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The direction of growth of neutral species in batteries and electrolyzers differs significantly. In a battery, dendrites can be formed
during the charging process and are perpendicular to the interface between electrode and electrolyte. The aim of this manuscript is
to address the origin of the growth orientation of the neutral metal and elucidate the factors that govern the dendrite growth by
using the concept of chemical potential of neutral lithium and the electronic current in the electrolyte. With the consideration of the
electronic conductivity in the ionic conductive phases, the chemical potential difference of lithium could be calculated across the
cell, and predicts lithium deposition in the solid-electrolyte interphase (SEI) layer. The electronically conducting metal precipitate
could work as a part of electrode and allow further growth along the current direction, resulting in the formation of dendrites.
During growth, the ionic conductivity and the thickness distribution of the SEI layer determine the growth kinetics and the dendrite
shape. A lower ionic conductivity and a nonuniform SEI layer lead to a sharp lithium dendrite. On the other hand, a low electronic
conductivity and a high ionic conductivity of the electrode/electrolyte interface are in favor of suppressing the formation of a
neutral species.
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Ur; Chemical potential of lithium in the cathode (J
mol ™)

fi Electrochemical potential of species i (J mol™")

o; Ionic conductivity (S m Y

o, Electronic conductivity (S m Y

of! Tonic conductivity of the electrolyte (S m™")

o’ Electronic conductivity of the electrolyte (S m ')

aiSEI Ionic conductivity of the SEI (S m Y

o3El Electronic conductivity of the SEI (S m™")

o,-CEI Tonic conductivity of the CEI (S m™ 1)

aeCEI Electronic conductivity of the CEI (S m Y

(0] B Electrostatic potential (V)

Q= £ L ® Electrical potential (V)

@° F The electrical potential of anode (V)

@° The electrical potential of cathode (V)

1) Fugacity coefficient of a gas

Q The lithium precipitate

19} The surface of lithium precipitate

The precipitation of neutral species is ubiquitous in an electro-
Iytic cell (i.e. a charging mode) to form Li-metal, O,, and H,, which
remains a critical issue in rechargeable batteries and electrolyzers.
For instance, cracks (Fig. la) were observed in solid oxide
electrolysis cells due to the precipitation of oxygen. These cracks
increase the resistance of an electrolyzer, decrease its efficiency, and
even lead to a complete delamination of the electrode from the solid
electrolyte.'

Another example is the deposition of metal-dendrites (Fig. 1b)
for species such as Li, Na, and Zn. Metal dendrites are formed near
the negative electrode of a battery during the charging process. The
sharp metal dendrite can punch through the separator, leading to a
short circuit of the battery. As a result, the formation of dendrites
becomes a serious safety issue in the batteries with a metal-based
electrode.™ A distinctive difference among these precipitates,
oxygen vs lithium, is that the relative orientation of cracks/dendrites
is different in the two cases in relation to electrolyte/electrode
interfaces and the direction of current. The origin for such a
distinctive difference has remained elusive.

It is known that the transport properties of the neutral species™’
play a key role in the evolution of a neutral species due to the change
of the potential profile in the electrolyte. The evolution of a neutral
species involves migration of multiple species in a series of chemical
and electrochemical reaction processes. These processes are almost
always coupled. Simplifications, however, are often made, such as,
for example, assuming that transport of a species occurs only down
its own chemical potential gradient. Such simplifications mean that
the coupling terms are entirely ignored and that the all-important
effects associated with linear non-equilibrium and nonlinear

non-equilibrium thermodynamics are left untreated. These over-
simplifications ignore the fundamentals of irreversible thermody-
namics and the resulting kinetics associated with coupling. Thus, it
renders the analysis incapable of producing reliable predications.

Proper treatment of the problem requires formulating the
governing equations within the context of non-equilibrium thermo-
dynamics. For systems close to equilibrium, Onsager equations
allow one to explore coupling between fluxes of various species, and
forms the subject of linear non-equilibrium thermodynamics.®
Onsager equations are given by J; = Z Ly Xy, where Xj is the

k
thermodynamic force on k, J; is the thermodynamic flux of i, and L
are the Onsager coefficients.'® Thermodynamic coupling is de-
scribed by nonzero cross terms, that is by Ly # 0.

The basic tenets of non-equilibrium thermodynamics under the
assumption of local equilibrium (assumption that is valid even in
systems far removed from equilibrium) lead to the conclusion that
even in electrolyte membranes, the electronic conductivity cannot be
set to zero mathematically. That is, the description of transport
requires that electronic conduction through predominantly ionic
conductors be taken into account, no matter how small the electronic
conductivity is. This immediately calls into question a commonly
made assumption of zero electronic current through an electrolyte,
which prevents the evaluation of the chemical potential of electri-
cally neutral species corresponding to the mobile ion.

