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The factors that influence the electrochemical behavior of lithium met-
al anodes: electron transfer and Li-ion transport
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Abstract:
rate and have proven to be an effective way to suppress dendrite growth in lithium metal anodes. An in-depth understanding of these

Structured carbon-based hosts for the Li anode both improve the transport of Li-ions and reduce the electron transfer

effects is needed to clarify the intrinsic electrochemical mechanism involved. We used the finite element method to simulate the two
crucial processes controlling Li-ion behavior, electron transfer and Li-ion transport, and visualized the local deposition rate, the over-
potential, and the Li-ion concentration in a three-dimensional (3D) Li//electrolyte//Li cell. Our analysis showed a competitive rela-
tionship between the rates of Li-ion transport and electron transfer. When the electron transfer rate is relatively slow, there are suffi-
cient Li-ions available near the anode surface and the deposition behavior is controlled by electron transfer. However, when the num-
ber of Li-ions is low, Li-ion transport dominates the deposition process because it is unable to keep up with electron transfer, and this
causes dendrite formation. Therefore, reducing the reactivity of the Li anode and accelerating Li-ion transport are the two key factors
to produce uniform Li metal deposition on the anode, particularly under fast charging conditions and in practical use.
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1 Introduction growth. The dendritic morphology leads to the cre-

] ) ] ation of loose structures that easily collapse to form
With the continued prevalence of electronic ] ) ) )

. } . “dead” Li during the cycling process, lowering the
devices, the demand for higher energy storage density ] ) )4
. . . . coulombic efficiency™ .
has been significantly increased, especially in the

. ) Even worse, such dendritic growths pose a risk
fields of rechargeable batteries and electric cars. The g P

. . . of piercing the separator and causing short circuit
energy density of Li-ion batteries based on the graph- p & p using e

. . [8] -
ite anode has almost reached the theoretical value fol- which could lead to catastrophic thermal runaway™ if

not detected in time. Researchers have been attempt-

lowing years of meticulous research and
development!. To surpass this ceiling, Li metal with ing to regulate the deposition behaviors of Li-ions in

the highest theoretical capacity (3 860 mAh/g), low order to resolve issues concerning the safety and cou-

redox potential (—3.04 V vs standard hydrogen elec- lombic efficiency of Li metal anodes for several dec-

trode), and low density (0.59 g/cm’) has been con-
sidered as the ideal anode material candidate for next-

4 such as

generation high-energy-density batteries
the Li-sulfur™ and Li-oxygen batteries®. However,
intrinsic issues like low coulombic efficiency, dend-
rite growth as well as safety concerns have still
hindered Li anode practical application” ™. Naturally,
due to the high chemical activity of Li metal and the
limited Li-ion transport ability of electrolyte, it would

inevitably cause uneven deposition and dendrite
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ades. Li metal batteries (LMB) have shown good per-
formance in coin cells. However, in practical pouch
batteries or under fast charging conditions, the inher-
ent problems of Li metal anodes are still difficult to
overcome'”’.

The challenge lies in the conflict between high
electron transfer rates and sluggish Li-ion transport
ability, thus, several techniques have been developed
to tackle these 2 problems, including structured

[10-11]

anode , electrolyte additives"*'*, functional sep-
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[15-16] [17-19]

arators , anode surface modification and arti-
ficial solid-electrolyte interphase (SEI?*?". The
structured anode such as carbon-based hosts tackle
this challenge by accelerating Li-ion transport and re-
ducing the electron transfer rate, thanks to their high
surface for Li-ion deposition and improved Li-ion
transport ability. This has promoted the advances in
suppressing Li anode dendrite growth and boosting
the coulombic efficiency™ >, However, correspond-
ing theoretical models are still required to explain how
these measures influence the intrinsic electrochemical
behaviors of Li-ions. Several theoretical calculations
based on the (P2D)

1529 were conducted to simulate the Li-ion

pseudo-two-dimensions
mode
electrochemical behaviors in the LMB through the
FEM, and they successfully visualized and predicted
the Li-ion deposition process and anode morphology
evolution®” ). However, these works generally simu-
late the influence of only a single variable on Li-ion
deposition behaviors and hardly consider the com-
bined effects of the basic processes of Li-ion trans-
port ability and electron transfer rate.

