left boundary. A schematic illustration showing boundary conditions can be found in the
6 supporting information (Figure S1). The Li* concentration in the electrolyte solution is set to be 1
7
8 mol/L.
9
10
11 Table 1. List of parameters and their normalized values.
12
13 Parameters Symbol Real Value Normalization Normalized References
14 value
15 Interfacial rpobility for Leq 2.5x10"%m3 ifl = Lgy X (Eg X Atp) 3750 1
16 Li /{J X s)
17 Reaction constant Ly 0.001/s i’n = L, x Aty 1 [*9]
18 Interfacial mobility for Ley 2.65x 1077 m3 2,52 = Lgy X (Eg X Atp) 600 3]
19 protective layer /U X s5)
20 Barrier Height 178 3.75 x 105 J/m3 Wl = W, /E, 0.25 1
21 e e e e N
29 Li* diffusivity in Dg 2.5x 10712 m2 D, = Ds /(13 / Aty) 1 9]
% electrolyte /s
i Li* diffusivity in D, 2.5 x 10-15 m2 b= D, /(] Aty) 0.001 [40]
5 electrode /s
22 Electrical conductivity os 0.1 S/m 0s = 10 ]
p of electrolyte o/ ((1% ] Atg) X (coF?
/RT))
28 Electrical conductivity e 1x 108 S/m 6= 1% 108 ]
29 of electrode e/ ((§ / Atg) X (coF?
30 . /RT))
31 Gradient energy kq,k; 5x 1075 ]/m k=k/(Eo x 1§) 0.01 [#1]
32 coefficients
33 Charge transfer B, a 0.5 - -
34 coefficient .
35 Driving force constant b 6 x 10710 m/s b=bx (Aty/ly) 0.01 Calculated
36 Modulus of elasticity E, 4.9 GPa Ee =E,/E, 3260 [*]
for Li
37 Modulus of elasticity E, 10 GPa E = Ep/Eo 6660 Estimated
38 for protective layer p
Moment of inertia for I 521 x107*m I =1./1 . alculate
39 fi ia f( P 18 4 i p/g 0.6 Calculated
40 protective layer P
41 Vegard’s strain Vg1 —0.86 x 103 —0.86 [*]
42 coefficients x 10~3
43 V22 —0.77 x 1073 —0.77 [*]
x 103
44 Va3 —0.52 x 103 —0.52 2]
45 x 1073
46
47
48
49
50
51 3. Results and Discussions
52
53 3.1 Charging/discharging behavior in a bare Li anode.
54
55
56
57
58 11
59
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First, we simulated the charging and discharging behaviors in a bare Li anode/electrolyte half-
cell model. We assume that the initial morphology of the Li anode consists of a flat surface
with a semi-circle protrusion at the surface center, which mimics the surface roughness (Figure
1a). During Li plating, the dendritic volume and morphologies are determined by both
nucleation and growth. When the applied overpotential is greater than the critical overpotential
for nucleation, Li embryos with a critical kinetic radius nucleate and grow. The nuclei which
are kinetically and thermodynamically stable start to grow at constant terminal velocity. After
the formation of stable lithium nuclei, the shape and microstructural development of the
deposits are primarily influenced by localized electric fields and morphological instabilities. 4°
During the first charging, the protrusion grows into a long filament-shaped dendrite while the
flat surface becomes thicker due to electrodeposition (Li* + e~ = Li), as shown in Figure 1c.
Nucleation and growth of smaller dendrites can also be seen at the top and bottom regions of
the Li anode surface, which is mainly caused by small surface roughness. After nucleation, the
dendrite growth was accelerated by the non-uniform distribution of electric field and Li* flux
over the surface of the Li anode, i.e., these values become higher at the tip of dendrites (Figure
S2). The evolutions of Li" concentration and electrical potential during the charging process

are shown in Figure 1d-f and Figure 1g-i, respectively.

12
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| FirstCharging >
t=150s $1

oNOYTULT D WN =

-0.35

35 Figure 1. Simulation results showing the first charging process in a bare Li anode. (a-c)
morphologies of Li anode at 0-300 s. The initial protrude grows into a large filament-like

40 dendritic structure. (d-f) Li* concentration. (g-i) Electrical potential.