For example, u;;—which is the chemical potential of neutral
lithium in a lithium ion (Li") conductor, such as the electrolyte of a
Li-ion battery—cannot be determined if one assumes that the
electronic conductivity of the electrolyte is mathematically zero.
The low-level electronic conduction is in part the source of the
Onsager cross terms and thus cannot be neglected, even when the
predominant current through an electrolyte is ionic. By considering
the electronic conductivity, the chemical potential of neutral species
in the electrolyte can be calculated based on the local chemical
equilibrium. The local equilibrium assumption provides full cou-
pling between the driving forces and leads to reduced but a complete
set of variables to simulate the operation of an electrochemical
system.g’1 =13

In this work, linear non-equilibrium thermodynamics and the
assumption of local chemical and thermodynamic equilibrium are
applied to investigate the formation and evolution of lithium
precipitates near lithium metal anode. The formation and the
evolution of an electrically conductive lithium dendrite is simulated
in the lithium electrochemical deposition system based on the
calculation of the measurable potentials. The growth rate and
the geometry of the lithium dendrite are highly dependent on the
properties of the solid-electrolyte interphase (SEI) layer on the
lithium anode.

Figure 1. (a) Cracks inside the electrolyte and electrode delamination.® (b) Lithium metal dendrites in a lithium cell with polymer electrolyte.*
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Thermodynamic Analysis of Transport in an Electrolyte

In an electrolyte, both ions and electrons/holes are the charge
carriers which move in the presence of a thermodynamic potential
gradient. The fluxes are considered linear functions of the chemical
potential gradients of the species. We assume that constituent mobile
ions M™* of valence m™, electrons (e”), and the corresponding
neutral species (M) are under local thermodynamic and chemical
equilibrium in the electrolyte.

MF) = M"™(F) + me™(F) [1]

The chemical potentials (u) of the reactant and products follow Eq. 2
at the position 7 (x, y, z) are given by

tyy (F) = pyym+ (F) + my - (F) (2]

In what follows the 7 is dropped. The chemical potential can be
evaluated by measuring the partial pressure (py,) and the fugacity
coefficient (¢by;) in a gas mixture or the concentration (c);) and the
activity coefficient (y,,) in a solution

P
My = pyy + RT In| ¢y, = [3]
Py
or
C
fy = Hy + RT In (m ?f] [4]
M

where ) is the chemical potential of M at the standard state; ¢y and

pYy are the concentration and partial pressure of M, respectively, at
the defined standard state; R is the gas constant; and 7 is the absolute
temperature.

For charge carriers in an electrolyte, their diffusion can be driven
by the electric field and the chemical potential gradient. As a result,
the physical property, the electrochemical potential (i), is needed.
The electrochemical potentials of M™* (jim+) and electrons (i,-)
are defined as:

ﬂMer = ,LtMrn+ + mF® [5]
and
fi=p —Fd [6]

where @ is the electrostatic potential and F is the Faraday constant.
The fluxes of ions (Jym+) and electrons (J.-), driven by the
electrochemical potential gradients, can be written as:

DMm+CMm+ 5
JMm+ = —TV,{,{M’M— [7]
D,c, _ _
Je ==Ly, )

Applying Eqgs. 5 and 6 to Eq. 2, the relation between the chemical
potential of neutral species (u),) and the electrochemical potentials
of M™* (jiym+) and electrons (fi,~) is given by:

My = Hppms + mil - [9]

From Eq. 9, one can see that, if the local chemical and thermo-
dynamic equilibrium is established in a finite volume, solving two
out of the three potentials (uys, fiym+, and fi,~) will provide all the
information on fluxes of the system. The flux of a neutral species
(Jar) 1s coupled to that of ions (Jy,=+) and electrons (J,-). Attention,

however, must be paid to the fact that only the chemical potential is
measurable based on Eqs. 3 or 4, while ® cannot be evaluated
directly. The cell voltage measured between the two electrodes in an
electrochemical device is related to the difference in electrochemical
potentials of electrons between the cathode (fi;-.) and the anode
(a):

~C ~a

Cell Voltage = — s + an
F F

[10]
The cell voltage shown in Eq. 10 is the difference between electrical
potentials of the cathode and the anode:
Cell Voltage = ¢¢ — ¢ [11]
The electric potential, ¢, is defined as:
Ao _ _He

@ F F [12]