Based on electrochemical principles, the process
for Li-ion deposition can be divided into 2 distinct but
mutually influencing steps”®”** " The first step is the
transport of Li-ions from the bulk solution to the elec-
trolyte-electrode interface, followed by the release of
electrons to reduce the Li-ions to Li-atoms. In general,
in coin cell tests or at low charge/discharge rates,
LMB usually exhibits good cycling stability and dend-
rite-free morphology, which could be interpreted by
the fact that at small current densities, the speed of Li-
ion transport and electron transfer could be self-con-
sistent, i.e., there are adequate Li-ions at the interface
of electrolyte-electrode to be reduced, and the electro-
chemical behavior of Li-ions is controlled by electron
transfer. Nevertheless, at high-current densities dur-
ing fast charging or practical applications, the limited
transport properties of the electrolyte cannot match
the speed of electrons being transferred from Li-ions
to Li-atoms, therefore, the Li-ion deposition is Li-ion-

transport-controlled, causing a distinct Li-ion concen-

tration gradient near the anode surface and leading to
dendrite morphology™”. Therefore, a deep under-
standing of the roles of Li-ion transfer and electrons
transport in regulating the Li-ion electrochemical be-
haviors is imperative for Li anode protection.

Here, we present a quantitative analysis of the
Li-ion diffusion coefficient and the electron transfer
velocity which respectively contribute to the Li-ion
transport and electron transfer ability to regulate the
electrochemical behaviors. A 3D model to restore the
real Li metal anode was established, in which the
Nernst-Plank equation and Butler-Volmer equa-

tion!2s 3234

were solved by using the FEM based on
the Comsol Mutiphysics software to visualize the loc-
al deposition rate, overpotential as well as the Li-ion
concentration. Our work reveals the competitive rela-
tionship between Li-ion transport and electron trans-
fer, and suggests that keeping the rate of Li-ion trans-
port matched with the electron transfer could be bene-
ficial to dendrite-free morphology and more stable Li
metal anodes. Moreover, these results could serve as
the criterion for Li metal anode protection and could

be further used in other metal anode batteries.

2 Simulation sections

The FEM simulation was performed on the
COMSOL Multiphysics 6.0 platform. Coupled with
the tertiary current distribution module and deformed
geometry module, the following are the main calcula-
tions of the governing equations.

The basic transport equations and kinetics equa-
tions have been illustrated above. Moreover, the beha-
vior of Li-ions follows the mass conservation equa-
tion as well as the electrons conservation equation

de,
§+V><N,.:0 (1)

t
ZZiCi =0 2

where N, is the Li-ion flux, c; is the concentration, z; is
the valence of each species in the electrolyte. And the
boundary conditions near the substrate can be de-
scribed as:
1 Cri+ aaFnzr . aaFne
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where 7 is the normal vector of the boundary.

The resulting deposition morphology was as-
sumed to occur in the normal direction to the bound-
ary with a velocity v,:

he @)
where M and p is the molar mass and density of Li
metal.

To simulate the morphology of Li deposits, we
set the interface between the anode and electrolyte as
a free boundary. The deposition thickness of Li was
used as the displacement in the normal direction and

can be expressed by:

vV, =n—

7 ®)

In order to restore the rough surface of the real Li

anode, we set a random distribution function at the

electrode-electrolyte interface, the function is gener-
ated by

Sy = Z::_MZ:/:—N

a(m,n)*
21t (mx + ny)
+p(m,n)

6)
where x and y are the spatial coordinates; m and n are
the spatial frequencies; a(m,n) is the amplitude; and
@(m,n) is the phase angle. The amplitude is randomly
generated by a Gaussian distribution function, and the
phase angle and spatial frequency are derived from a
uniform random distribution in a limited interval.