43 During the first discharging process, the final morphology of Li (t = 300s) from the first
45 charging (Figure 1c¢) is taken as the initial condition, as shown in Figure 2a. The cell was
discharged at a constant current density of 2 mA/cm?. It is seen that during the Li stripping
50 process, the volume of the Li anode gradually decreases over time due to Li dissolution caused
52 by the reverse reaction (Li = Li* + ¢°), and dendrites are detached from the bulk electrode and

>4 turned into inactive lithium, also known as “dead Li” (Figure 2a-c). Once formed, these dead

58 13
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Li can no longer participate in further electrochemical reactions (Li* + e~ = Li), as a solid-
electrolyte interface (SEI) layer will form around the dead Li, blocking electrons in Li anode
from conducting to these dead Li. '7 The first dead lithium appeared after 80 seconds and its
amount increased over time until all dendrites were completely disconnected from the anode,
as shown in Figure 2j. Furthermore, the Li" concentration becomes very high at the active Li
metal surface due to Li atoms rapidly converting into Li* ions. On the other hand, Li*
concentration remains much lower near the surface of dead Li, as the electrochemical reaction
(Li = Li* + ¢°) cannot occur. These are clearly shown in Figure 2e, f. Finally, the surface area
of the Li anode gradually decreased throughout the stripping process, which eventually reduced
the current. Therefore, the electrical potential (¢) increased with time (Figure 2K) to maintain
the constant current density. These results agree well with the previous study. 38 It is also seen
that at the end of the stripping process, the surface of the Li anode becomes highly rough

(Figure 2c¢), which is expected to influence the subsequent cycling.

14
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Figure 2. Simulation results showing the first discharging process in a bare Li anode. (a-c)
morphologies of Li anode at 0-300 s. During discharging, the dendrites turn into dead lithium. (d-
50 f) evolution of Li* concentration. (g-i) evolution of electrical potential. (j) amount of dead lithium

52 versus time. (k) electric potential of Li anode versus time.
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To further explore the cycling process, we simulated the second charging and discharging cycle.
For the second charging, we choose the final shape of the Li anode from the first discharging
process (Figure 2¢) as the initial condition. The initial Li anode surface consists of pits or caves
(Figure 3a) that were formed during the first stripping process, which increased the surface
roughness. Soon after the second charging process starts, Li atoms nucleate on multiple sites all
over the Li anode surface (Figure 3b) and later grow into large dendrites (Figure 3d). The growth
of these multiple dendrites was caused by uneven electrode surface roughness which increases the
number of active nucleation sites, also known as “hot spots”, on the surface and Li atoms
preferentially nucleate on these sites because of reduced deposition interface energy. 46 47
Compared with the first charging process (Figure 1c¢), the Li surface after the second charging
resulted in more dendrites (Figure 3d). Similar formation of caves or pits during the discharging
process and the subsequent increases in nucleation sites and the number of dendrites in the next
cycle were also observed in previous experiments. ¢ 1348 Therefore, our simulation results agree
well with experimental results. Additionally, during the second discharging, the total quantity of
dead lithium increased (Figure 3h) as compared to dead lithium in the first discharging process
(Figure 2c¢). Also, the surface roughness of the Li anode increased after the second discharge
(Figure 3h). Therefore, the Li dendrite growth and the subsequent dead Li formation is a self-
accelerating process. *° These dead Li will further accumulate and form a compact layer on the
surface of the Li anode, hindering the mass transport of Li* ions. % 4% The loss of active Li anode
materials due to dead Li eventually causes capacity loss and failure of the battery. The Li*
concentration and electric potential corresponding to each state in Figure 3 can be found in Figure

S3.

16
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| Second CharmM

t=100s

oNOYTULT D WN =

B Active Li [ ] Dead Li

M Electrolyte

31 Figure 3. Simulation results showing the morphological evolution of Li anode during (a-d)

second charging, and (e-h) second discharging.

35 3.2 Effect of the geometry of dendrites on dead lithium formation.