Thus, @ and 1y, are the two measurable parameters and will be
used as the key physical variables in our model. In addition, the
diffusion coefficients of the ions and electrons (Dy,m»+ and D,-) can
be replaced by the measurable conductivities of the ions (o;) and
electrons (o,) in the electrolyte from the Nernst-Einstein relations
shown in Eqgs. 13 and 14:

o;RT
Dym+ = ———— 13
M cpmm?F? 13
and
o, RT
D, = -=¢ 14
¢ ce F? [14]
Thus, Eqs. 7 and 8 become:
_ Oi .
JMm+ = _m2F2 V‘Lle+ [15]
O, .
Jo=—T5Vi, [16]
Equation 12 gives
fiy=—Fp [17]

Replacing the electrochemical potential in Eqgs. 16 with 17 gives
o,
Jo = FeV(ﬂ (18]

Equations 9 and 17 give
Ay = Wy, + mFg [19]

Replacing jiym+ in Eqgs. 16 with 19 gives:

o

Oi

J m+ =
M mF

Balance Equations and Boundary Conditions of an
Electrochemical Cell

Since both mass and charge are conserved, the divergences of the
mass flux and the charge flux are equal to 0 in steady state. The cases
considered here are strictly quasi-steady state as will be discussed
later. It must be noted that both M™* ions and electrons are
transported through the electrolyte, which contribute to I; and I,
respectively. In the M™* conductive phases, the balance equations
for mass and charge become:
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(a) Mass balance.
V-Uu+Jym)=0 [21]
(b) Charge balance.
V- L=V -; +1,)=0 [22]

The concentration of neutral species is usually negligible in the
electrolyte, due to the large equilibrium constant of reaction (1),
indicating ¢y =~ 0. Therefore, the flux of neutral M (J3s) can hardly
occur in the electrolyte.

Ju=0 [23]
Assuming the ionic conductivity is constant in Eq. 15, Eq. 21 gives
V3iyme =0 [24]

In Eq. 22 the total current, I,, is the sum of the ionic (I;) and the
electronic currents (I,). The current densities are proportional to the
fluxes of ions and electrons, respectively.

o;
L = mFJym = — !
i M mF

Vi e [25]

I, =—-FJ] =-0,V¢ [26]

By assuming constant ionic and electronic conductivities in the
electrolyte, Eq. 22 gives

o
mF V21, e — 6,V = 0 [27]

Thus, from Eqgs. 19, 24 and 27, the distribution of the electrical
potential and the chemical potential of M follows the Laplace
equation, assuming the electronic conductivity of electrolyte is
constant.

V29 =0 [28]

Vi, =0 [29]

The ionic current density can be calculated from the potential
gradients after solving Eqs. 28 and 29. The mathematical relation
can be derived from Egs. 19 and 25.

c:
I, = —m—;:V,uM — o Vo [30]

The total current density is the sum of the electronic and the ionic
current densities.

Oi

mF

L=L+1I=-———Vu, —(6+05)Vp (31]

Owing to the interaction between the electrode and electrolyte, an
additional phase which usually has different transport properties
forms at the boundary. Typically, at the anode/electrolyte interface, a
solid electrolyte interphase (SEI) forms in lithium-ion batteries,
which exhibits a lower Li™ conductivity®'*!3 than the electrolyte.
While at the cathode/electrolyte interface, a cathode electrolyte
interphase (CEI) layer contributes to the cathode resistance. The
Egs. 21 to 31 are still valid inside these two layers. The resistances
between electrolyte and electrodes are mostly contributed by these
two layers and the interfacial resistances are ignored compared to the
contribution of the whole interphase layer. In other words, the
potentials are assumed to be continuous without abrupt changes at
the boundaries. Thus, the continuity gives the following boundary
conditions listed in Table I between different phases. nggy e is the
unit normal vector to the electrolyte/SEI interface and ncgy o is the
unit normal vector to the electrolyte/CEI interface.

Table 1. Boundary conditions between electrode and electrolyte.

Boundary Equation Eq #

Electrolyte/SEI @S = gl [32]
(z = z0)

,u,ff’ = M,@l [33]

J Ale,L'"SEI,el = Jlf;er'nSEI,el [34]

L ngpy o = If nspr o [35]

Electrolyte/CEI @CE = el [36]
(z=12z)

;4}“;;51 = ,u;[’ [37]

J,%’w"cm,a = Jﬁm+‘nCE1,el [38]

ItCEI'nCEI,eI = I,"l~nCEI_el [39]

SEI/Anode ¢SE1 — (ﬂa [40]
(z=z2a)

M&EI =y [41]

CEI/Cathode ol = ¢ [42]
(=20

”ISEI = ﬂ;;l [43]

With the above partial differential equations (Eqs. 28 and 29) and
the boundary conditions, the chemical potential of M (u),) and the
electrical potential (¢)—two measurable variables—can be solved,
which provides a full set of information about the system. Though
the equations are derived from the transport of positive ions, they
can be used to solve the negative ion transport problems by replacing
the valence, m, with the negative valence number. These equations
are solved numerically to simulate three-dimensional lithium den-
drite evolution. The schematics and plots in this work are performed
at the cross-section of a cell in x-z plane.