The electrolyte parameters we used were from
LiPF, in EC : DEC (1 : 1), where the diffusion coef-
ficient D, was set as 2.69 ¢ "
as 100 A/m’. The stoichiometric coefficient of Li-ions

m’/s and the 0 was set

in the electrolyte is set as —1, and the stoichiometric
coefficient of Li-atoms on the electrode is set as 1.
Both the anodic and cathodic electron transfer coeffi-
cients were set as 0.5, the temperature was fixed at
298 K and the initial Li-ion concentration was set as 1
mol/L. To make sure the precision of the calculation,
the mesh quality is set as ultra fine.

3 Results and discussion

3.1 Basic electrochemical equations for Li-ion de-
position behavior

As shown in Fig. 1a, in the charging process, Li-

ions are transported from the bulk solution to the an-
ode surface and then reduced to Li-atom, which
mainly includes 2 major processes: electron transfer
and ion transport, and it could be expressed by the

simplified reaction”*:

Li*+e o Li (7

We can use the local current density at the elec-
trolyte-electrode interface to directly reflect the kinet-
ics of this reaction”®, which could be used to quanti-
fy the amount of Li-ion deposition. In general, achiev-
ing uniform Li deposition is equivalent to realizing
uniform distribution of local current densities at the
surface of Li anode, and the local current density (7,,.)
is affected by the overpotential of the anode surface

that could be described by the famous Butler-Volmer

. a'aFr] _QCFTI)]
o = lex [eXp( RT ) eXp( RT ®)

where R is ideal gas constant, 7 is temperature in

equation:

Kelvin, # is overpotential, @, and a, are the anodic and
cathodic charge transfer coefficients, respectively, and
i, 1s exchange current density which is defined as the

current density flowing equally in each direction at the

(a)

zFc,;
v,

Ny-==D,(Vey+ RT

Li-ion transport

~ -

Q &)
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Fig. 1

process with their corresponding controlling equations upon charging. The

(a) Schematic showing the Li-ion transport and electron transfer

Li metal anode morphology under (b) electron transfer control with suffi-
cient Li-ions and (c) Li-ion transport control with large Li-ion concentra-
tion gradient, the background color represents the concentration of Li-ions
and the lines at the electrolyte-electrode interface

show the local current densities
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reversible potential and can be used to characterize the

ease of a reaction to occurt®®*®

, moreover, it is closely
related to the electron transfer kinetics and the con-

centration gradient near the surface:

@V —a.v;

I ) e

;>0 i,v;<0

where c;» and ¢, is the concentration of Li-ion near
the anode and in the bulk electrolyte, respectively, i, is
the current density to represent the kinetics of elec-
trons, v; is the stoichiometric coefficients, n; is the
number of electrons transferred, and the overpotential
n above could be decided into concentration overpo-
tential 5. and electrochemical overpotential 7,, which

can be calculated from?" %

N=¢;=¢.=Uy=n:+1, (10)
where ¢, and ¢; are the solid phase and liquid phase
potential, respectively, U,, is the equilibrium potential
of the reaction. Because of the large 7 in the Li metal
anode, the Butler-Volmer equation could be simpli-

fied according to the above equations:

ifenn () =1 Jeo (i Peienn ()
(11)

Such an equation includes both the Li-ion trans-

port and the electron transfer, which manipulate local
current densities by influencing the corresponding
overpotential. Moreover, through this equation, elec-
tron transfer and Li-ion transport could jointly affect
the local current distribution on the surface of the Li
anode. Where f (Cci) is a function related to the con-

b

centration gradient near the anode surface, therefore,

the rate of the Li anode reaction could be divided into

a F e
electron transfer part (i,exp ( ad RTn

part (f(%)exp(%)).

The transport behaviors of Li-ions near the an-

)) and ion transport

ode surface are described by the Nernst-Planck equa-

tion:

zFcy
RT

where N, ;- is Li-ion flux, D+, z is the diffusion coeffi-

Ny = =Dy (VCLF + Vél) (12)

cient and electrons of Li-ions and F is the Faraday’s

constant.

