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Abstract

Future lithium-ion batteries must use lithium metal anodes to fulfill the demands of high
energy density applications with the potential to enable affordable electric cars with 350-mile
range. However, dendrite growth during charging prevents the commercialization of this
technology. It has been demonstrated that the presence of a compressive mechanical stress field
around a dendritic protrusion prevents growth. Several techniques based on this concept, such as
protective layers, externally applied pressure and solid electrolytes have been investigated by
other researchers. Because of the low coulombic efficiencies associated with the stiff protective
layers and high-pressure conditions, implementation of these techniques in commercial cells is
complicated. Polymer-based solid electrolytes demonstrate better efficiency and capacity
retention capabilities. However, dendrite growth is still possible in polymer electrolytes at higher
current densities. The simulations described in this article provide guidance on the conditions
under which dendrite growth is possible in polymer cells and targets for material properties
needed for dendrite prevention. Increasing the elastic modulus of the electrolyte prevents the
growth of dendritic protrusions in two ways: i) Higher compressive mechanical stress leads to
reduced exchange current density at the protrusion peak compared to the valley, and ii) Plastic
deformation of lithium metal results in reduction of the height of the dendritic protrusion. A
phase map is constructed, showing the range of operation (applied current) and design
(electrolyte elastic modulus) parameters that corresponds to stable lithium deposition. It is found
that increasing the yield strength of the polymer electrolyte plays a significant role in preventing
dendrite growth in lithium metal anodes, providing a new avenue for further exploration.
Keywords: lithium metal anode, dendrite growth, current distribution, elastic-plastic

deformation, yield strength
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Demonstration of the computational domain, the concentration profile within electrolyte and a

phase map between applied current and electrolyte modulus showing the domains where

suppression of dendritic protrusions is possible.



Introduction

Lithium metal anodes, with low reduction potential (-3.04V) and high specific capacity
(3870mAh/g), are essential for the development of next-generation lithium-ion batteries (LIBs)
with improved energy and power density[1]. However, uncontrollable dendrite growth during the
recharge process inhibits the application of lithium metal anodes in commercially-available
rechargeable LIBs[2]. Suppression of dendrite growth by the application of mechanical stress is
considered to be an effective technique for cycling lithium metal anodes without the formation of
dendrites[3-6]. Solid polymer electrolytes (SPEs)[7, 8], robust separators[3], protective layers[9,
10] and stiff solid electrolyte interface (SEI) layers[2, 4, 6] have been investigated to obtain
dendrite-free lithium metal anodes over multiple charge-discharge cycles. Unfortunately, these
techniques either have limited success in preventing the growth of dendrites, or introduce other
challenges (such as, increased interfacial resistance, either due to insufficient contact area or
because of slow ionic and/or electronic transport through the interfacial layer), which render
them unsuitable for application in commercial products. For example, due to the low ionic
conductivity of SPEs at room temperature, it is necessary to operate the polymer electrolyte
batteries at elevated temperatures[11]. The elastic stiffness of the polymers decreases
significantly at higher temperature[12], and needle-like dendrites can easily grow resulting in a
short circuit[13, 14]. Cycling with stiff SEI layers on top of lithium metal results in low
coulombic efficiency[6], and rupture of the SEI leads to dendrite growth[15, 16]. Deterioration
of the interfacial resistance between lithium metal and robust separators render them less useful
over multiple cycles[17, 18]. Among these different techniques of preventing dendrite growth,
SPEs are the most promising candidates for commercial implementation[19] because block-

polymers can be synthesized with a combination of superior properties[20]. How solid



electrolytes prevent the growth of dendrites during operation at high current densities must be
properly understood for the successful design of low-cost dendrite-free solid polymer
electrolytes[21-23].