Electrochemical Lithium Deposition Near a Lithium
Metal Anode

The lithium electrodeposition process, which consists of a
cylinder-shaped lithium ion electrolyte with a thickness of 40 um
and two lithium metal electrodes, is simulated with COMSOL
Multiphysics and also analytically. Figure 2 shows a schematic.
0.05 V voltage is applied between the two lithium metal electrodes
and the chemical potential of metal Li is set as 0 J mol™"' as the
reference. The chemical potential in the Li metal electrodes is
uniform. The surficial energy change during the electro-deposition
both contribute to the interfacial deformation which affects the
deposition rate.'® In this work, the condition for the dendrite
formation and its orientation are addressed. The optimized model-
ling for the growth rate will be studied in future work.

Hy;(za) = pfy =0 Jmol™! [44]

py;(ze) = uf; = 0 Jmol™! [45]

The variables and their magnitudes for our calculations are listed in
Table II. Since the phenomena near the anode are closely investi-
gated in this paper, the cathode, though it is also lithium metal, is

assumed to be coated with an artificial CEI with constant g%/ and

oCEl in the simulation.

The impact on the lithium deposition of 6% and ¢S values is
studied in the calculation. The SEI layer is widely investigated, and
researchers have made tremendous efforts to achieve stable and
conductive artificial SEI layers to enhance the cycle life of batteries.
Table III provides some examples of SEI layers and their ionic

conductivities, which vary from 107° to 0.1 S m™'. Different
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Figure 2. A two-dimensional schematic of a metal plating process at steady state.”

Table II. Magnitudes of the variables used in modeling the lithium electrodeposition system. The values listed with a range are the factors studied in

the simulation.

Variable Magnitude Description

! 1[Sm 1" Tonic conductivity of Li* in the electrolyte
of! 10°°[Sm] Electronic conductivity of e in the electrolyte
o 107" [Sm™] Tonic conductivity of the CEI layer

o 10°°[Sm™] Electronic conductivity of the CEI layer
7 0 [J mol™ 1] Lithium chemical potential in the anode
7 0 [J mol™']'® Lithium chemical potential in the cathode
) 4 x 107° [m] Thickness of the electrolyte

S 2 x 1078 [m] Thickness of the SEI layer

S 2 x 1078 [m] Thickness of the CEI layer

o 10°~10[Sm™ "] Ionic conductivity of the SEI layer

o 107~ 1[Sm™] Electronic conductivity of the SEI layer
@ 0[V] Electric potential of the anode

@° 0.05 [V] Electric potential of the cathode

Table III. Chemical composition of various SEI layers and their conductivity in lithium-ion battery application.

Chemical composition

ITonic conductivity

References

Routine SEI
LisN
Li,TiO5

Polydimethylsiloxane (PDMS)

LiF

Li Alginate
PETMP/ LiBAMB
LLZNO/PEO

42x107¢ S m~! @25 °C

0.12S m! @25 °C

25%x 105 Sm™ ! @25 °C
~1.6%x 103 Sm™! @25 °C
6x 1074 Sm~! @50 °C
1.79x1072 S m~!' @25 °C
3.32x107* S m~! @25 °C
22%x103Sm™! @25 °C

20
21,22
23,24
25, 26

27

28

29

30
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artificial SEI layers are designed based on polymer matrix to achieve
high lithium conductivity and good mechanical strength.'
From Eqgs. 26 and 30, one can see that:

Vu,, = —mF(ﬁ - £) [46]

o; Oe

To obtain the chemical potential difference of M between two
different positions (e.g. r(x;, y1, z1) and r(x;, y2, 22)) in the electro-
lyte, one needs to integrate Vu,,-dr, which is equal to dyu,,—an exact
differential and a state function.

M) = ) = [ Viydr [47]

Because yy, is a state function, the integration value is independent
of the trajectory selected between r and r, during integration at the
steady state. With Eq. 47, the integration is given by

Iiq-dr Ie-dr) (48]

r
r) — ry)= [ —mF
Hag r2) = pyy ) = [ ( e,
In one dimension (z direction—also the direction for dendrite
growth) and assuming steady state and constant conductivities, /;
and , should be constant along the z direction from Eqs. 21 and 22.
Equation 48 can be simplified as

Ii(za -z 1,(z2 -z
oy (22) = iy (2) = —mF[ C2m2) Lz ‘)] 149]
O; O,
As shown in the schematic in Fig. 2, z, and z, are two points on
different sides of the SEI layer (shown in blue). Equation 49
becomes

iy 20) = Hyy (z0) = —mF[I,- o)