Despite various equations and variables influen-
cing the deposition, we could extract 2 extremely crit-
ical parameters, diffusion coefficient of Li-ions D,
and the rate of electron transfer i,, in which they are
the key factors corresponding to characterize the abil-
ity of ion transport and electron transfer process, re-
spectively.

Fig. 1b ¢ show the Li-ion deposition behaviors
controlled by the electron transfer and Li-ion trans-
port. In order to systematically quantify the effects of
electron transfer and Li-ion transport in influencing
the electrochemical behaviors of Li anodes, we estab-
lished a 3D (40 pmx40 pmx20 pm) Li anode sub-
strate model with a randomly distributed rough sur-
face (Fig. S1) as the initial state to represent the real
situation. Based on this model, the FEM simulation
was performed using Comsol Multiphysics 6.0 plat-
form to visualize the concentration field as well as
electric field near the anode under different condi-
tions.

3.2 Li-ion deposition behaviors under different
applied current densities

The applied current density (i,,,) is a critical

app-
parameter that has significant impact on the behavior
of Li deposition””. On one hand, as the I,y INCTEAses,
the thickness of deposited Li also increases, causing
large volume expansion and stress concentration. On
the other hand, according to the famous Sand’s
time'*!, the time for Li-ion depletion on the anode side

is inversely proportional to the power of the i, , and

app
the dendrites grow easily once the Li-ions are de-
pleted. Therefore, measurements ranging from 0.1 to
1 mA/cm® with the same capacity were conducted to
investigate the impact of i, onthe Li-ion electro-
chemical behaviors. As shown in Fig. 2a, the morpho-
logy of deposited Li has minor differences when the
L, increased from 0.1 to 0.2 mA/cm’. However, when
it is enlarged to 1 mA/cm’, the Li anode displays a
significantly different morphology with obvious pre-
ferred deposition spots for Li-ions.

To better understand the phenomenon of differ-

ent morphology on the anode surface, we calculated
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Fig. 2 Under different applied current densities of

0.1 mA/ecm’®, 0.2 mA/cm’ and 1 mA/cm’ but with the same capacity
(1 mAh/cm?), the simulation results for (a) the deposition morphology of Li
substrate, (b) the relative current density (i, / i,,) distribution at anode sur-

face, and (c) Li-ion concentration distribution in the electrolyte

the i,,. distribution on the anode surface. Technically,
the i,,. reflects the local deposition rate which could be
directly used to accurately reveal differences in Li-ion
deposition morphology evolution*"**!. Despite the dif-
ferent i,,, used in this simulation, the ratio of the i, to
the i,,, (i,/i,,,) can be used to represent the relative
current densities at the anode and characterize the
probability for Li-ion deposition. From the simulation
results in Fig. 2b, the relative current densities distri-
bution is much more uniform under the lower i, for
0.1 and 0.2 mA/cm’, which is also consistent with the
morphology results. In contrast, under higher i,,, for 1
mA/cm’, the Li-ion deposition probability distribu-
tion on the anode surface is totally different and quite
uneven.

Subsequently, the Li-ion concentration distribu-
tion was calculated to further investigate the effect of
different i,,,. During charging, Li-ions are dissolved
from the cathode, while being consumed and depos-
ited at the anode, generating a concentration gradient

in the electrolyte. After enhancing the i, , the elec-

app?
tron transfer rate could be greatly accelerated, i.e., the
consumption of Li-ions at the anode side would be

augmented, though the enlarged i,,, could promote Li-

in time to the electrolyte-electrode interface and the
concentration gradient would be obviously enlarged.
In accordance with Equation (5), the ratio of Li-ion

concentration near the anode to the Li-ion concentra-

. . Cri .

tion in the bulk electrolyte (—-) could contribute to
Cp

the local current densities at anode surface and ulti-

mately cause differences in morphology evolution.

Cri+ .