Transport limitations are usually attributed as the major reasons behind the formation of
dendrites on lithium metal anodes[24, 25], which is generally observed under high current
density and low-temperature operation[13, 24, 26]. It has been argued that in liquid electrolytes
before the onset of electrolyte diffusion limitation, characterized as operation at current densities
below the limiting current, lithium deposition happens at the base of the dendritic protrusion[3],
leading to the growth of mossy lithium. However, at the onset of electrolyte diffusion limitation,
observed at current densities higher than the limiting current, lithium ions from the electrolyte
instead deposit at the tips of the dendritic protrusions[3]. This leads to the growth of dendritic
structures capable of internally shorting the cell. However, there is evidence of dendrite growth
and subsequent short circuit at current densities much lower than the limiting current[27, 28].
This can be attributed to either the onset of diffusion limitation even at currents lower than the
limiting value, or the localization of current at certain points due to microstructural
heterogeneity.

It has been argued that, if the diameters of the propagating dendrites are smaller than the
size of the pores present within the polymer electrolyte/separator, the dendrites may pierce
through the polymer layer [3, 7]. The size of a dendritic protrusion inversely depends on the
overpotential and the applied current density[29]. At higher applied current densities, large
overpotentials are observed, which leads to the formation of lithium dendrite nuclei with
relatively small diameters. Hence, lithium deposition at high rates has the potential to form

needle-like dendrites that can easily penetrate through the pores of the separator, and



subsequently short-circuit the cell[3, 7]. However, it has also been argued that the pores within
the polymeric separator are in the range of tens of nanometers[30]. Whereas, the needle like
dendrites that penetrate through the separator has diameter in the range of microns[31]. Hence,
the dendrites that short circuit the cell grow by penetrating the polymer, rather than by going
through the pores[8, 11].

Several theoretical studies have been performed to capture the growth of dendrites in
related systems. Barton and Bockris conducted the first quantitative analyses of dendrite growth
on metal during electrochemical deposition[32]. They considered the overpotentials associated
with activation, diffusion and surface curvature effects, and concluded that the maximum
velocity of dendrite growth is a function of the applied overpotential. Later, Diggle et al.
analyzed the current distribution around a dendritic protrusion using Butler-Volmer reaction
kinetics[33]. They concluded that the overpotential associated with the surface curvature
prevents infinite thinning of the propagating dendrite tip. Chazalviel concluded that dendrite
growth is always associated with diffusion limitations, ion depletion and generation of a space
charge near the electrode[34]. This indicated that initiation and propagation of dendrites is only
possible at current densities greater than the limiting current. On the contrary, Monroe and
Newman demonstrated that if a lithium nucleus exists, it will propagate[35] with a rate
dependent on the applied current density, local radius of curvature and local concentration of
lithium ions within the electrolyte. These conclusions were supported by Akolkar, who modeled
the dendrite growth process using transient diffusion of lithium coupled with activation,
concentration, and overpotentials induced by surface curvature[36]. At lower operating
temperatures, reduced diffusion coefficient and increased cathodic transfer coefficient values

resulted in enhanced dendrite growth[37]. Solving for potential and concentration distributions



within the electrolyte, Cogswell explored the role of competition between reaction rate and
diffusion rate in dendrite growth[25]. High diffusivity of lithium ions within the electrolyte and
low exchange current density of the lithium reduction reaction led to stable deposition. Others
have used phase-field techniques to investigate the impact of electrode surface morphology on
dendrite growth [38-40].

It has been experimentally demonstrated that prevention of dendritic protrusion is
possible by the means of mechanical stress[5, 41]. However, proper understanding of how the
stress field suppresses dendrite growth is significantly lacking. Monroe and Newman developed
the background theoretical work necessary to understand the impact of mechanical stress on
reaction current[42]. Under the assumption of a pre-stressed lithium surface and elastic
deformation, they concluded that the shear modulus of the solid polymer electrolyte/separator
needs to be approximately two times larger than that of lithium metal for successful suppression
of dendrite growth[23]. The assumption of pre-stressed lithium was relaxed by Barai et al., who
then demonstrated that dendrite growth is never observed during relatively low current density
operations[21]. It has also been argued by Ferrese and Newman that plastic deformation of
lithium metal occurs at the lithium-separator interface during deposition[22]. There is
experimental evidence of uniform deposition due to probable plastic deformation of lithium
metal under externally applied pressure[43, 44] or with the use of stiff separators[45, 46].
However, along with the plastic deformation of lithium[47], polymer-based
separators/electrolytes also demonstrate plasticity[12]. The elastic-plastic deformation of both
lithium and polymer affect the overall dendrite growth process.