(ZO - Za)]
-1, [50]
i o
oE and ¢! are the ionic and the electronic conductivities of the
SEI layer with a thickness of §, = zg — z,, respectively.
By replacing M with lithium, Eq. 50 can be written as,

i, (zo) — ity = —F[Ii o) L85 ))] [51]

i e

From Eq. 51, one can see that y;; in the anode SEI layer is not

necessarily lower than .. The value is dependent on ¢/, 657, I,

and L. y7; and ¢ in the electrolyte and SEI layer are calculated for
various conductivity values of the SEI layer in Fig. 3. As we define
ui; is 0, lithium tends to precipitate thermodynamically from the

electrolyte when yu;; > 0. An electronically conductive SEI layer

with a low 0,»551 tends to have a high p;;, which leads to lithium

precipitation. The integration of Eqs. 25 and 26 from z, to z, gives

c c a a 6(' 511 l
Wy, + Fo©) — (u; + Fo®) = —FIi(CE, + =t e,) [52]
0 o; o

i i

el
e e

c “_ Oc Oa [
o= _Ie[CEI + o SEl + ] (53]
e

Then the current densities can be calculated with the measurable
values below:

=-—2F [54]

—9
l,=——"—7"— 55
R, [55]

Where R;; is the total ionic ASR of the cell,

Riy=ri+ri+r! [56]
)
= [57]
GiCEI
1)
= — [58]
giSEI
= Ll [59]
O;

1) 1) 1
R.; = =% <+ — [60]
i UeCEI ‘;SEI o_eel
0,
5= —= [61]
O_ECEI
6,
= —= [62]
%SE[
ré = i[ [63]
Ue

Note that /; and I, are negative because the currents in the electrolyte
are moving in the -z direction. Then Eq. 51 can be rewritten as

(= m) + F@ =9 (p° = ¢)F

a __
”Li(ZO) THL = c el c el
Ti Ti e Te
1+ =+ — 1+ =+ =
rit rt r .
[64]

For the simulation of the lithium plating process, Eq. 64 can be
further simplified with Eqs. 44 and 45

rf r)
(20) = Fg° — ¢ -1 - - 65
#r:(zo) (¢ tp)( ki, Re,f] [65]

@° > @° when lithium deposits on the lithium metal anode.
Equation 65 shows that a high 7" or a low r; will lead to a high
ur; value in the SEI layer. Figure 3 gives the potential distribution
with different GEEI and o,-SEI. The high slope of ¢ stems from a
relatively low ¢, in the region while a low ¢; results in a high slope of

%. Figure 3 also predicts lithium precipitation in the SEI layer

from the thermodynamic perspective with a high 6> and low ¢

in (b), (c) and (f). Therefore, the SEI layer should be a good
electronic insulator to prevent lithium precipitation at SEl/electrolyte
boundaries. Besides, lithium precipitation requires the participation
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of lithium ions and electrons in the SEI layer. The concentration of
electrons is typically low in an electronic insulator, thus the SEI

layer with a low 6% also suppresses lithium precipitation kineti-

cally. Some electronic conductive species in the solid electrolyte are

revealed to be responsible for dendrite formation.® Also, a low o2/
suppresses the internal leakage which lowers shelf life. Figure 3 also
shows the variation of the chemical potential in the electrolyte. If the
electrolyte is liquid, the maximum chemical potential corresponds
that for pure lithium. If it exceeds this, lithium will precipitate in the
electrolyte. If the electrolyte is a solid electrolyte, the precipitated
lithium will be under a pressure (b, ¢ and f). Also the equations
developed here, in concept, can also be applied to a lithium-ion cell.
In such a case, the applied voltage during charging must be greater
than the open circuit potential.

As for ionic conductivity, high 6 is preferred to reduce the

energy loss inside the battery during the charging and discharging
process. Thus, it is possible to achieve high current density (faster
charging rates and high power) and high durability (prevents
dendrite formation) simultaneously by achieving an SEI layer with
low " and high r;".

The Growth of a Lithium Precipitate on the SEI/Electrolyte
Interface

As shown in Fig. 3, % would reach a maximum value at the

boundary between the SEI layer and the electrolyte for the dendrite
formation cases ((b), (c) and (f) in Fig. 3). The most likely location

for the neutral lithium formation is where the 22 is the highest. It is

F
interesting to investigate the growth behavior of lithium precipitate
(£2) at the SEI layer and the electrolyte interface. It is important to
mention that the magnitudes of the fluxes, however, are time-
dependent. The y;; of the lithium precipitate is the same as lithium
metal (for liquid electrolyte), y;;. At the lithium precipitate surface
(0

K oo = ﬂlj- [66]

1

The conductivity of lithium metal is about 10’ S m™" which allows

the precipitate to be treated as an equipotential body.