L the greater the influ-
Cp

ence of Li-ion concentration on regulating the Li-ion

[39]

Additionally, the lower the

deposition
Fig. 2¢ and S2 is slight under the i,,, of 0.1 mA/cm’

. The Li-ion concentration gradient in

and 0.2 mA/cm’, implying that the Li-ion transport
factor would account little for the Li-ion deposition
behaviors, whereas the Li-ion concentration gradient
is tremendously enlarged when the i, is increased to
1 mA/cm’. Consequently, relative current densities
differ significantly compared to those of the smaller
i,,, 0 0.1 and 0.2 mA/cm’.

Therefore, the increase in i,,, simultaneously af-
fects both the rate of electron transfer and the Li-ion
transport, further influencing the local deposition
probability. To explore the essential electrochemical

behaviors specifically under the influence of high/low

Lapps
current density, overpotential and Li-ion concentra-

the surface distribution information of relative

tion were compared to determine their relationship.

We found that at small i

app>
distribution of Li substrate would be much more uni-

the deposition probability

form (Fig. 3a, d), and the similar phenomenon of ho-
mogenization also appears for the distribution of Li-
ion concentration and the overpotential at the anode
surface (Fig. 3b, ¢ and S3).

In addition to the uniform distribution, the intens-
ity of the overpotential is also relatively smaller when
the i,,, is changed from 1 (Fig. 3e) to 0.1 mA/cm’,
which could be explained by the distribution patterns
of Li-ion concentration at anode surface. Under the

higher i, the Li-ions are consumed faster, leading to

app?
lower concentration, and display uneven distribution
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Fig.3 The relative current density distribution at the anode surface under
the i,,, of (a) 0.1 mA/cm’ and (d) 1 mA/cm® with the same capacity
(1 mAh/cm?), the overpotential distribution under the i,,,, of (b) 0.1 mA/cm’

and (¢) 1 mA/cm® as well as Li-ion concentration distribution under the i

app
of (¢) 0.1 mA/cm® and (f) 1 mA/cm®. The scale bar in is10 um. (g) Compar-
ation for the distribution of relative current density and Li-ion concentra-

tion curves along the line at anode surface at the i,,, of 1 mA/cm’

(Fig. 3f), which would lead to local Cci in the direc-
tion perpendicular to the anode surfacbe and enlarge
the difference concentration distribution in the paral-
lel direction, eventually resulting in the enhancement
of concentration polarization and reflecting in the lar-
ger overpotential with uneven distribution. On the
contrary, under the smaller i,,,, there are abundant and
uniform distributed Li-ions near the anode substrate.
Under such conditions the overpotential for the Li-ion
deposition is mainly from the polarization of electron
transfer introduced by the rough anode surface. Be-
sides, analyzing the anode surface information, we
found that the regions with relatively fewer Li-ions
perfectly correspond to the regions with larger local
overpotential and higher deposition probability, espe-
cially at the higher i,,, . This phenomenon could also
be visualized by comparing the overpotential and con-
centration distribution curves (Fig. 3g) on the surface
cross-section at the i, of 1 mAh/cm’. Along the se-

lected curve (Fig. S4), the local shortage of Li-ions

causes an enlargement in the concentration polariza-
tion and leads to an increase in the total overpotential,
ultimately leading to a difference in local current
density. These results also confirm the point that both,
electron transfer and Li-ion transport modulate the
corresponding overpotential to affect the electrochem-
ical behavior of Li-ions according to Equation (5).