In addition to the regular charging and discharging cycles, we further study the effect of the
40 geometry of the dendrites on dead lithium formation. For this study, we assumed four filament-
42 shaped dendrites of similar size and shape, but with different neck/root widths. The initial
44 neck/root width of the dendrites is set as 8 um, 11 um, 13 um, and 16 um, as shown in Figure 4a.
During the stripping process, it is seen that the dendrites having the smallest neck width (8 um)
49 detach from the electrode first, while the dendrites having the largest neck width (16 pm) detach
51 last (Figure 4b-d, g). It is also found that the amount of dead Li formed from a specific Li dendrite
decreases with increasing neck width (Figure 4e,f). This is because as soon as the dendrites are
56 detached from the active electrode, they become inactive and do not participate in the
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electrochemical reactions. Since dendrites with thicker necks remain connected to the active Li
anode and undergo electrochemical reactions for a longer time, more Li atoms are oxidized into
Li* in the electrolyte, and the final size of the dead Li becomes smaller. Several theoretical and
experimental studies on the Li dissolution phenomenon have been performed. For example,
Yamaki et al. °° developed a theoretical model to study the Li dissolution process for whisker-
shaped dendrites and found that at the beginning the dissolution occurred at the tips and kinks of
the Li whisker and later it dissolved at the base. Furthermore, dendrites with small diameters easily
detached from the electrode and produced a large amount of dead Li. Recently, Lee ef al. 4 used
molecular dynamics simulation to study the dissolution of filament-shaped Li dendrites during the
discharging process. They found that the dendrites dissolution process happened at certain
localized areas, especially at the bottom part, resulting in the formation of dead Li. Similarly,
through experimental studies, Fang et al. 2> compared the inactive Li formation mechanism
between dendrites of “whisker” morphology (small diameter) and of “chunky” morphology (wide
diameter). Their results show that whisker-type dendrites easily lost structural connection and
formed a large amount of dead Li, whereas chunky dendrites maintained good structural
connection and formed a small amount of dead Li. Therefore, our phase-field results agree well

with previous theoretical and experimental results from the literature.
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Figure 4. Simulation results showing the effect of the geometry of dendrites on dead lithium
formation during stripping. (a-e) morphological evolution of dendrites during stripping (0 — 60 s).
31 (f) Neck size versus the amount of dead lithium. (g) Neck size versus detachment time of dendrites

33 from the bulk electrode.

3.3 Charging/discharging behavior of Li anode with the protective layer.

40 Next, we include a protective layer on top of the Li anode to study its effect on the cycling process.
42 The thickness of the protective layer is set as 50 um. For convenience, it is assumed that the
diffusivity of Li" in the protective layer (D,,) is equal to that in the electrolyte (Dy), i.e., D, = Dg.
47 Equations (2), (4), (5), (7), and (8) were coupled and solved to obtain the results. The initial
49 morphology of the Li anode is the same as in section 3.1, however, it is completely covered by a
protective layer that moves along with the Li surface displacement. During the first charging, the
54 Li metal flat surface becomes thicker due to electrodeposition, while the size of the protrusion

56 almost remains the same (Figure Sa-c). The protective layer physically prevents the protrusion
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from growing into dendrites, enabling the smooth deposition of Li metal. Additionally, the
protective layer homogenizes the Li* ion flux by reducing large concentration and potential
gradient at the Li surface (Figure S5), resulting in a dendrite-free Li deposition. 3¢ 3! The Li*

concentration and electric potential can be found in supporting information (Figure S4).

During the first discharging, the thickness of the Li anode decreased over time as more and more
Li atoms were dissolved to form Li* ions. Unlike the bare Li anode, no dead Li was formed when
the Li anode was covered with the protective layer (Figure 5d-f). The dead Li is usually formed
by the structural disconnection of dendrites from the bulk electrode. Since the dendrite growth was
inhibited by a protective layer during plating, no dead Li was formed during stripping.
Furthermore, during the second charging, Li metal again grew smoothly without forming any
dendrites (Figure S5g-i), similar to the first charging process. Consequently, in the second
discharging process, the Li anode dissolved smoothly without the formation of dead lithium
(Figure 5j-1). Hence, our simulation results indicate that the protective layer not only inhibits
dendrite growth but also prevents the formation of dead Li. Experimental studies have verified that

a suitable protective layer can prevent dendrite growth and dead Li formation in LIBs. 32-34
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Figure 5. Simulation results showing the charging/discharging behavior of Li metal in the
presence of a protective layer. Morphological evolution of Li metal and protective layer during;
50 (a-c) first charging; (d-f) first discharging; (g-i) second charging; (j-1) second discharging. The

52 scale bar in (a) applies to all the figures.
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3.4 Effect of a fractured protective layer on the cycling process.