@loa = Constant [67]
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Besides, the conservation of charge requires that the electrical
current that flows into the precipitate is equal to the current that
flows out. As we only consider the boundary of the lithium
precipitate, Eq. 22 can be rewritten in a surface integral form as
Eq. 68 with Gauss’s theorem.

#ooli-dS=0 [68]

This integration covers the whole surface of the lithium precipitate,
0f). The actual procedure involves solving the equations at various
intervals of time, such as At, 2At, 3At .... Thus, while Egs. 21, 22,
etc. remain valid, the numerical values change with time.

The growth rate (g) of the lithium surface is proportional to the
lithium mass flux which is perpendicular to the surface.

q ==Vl + Jui+)np [69]

Where V;; is molar volume of lithium metal and n, is a normal
vector to the lithium surface. From Eq. 24, we learn that the lithium
metal flux in the electrolyte is almost O in both the electrolyte and the
SEI layer.

Jui~0 [70]

The growth of the lithium precipitate surface is dominated by the
ionic flux, Jp;+, which is driven by the gradient of f;+. Jp+ is
proportional to I; as it is stated in Eq. 26. The Eq. 69 can be
rewritten as,

Vii
_?Ii'np [71]

Equation 71 illustrates the fact that the growth of lithium precipitate
is directly related to the I; on the lithium precipitate surface.

The neutral lithium evolution is simulated based on a spherical
lithium precipitate with a radius of 10 nm embedded between the
SEI layer and lithium ion electrolyte, shown in Fig. 4. The thickness
of the SEI layer is 20 nm and various 62 and 6% are employed to
investigate the impact of the SEI layer transport properties. Lithium
precipitate is also assumed to be fresh so that no new SEI layer
covers its surface in the electrolyte, although, in reality, some SEI
ALit

- hear the

layer may form. Figure 4 also shows the contour plot of



Journal of The Electrochemical Society, 2021 168 100503

50

50

0s 6%=0.0167=0.01 S m" 0s o "=0.157=0.1 S m"
— 0.005 s SEl__el_4n6 A —0.005 s SEl__el_4 16 -
40F 0015 O Te 0TS 4ok oo1s K
O,E 30 Electrolyte /"”“\\ | O,E sol Electrolyte
o \ o |
N 20 N20
SEI Layer SEI Layer
10}k 4 10}
(a)
0 L L L L L 0 L L L L L
-30 -20 -10 10 20 30 -30 -20 -10 10 20 30

0
x/10°m

0
x/10°m

Figure 5. Lithium precipitate growth in a liquid electrolyte at the interface between the electrolyte and SEI layer with different ionic conductivities of the SEI

SEI _

layer (67). (a) o 0.16f'and (b) 6% = 0.016¢".

50 L. L) - L . L * L L4 50 L) Ad ;| L} L ol L ®
0s 6%%=0.016%=0.01 S m’’ | 0s 6°¥=0.0167=0.01 Sm"’
— 0.005 s 6%®=6"=10° S m" —0.005s cfE':ojzo.m sm’
40F——0.01s < e 1 4OF——001s 1
— P
Electrol -, N\
C,E 30l ectrolyte P \\. | mE 20l Electrolyte// \ |
o o
" 20 N20
SEI Layer
10 10F (b)-
0 0 I - I a 1 I " I A
- o 30 -20 -10 0 5 10 20 30
= x/10"m
50 < 90
B SEI
8 Ge A
40 o O —m—10%Sm
© E .
] S [ —e—102sm"
c.,030 8 30 F A 10-1 S m-1
E aQ
20 € 20 A
=
SEI Layer é
10 5 w 10}
6%=0.016%=0.01 Sm’ o ___,_,_-——ﬂ-‘“.(d)
63%=10%%=0.1 S m” (C) g - é s
0 o A A A ik A a ! A A . = A A A
-30 -20 -10 0 g 10 20 30 5 0.000 0.005 0.010
x/10°m > Time (s)
Figure 6. Lithium precipitate growth at electrolyte SEI layer interface in a liquid electrolyte with different electronic conductivities of SEI layer (6°F).
(@) o2 = 671, (b) 6)E! = 10%¢", (c) 65E' = 10%6¢!, and (d) the volume of the lithium precipitate changes.

lithium precipitate. The formation of Li precipitate distorts the
equipotential lines of %, which should be parallel with the SEI/

electrolyte boundary. The black streamlines with arrows are the
lithium ion fluxes which is perpendicular to the equipotential lines of
Ari+

everywhere since the flux is driven by the gradient of % The

lithium ion flux points toward the top surface of the lithium
precipitate and forms the lithium deposit. While the bottom of the
lithium precipitate tends to dissolve into the SEI layer and deposit on

the lithium electrode.