3.3 Li-ion deposition behaviors with different dif-
fusion coefficients

We have demonstrated that at high i, , the elec-

app>
trochemical behaviors of Li-ions are limited by Li-ion
transport ability which results in large concentration
polarization and dendrite growth, therefore, the Li-ion
transport ability needs to be discussed further. Theor-
etically, the transport of Li-ions in the electrolyte is
driven by migration triggered by electric fields and
diffusion caused by concentration gradients, however,
the migration rate is usually much faster than diffu-
sion, thus the diffusion of Li-ions becomes the speed-
determining step””. As a result, the diffusion coeffi-
cient D;, which is directly related to the diffusion
ability of Li-ions, becomes the key to studying the
transport capacity of batteries. In general, the D, is
determined by the physicochemical properties of the
electrolyte, such as viscosity, density, Li-ion concen-

tration and temperature'”

. The relationship between
the D, with temperature and the Li-ion concentration
is shown in Fig. S5, in which the Dy; is greatly af-
fected by temperature, according to the Arrhenius
equation. At low temperatures, the viscosity of the
electrolyte increases and the diffusion coefficient de-
creases, resulting in easier dendrite growth, reduced
coulomb efficiency, and limited fast charging per-
formance”.

Hence, we conducted the simulation for Li-ion
electrochemical behaviors under different D, gradi-
ents of 1 time, 5 times and 10 times (D, = M xD),.,
M=1,5,10) with the i,,, of 1 mAh/cm’. With the in-
crease of D,;, the transport capacity of the electrolyte
was effectively improved, and the Li-ion depletion has
been mitigated with a much smoother Li-ion concen-

tration gradient near the anode surface (Fig. 4a, S6).
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Due to the decrease of concentration gradient as well
as the concentration polarization, the total reaction
overpotential on the surface of the Li anode was also
correspondingly reduced and more evenly distributed
(Fig. 4b) according to Equation (5), which indicates
the improved reaction kinetics of the Li anode and
further leads to more uniform local electrochemical
reaction. Fig. 4c demonstrates that even under a large
current density, the homogeneous local current dens-
ity distribution and uniform deposition morphology
could still be achieved by improving the Li-ion trans-
port capacity. The above results indicate the critical
roles of improving the Li-ion transport capacity in
realizing homogeneous deposition of Li anode.

34

electron transfer rate

Li-ion deposition behaviors under different

In addition to the Li-ion transport factor, elec-
tron transfer rate was also taken into consideration.
Herein, a set of i, which characterizes the electron
transfer rate from 0.2 times to 5 times (i, = K x %, K =
0.2, 1, 5) was designed to perform the simulation
matched with different diffusion coefficients
(D =MxD)., M = 1, 10) under the i, of 1

mAh/cm’. As shown in Fig. 5a-b, different combina-

[ Increase of diffusion coefficient

a i-ion concentration in the electrolyte/(mo
(@) Li-i ion in the electrolyte/(mol/L
I 1.3
M=2 . M=A0
j
o =
e > | 0.5
(b) Overpotential/mV
I 36
I 28
q 1.25
0.55

Fig. 4 Li-ion electrochemical behaviors under different D ;+ gradients of 1
M=1,5,10) with the i, of

time, 5 times and 10 times (Dy;+ = M XD -

Lit
1 mAh/cm?’. (a) Li-ion concentration distribution in the electrolyte.
(b) Overpotential and (c) Relative current density distribution

near the anode surface

tions of Li-ion transport ability and electron transfer
rate present different distributed relative current dens-
ity distribution.

Specifically, in the case of low i, (K = 0.2), both
of the high diffusion coefficient (M=10) and low dif-
fusion coefficient (M=1) exhibit uniform reaction dis-
tribution, while at the high i, (K = 5) condition, the re-
lative current densities distribution of different Li-ion
transport ability present totally different patterns. At a
lower diffusion coefficient (M=1), as expected, the Li-
ions have more preferred deposition sites, eventually
resulting in the local dendrite growth (Fig. 5c-d). This
is attributed to the fact that after the anode electron
transfer rate increases, limited by the sluggish electro-
lyte transport properties, Li-ions could not be trans-
ported to the anode surface to be reduced to Li-atoms
in time, leading to the anode reaction controlled by Li-
ion transport. Therefore, when the anode electron
transfer rate is relatively high, the diffusion coeftfi-
cient must be synchronously improved, otherwise the
dendrite morphology is difficult to avoid. Conversely,
maintaining the diffusion coefficient at a higher level,
even if the anode electron transfer rate is accelerated,
the morphology of the could still remain relatively
uniform. Hence, keeping the transport capacity of Li-
ions matched to the electron transfer rate is crucial to
achieving a more stable Li anode.