According to the pioneering work by Monroe and Newman (JES, 2005) it is possible to

prevent the growth of dendritic protrusions by using an electrolyte with shear modulus two



times larger than metallic lithium [23]. However, recently it has been observed that even PEO
type polymer based electrolytes can impact the growth of dendritic protrusions [8]. Since, the
elastic modulus of PEO is approximately two to three orders of magnitude smaller than that of
lithium, this polymeric electrolyte is unable to completely prevent the growth of dendrites. But
its impact on the overall dendrite growth is evident from the increase in diameter and parabolic
shape of the protrusion, as compared to needle like dendrites observed in liquid electrolytes.
Analyzing the propensity of growth of a dendritic protrusion, taking into account the possibility
of plastic deformation within both metallic lithium as well as the polymer electrolyte, has not
been investigated earlier. In the present article, a computational technique has been developed for
the first time that can correctly capture the evolution of stress within both lithium and electrolyte
by appropriately taking into account the elastic-plastic deformation. The combined impacts of
mechanical stress distribution and transport limitations on the propagation of dendritic
protrusions will be investigated for the first time. Using the model developed here, a critical
current density (as a ratio with respect to the limiting current) will be determined, below which
dendrite growth should not occur for PEO-based electrolytes[7]. A phase map between the
applied current density and the polymer shear modulus is constructed, depicting the regime
where stable deposition of lithium is expected. Some modifications to the yield strength of
present-day polymer electrolytes will be suggested that can potentially suppress the growth of

dendritic protrusions.

Methodology

The present work examines the propensity for growth of a dendritic protrusion on a

lithium metal electrode. Operation at low as well as high current density has been considered[13,



24]. Elastic-plastic deformations of both lithium metal and PEO-based polymer electrolyte have
been taken into account[48, 49]. To capture the correct mechanical deformation of the lithium
metal anode, dendritic protrusion and polymer electrolyte, the momentum balance (equilibrium)
equation has been solved throughout the system[50]. For estimation of the current distribution,
the primary current (due to potential gradient), secondary current (due to electrode kinetics) and
tertiary current (due to concentration gradient) have been calculated[51]. This requires solving
the charge and mass conservation equations coupled with the nonlinear Butler-Volmer electrode
kinetics relation[52]. Detailed descriptions of these governing differential equations, along with
boundary conditions, have been provided in the supplementary section.

The present analysis considers a spatial domain with lithium and electrolyte regions.
Figures 1(a) and 1(b) show schematic representations of mechanical deformation and lithium

transport. The dendritic protrusion has been generated by applying a sinusoidal vertical

interfacial displacement, which has the form, [23]. The protrusion height is
UZ:Acos(a)X)

defined as the distance between the peak and the valley , as noted in Figure 1(a).
|H=24]

Dendritic protrusion heights have been reported to range from nanometers to microns[31, 53,

54]. Using scanning and/or transmission electron microscopy techniques, dendritic protrusions in

liquid electrolytes were observed to range in height between 500nm — 1000nm [53, 55]. The

time-of-flight-secondary-ion-mass-spectroscopy (ToF-SIMS) images revealed the height of

lithium nucleus to be around 200nm in a system using EC/DMC-based solvent and LiPF¢



salt[31]. In the present simulations, the amplitude of the dendritic protrusion has been taken to be

, corresponding to a protrusion height of . To remain consistent with the
A=400nm H=800nm

initial aspect ratio introduced by Monroe and Newman in their JES 2005 article[23], the

frequency of the interfacial displacement has been considered to be .
w=10°m"

Finally, the concentration and potential within the lithium metal and polymer electrolyte
have been solved as indicated in Figure 1(b). The reaction current at the lithium-electrolyte
interface was estimated from the modified Butler-Volmer equation[42]. The effect of mechanical
stress was incorporated within the exchange current density term[23]. An influx of lithium ions
was imposed on the top electrolyte boundary. The bottom boundary of the lithium region served
as a current collector. Symmetric boundary conditions of zero current and zero ionic flux were
applied at the left and right boundaries. For a detailed description of how the computation was
conducted, please refer to the supplementary section.