Figure 5 shows the impact of a,-SE’ values on the growth of the

lithium precipitate at the interface. The cross-section of the lithium

precipitate is plotted as a function of time. The top surface is growing
into the electrolyte due to the accumulation of the lithium deposit and
the bottom surface is dissolving, which agrees with the analysis of the

contour plot. Different 6% does not really change the shape of the

lithium precipitate significantly over the range of 6% selected here for

calculations. The spherical precipitate is moving away from the lithium
metal anode and loses its connection with the electrodes. It is a typical
field driven bipolar plating process which is well studied in Ag"
conductive electrolyte that the metal particles in the electrolyte will be
polarized and migrate to the positive electrode.’’*? After complete
coverage of the less conductive SEI layer on its surface, the particle is
isolated and often called “dead lithium” in lithium batteries. The dead
lithium forms during the cycling periods embedded in the SEI layer and
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leads to performance degradation and capacity loss.**>>* The formation
and growth of the neutral lithium in the SEI layer can be an origin of
the dead lithium formation.

Compared to UiSEl, (feSEI has a much greater impact on the

lithium precipitate growth. By increasing 6% from 10°°Sm 'up
to 107" S m™' in Figs. 6a—6¢, the top surface of lithium grows
significantly. The volume of the precipitate is plotted as a function
of time for different 65! values in Fig. 6d. With a low ¢, lithium
ions carry most of the charge and Eq. 67 leads to conservation of
lithium in the precipitate. Theoretically, the volume of lithium
should not change if the SEI is a perfect electronic insulator.

However, when ofEI increases to 107! S m_', electrons become
the major charge carrier in the SEI layer. Then lithium starts to
precipitate significantly in the electrolyte part with a slight
shrinkage of the part in the SEI layer. Any neutral lithium formed
outside the anode would lead to capacity loss and reduce the life of
a lithium-ion battery. Therefore, the SEI layer has to be designed
as a good electronic insulator to prevent or suppress neutral lithium
formation and growth in the SEI layer.

The Growth of a Dendrite

The question becomes how a dendrite precursor on the anode will
grow into the electrolyte. Figure 7a shows a schematic of lithium
dendrite evolution with a uniform SEI layer with the contour plot of
% and streamlines of Jy;+. The growth of the dendrite is modeled
with a constant applied potential, 0.05 V. The dendrite precursor is a
hemispherical lithium particle with a radius of 19.8 nm which is
embedded in the anode SEI layer. We first assume the formation of
SEI layer is so fast that the SEI layer on the anode surface and the
dendrite surface is uniform with a thickness of 20 nm. The lithium
precursor leads to a larger gradient of y;; near its tip than the bottom
part in the electrolyte, indicating lithium prefers to deposit on the tip
than at the bottom.

The higher 67 leads to faster growth into the electrolyte as

shown in Fig. 8. Figure 8d shows that the volume of the lithium

precipitate increases faster with a higher . A lower ionic

resistance on the lithium surface, increases Jp;+ and leads to a faster
accumulation of lithium on the precursor. The shape of the
precipitate is plotted with the height and time marked accordingly.
The deposition of lithium does not only occur on the tip but on all
surfaces of the dendrite. The dendrite maintains a spherical or a
nearly spherical shape, but its center is moving toward the electro-
lyte. By increasing the electronic conductivity of the SEI layer by
10,000 times, the growth of lithium precipitate remains exactly the

same based on the simulation in Fig. 9. The ¢ value turns out to

have no effect on the growth of the lithium precipitate owing to the
independency between 6% and I; in Eq. 71.

From Eqgs. 54 and 56, the I; depends on the r{* values between
anode and electrolyte interface, which is also a function of thickness
of SEI layer, §,, on the dendrite surface. The lithium precipitate
grows into the electrolyte, but the shape of the dendrite is highly
dependent on r* distribution on the dendrite surface. In other words,
an unevenly distributed ASR and inhomogeneous lithium ion flux on
the dendrite surface, owing to the nonuniform thickness of the SEI
layer, leads to different shapes of dendrites. In fact, if the SEI
formation reaction between lithium metal and the electrolyte solvent
is not fast enough, and the limited kinetics can lead to a nonuniform
SEI during the lithium deposition. During the lithium dendrite
growth, the SEI layer is stretched and becomes thinner locally,
which results in an accelerated SEI layer growth. The thickness of
the SEI layer at the tip of the dendrite, which is balanced between the
SEI growth and the stretch effect of the SEI layer, tends to reach a
stable value under a stationary state.*® The thickness of the SEI on
the tip at stationary state is assumed to be very thin (0.2 nm) while it
on the bottom is equal to the thickness of SEI on the anode surface
(20 nm). The distribution of the SEI layer thickness on the dendrite
is assumed empirically as following,
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Shown in Figs. 7c and 7d are schematics of growth of dendrite with
nonuniform SEI layers at different times. The equipotential lines of
Ari+