Based on the above conclusions, the Li-ion trans-
port and electron transfer factors have synergistic ef-
fects modulating Li-ion deposition behaviors, which
could be useful to better understand the Li anode pro-
tection work:

(1) Structured anodes, such as punching holes in

[10-11]

graphene oxide hosts , carbon nanosheets'! and

porous carbon spheres®”

, are effective way to pro-
mote a more stable Li anode. On the one hand, the
porous structure could increase the surface area of Li
deposition and effectively reduce the applied current
density as well as the electron transfer. On the other
hand, the vertical channels structure greatly shorten
the actual path of Li-ion and promote the Li-ion trans-

port.
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Fig. 5 Li-ion concentration distribution in the electrolyte under different electron transfer rate from 0.2 times to 5 times (i, = K X ig, K=0.2, 1, 5) matched

with (a) high Li-ion coefficient (M = 10) and (b) low Li-ion coefficient (M = 1). (c) Distribution of Li-ion deposition morphology along the selected curve un-

der different combinations of electron transfer rate and Li-ion coefficient

(2) Organic and inorganic artificial SEI have also
been extensively applied to achieve uniform Li-ion
deposition. LiF has low Li-ion diffusion energy barri-
er and has been proven useful for facilitating the Li-
ion transport'”, and other component such as Li,N
has the chemical passivation ability to lower the Li
anodes electron transfer rate™'.

(3) In terms of electrolyte additives, which could
improve ionic conductivity by augmenting the type
and number of conductive ions'', or be helpful to
form the robust SEI to accelerate Li-ion transport!', it
also plays a role from the perspective of improving
Li-ion transport capacity.

Therefore, the current Li anode protection is ba-
sically carried out from the aspects of promoting Li-
ion transport and reducing the electron transfer rate

which could be interpreted by our simulation results.

4  Conclusion

Despite the volume of effort dedicated to the pro-

tection of Li anode for promoting LMBs from the as-

pect of accelerating Li-ion transport and slowing
down the anode reaction rate, a comprehensive con-
sideration for their joint influence has been lacking.
Therefore, a 3D model representing the real Li anode
was constructed to reveal their roles in controlling the
Li-ion deposition behaviors based on FEM method.
According to the Butler-Volmer equation, the Li-ion
transport and electron transfer factors manipulate the
Li-ion electrochemical behaviors by influencing their
corresponding concentration polarization and electro-
chemical reaction polarization, respectively. The joint
influence of parameters such as Li-ion diffusion coef-
ficient D, and the rate of electron transfer i, under
different i,,, were simulated to quantify and visualize
their impact on Li-ion electrochemical behaviors. Our
findings suggest that matching the speed of Li-ion
transport with electron transfer is the key to achieving
uniform deposition of Li anodes. Failing to do so
would lead to large concentration polarization and

dendrite growth. Consequently, our work could deep-
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ism of Li metal anodes underlying the experimental 2017, 117(15): 10403-10473.

. .. [3] Lin D, Liu Y, Cui Y. Reviving the lithium metal anode for high-
phenomenon from the view of Li-ion transport and
X . i . energy batteries [J]. Nature Nanotechnology, 2017, 12(3): 194-206.
electron transfer, offering theoretical guidance for Li _
[4] Tarascon J M, Armand M. Issues and challenges facing rechargeable
anode protection and facilitating the application of lithium batteries[J]. Nature, 2001, 414(6861): 359-367.
other metal anode batteries. [5] Zhou G, Chen H, Cui Y. Formulating energy density for designing
practical lithium —sulfur batteries[J]. Nature Energy, 2022,7(4):
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. . . batteries with high energy storage[J]. Nature Materials, 2012,
are openly available in Science Data Bank at https:// W
11(1): 19-29.
www.doi.org/10.57760/sciencedb.09394 or https:// ) ) )
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