Finally, we study the effect of a fractured protective layer on Li plating/stripping behavior.
During Li deposition, high stress may be induced due to volume expansion of Li atoms, and the
local high stress could damage the protective layer, i.e., cracks may form. '¢ If the local stress at
the tip of the cracks exceeds the critical stress value, the cracks will propagate over time, resulting
in the fracture of the protective layer. 3 Once the protective layer is fractured, fresh Li is exposed
to the electrolyte, leading to irreversible capacity loss caused by the consumption of Li atoms and
electrolytes. *¢ In addition, Li metals will rapidly grow into the crack hole due to a large electric
field and enhanced Li* flux at the tip of the protrusion, which eventually turns into dendrites. 37> 58
To study these behaviors, we employed a protective layer with a pre-existing crack at the center,
as shown in Figure. 6a. The size of the crack hole is approximately 12 pm. During charging, Li
metal rapidly grows into the crack in the form of protrusion and soon penetrates the protective
layer. After penetration, it continues to grow into a large dendritic structure (Figure 6d). To
understand the mechanism of this phenomenon, we plot the electric field and Li* flux (calculated
as the product of diffusivity and concentration gradient) at different time frames. It is seen that the
electric field is concentrated at the tip of the dendrite (Figure 6f-h). Similarly, the Li* flux is
initially higher at the tip of the protrusion (Figure 6j), and after penetration the flux is still higher
around the surface of the dendrite, whereas it is low at the flat surface (Figure 61). The higher flux
and large electric field caused the protrusion to grow rapidly and penetrate the protective layer. It
is seen that the large dendrite thus formed is structurally connected to Li electrode by a narrow
neck/base passing through the crack hole. Consequently, during discharging, the dendrite quickly
dissolved at the base and easily disconnected from the metallic electrode, resulting in large dead

Li on the other side of the protective layer (Figure 6p). Our simulation indicates that the existence
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of a crack inside the protective layer can even accelerate the dead Li formation. Similar phenomena

of crack formation and penetration of the protective layer by dendrite during Li plating and

oNOYTULT D WN =

formation of dead Li during stripping were also observed in experimental studies. 1633

1 $1 &2

Electric
field

S0

33 Lit* Flux

Figure 6. Charging/discharging behavior of Li metal with a fractured protective layer. (a-d)
51 Evolution of Li metal (red region) and a protective layer (green region) during charging. (e-h)
53 Electric field during charging. (i-1) Li" flux during charging. (m-p) Morphologies of Li metal and

protective layer during discharging. The scale bar in (a) applies to all figures.
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4. Conclusion
In summary, we developed a phase-field model to successfully simulate the charging and
discharging process in a bare Li anode and Li anode with a protective layer. In bare Li, the initial
protrusion grows into filament-like dendrite during the first charging, and a small amount of dead
lithium is produced during the first discharging. However, during the second charging, the number
of dendrites increases due to the increase in surface roughness of the Li anode, which creates
additional nucleation sites for dendrites to nucleate and grow into larger dendrites. Consequently,
the amount of dead lithium also increases during the second discharge. Furthermore, it is found
that dendrites with narrower necks/roots can easily detach from an anode and produce more dead
lithium compared to dendrites having thicker necks/roots. In contrast, the charging and discharging
cycles are much smoother with the protective layer. The protective layer prevents the dendrite
nucleation and growth. As a result, no dead lithium is formed. Additionally, in the case of a
fractured protective layer, Li deposition occurs rapidly inside the crack due to an enhanced electric
field and Li" flux at the tip of protrusion and forms a larger dendrite. The dendrite breaks at the
base and turns into dead Li after stripping, indicating that a crack that penetrates through the
protective layer can accelerate the dead Li formation process. All our simulation results agree well
with previous experimental reports. Our work thus contributes to a deeper understanding of the Li
cycling process and can guide the design of an effective Li metal surface for highly efficient and

long-lifespan LMBs.
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