are highly distorted near the tip of the lithium precursor during

the electrochemical deposition. Jp;+ has a strong preference to
transport through the thinner SEI layer, which is of much lower
ionic resistance. Figure 10 shows dendrite growth with different
ionic conductivity of the SEI layer. A low conductivity will
significantly reduce the growth rate of the surface covered by the

thicker SEI layer. A sharp dendrite shape can be observed when the
ion conductivity of the SEI layer is relatively low (652 = 107", 1072
and 107> S m™"). While for an assumed high conductivity SEI layer
@ =108 m~"), the shape of lithium deposit maintains nearly a
spherical shape. In contrast to the uniform SEI, the nonuniform SEI
layer allows the dendrite covered with the less conductive SEI to
grow faster. Though the lower conductivity of the SEI layer tends to
reduce the net ionic flux, it also leads to a stronger preference for
ionic flux to pass through the thin SEI region on the tip of dendrite.
The balance of the two effects allows a maximum lithium accumula-
tion rate when 6% /of' is in the range of 0.001 to 0.01 based on
Fig. 10e.

In order to quantify the sharpness of the lithium dendrite, the
aspect ratio is defined as Eq. 73 in Fig. 11a.
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Aspect Ratio = h
w

(73]

Where h is the height of the dendrite and w is its diameter at a given
dimension along the z direction. The ratio is equal to 1 when the
lithium precipitate is a full sphere, it is equal to 0.5 when it is
semispherical, and it is equal to 0 when the surface is flat. The higher
aspect ratio indicates a sharper dendrite. For a uniform SEI layer in
Fig. 11b, the ratio varies from 0.5 to 1 during the dendrite growth for
all ionic conductivities. Thus, the dendrite would hardly form when
the SEI layer is uniform. On the other hand, the aspect ratio reaches
about 4 to 5 when the SEI is nonuniform and with a lower ionic
conductivity than that in the electrolyte, shown in Fig. 11c. A thick

insulating SEI layer prevents the dendrite from growing at the

bottom part. As the o7 is lower than 1/100 of of’, the aspect ratio

remains almost the same during the dendrite growth. This threshold
value will vary with the distribution of SEI layer on the dendrite
surface. Thus, to avoid the lithium precipitate from growing into a
dendrite, one should either enhance the ionic conductivity of the SEI
layer, or make the SEI layer of uniform thickness or both.

Conclusions

The concept of chemical potential of a neutral species in the
electrolyte and interfacial layers is used to elucidate the origin of
dendrite formation in an SEI layer to calculate the kinetics of
metallic lithium precipitation. The metal species grows along with
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the electrical current in the electrolyte owing to its much higher
conductivity than the electrolyte, works as a part of the electrode,
forms the dendrites of different features, and even causes short
circuit. Some general conclusions are summarized as follows:

1. By applying local thermodynamic and chemical equilibrium and
considering the electronic current, two measurable parameters,
the chemical potential of a neutral species and the electrical
potential, are used to study the deposition kinetics of neutral
species at quasi-steady state.

2. The high ionic conductivity of the SEI layer reduces the lithium
chemical potential in the SEI layer and suppresses lithium
precipitate formation. In addition, a higher 6% allows more
homogeneous ion flux on the lithium metal surface and prevents
lithium dendrite formation. The high ¢ also leads to faster
electrode kinetics, reduced charging time, and less energy loss
during cycling. As a result, durability and high performance
could be achieved simultaneously through a proper choice of
electrolyte/electrode materials that lead to SEI layer with low
electronic conductivity and a high ionic conductivity rather than
a tradeoff with the optimized properties of the SEI layer.

3. The stretching of SEI layer during lithium electrodeposition
could lead to nonuniform thickness or even cracks. The
nonuniform SEI layer thickness induces a nonuniform ionic
current on the lithium electrode surface, which leads to a high
aspect ratio over 10 and sharper dendrite geometry. Enhancing
mechanical strength and the SEI formation kinetics can improve
the stability of the lithium metal electrode. Much has been
accomplished to improve the cycling stability of lithium
electrode, however, the electronic conductivity of SEI is usually
neglected.

4. Though the electronic current does not affect the ionic flux on
the metal electrode surface, a highly electrically insulating SEI

layer suppresses the formation and growth of lithium precipitate
in the SEI layer during charging. Further reducing electronic
conduction in the SEI layer would be a more efficient approach
than developing an artificial SEI layer with higher ionic
conductivity to achieve better durability.
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