Electrochemical equations: Transport of lithium ions within the electrolyte phase may
happen through diffusion and migration processes. During the charging process, lithium gets

reduced at the metal anode as [23]:

, - €]

Lit+e - Lil
Since lithium gets plated on top of the electrode, no lithium transport equation needs to be solved
within the lithium metal anode phase. However, charge transport within the electrolyte and the

metallic anode phase must be determined[51, 52]. Also, local charge neutrality must be satisfied

everywhere to ensure no accumulation of electric charge anywhere within the electrolyte or
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metallic lithium. This is accomplished by setting the time-dependent accumulation terms to zero
within the charge transport equations.
Current associated with the reduction of lithium ions at the metal/electrolyte

Bv

interface can be estimated using the Butler-Volmer equation. The activation over-potential
required for this electrochemical reaction to occur is denoted by . The Butler-Volmer equation

is represented as[23, 35]:

. (2)
aaFn\_ _aan\

a aaAﬂe_ \ ex
RT 7 P RT

5exp T
RT J

iBV:Fkgc(kC

c e

exp

Here, and are the anodic and cathodic reaction rate constants, and and are the

k k a [0

a C a C

anodic and cathodic transfer coefficients, respectively. Also, indicates the electrochemical

Au

-

potential change induced by mechanical stresses and surface curvature effects, which will be

discussed in detail later in this article (see Eq. (3))[23]. Moreover, F denotes Faraday’s constant,

denotes the universal gas constant and T signifies the local temperature on the Kelvin scale.

For the reduction of lithium ions at the lithium metal anode, the anodic and cathodic rate
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constants are assumed to be equal [52]. Also, the anodic and cathodic transfer

k=K

a C

coefficients have been assumed to be equal for reduction of lithium metal by several other

researchers[22, 35, 40], so that [52]. The magnitude of over-potential at the lithium-

electrolyte interface is estimated as , which takes a negative value during the

n:¢s_¢e_ULi

reduction process. Here, and indicate the solid phase potential and electrolyte phase

P, ?,

potential, respectively. The open circuit potential for lithium metal has been denoted by ,

U

Li

which is taken to be zero[42].

For modeling the ion and charge transport, zero interfacial resistance between lithium
metal and polymer electrolyte has been assumed[35]. Also, side reactions on the lithium metal
surface have been neglected[38]. However in a realistic scenario, side reactions on the lithium
metal surface would form a solid electrolyte interface (SEI) layer, which along with the inherent
roughness of metallic lithium would lead to an imperfect interface with significant interfacial
resistance[2]. These imperfections can give rise to higher activation polarization at the

lithium/electrolyte interface.
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Mechanics equations: Since the stress values around the dendritic protrusion appear
within the modified Butler-Volmer relation (see Eq. (2)), mechanical deformation of lithium
metal and polymer electrolyte must be determined appropriately. Since mechanical equilibration
occurs at the speed of sound, it is much faster than the chemical reactions that occur at the
lithium-electrolyte interface[56]. Hence the quasi-static equilibrium equation, derived from the
momentum balance relation, should be solved to capture the stress field[22, 23, 42, 50]. Also,
under the application of sufficiently large tensile or compressive loads, all bulk materials deform
in an elastic-plastic fashion[57]. Lithium metal and polymer electrolytes are no exception to that.
Hence, to determine the appropriate stress field around a dendritic protrusion, the exact elastic-

plastic nonlinear stress-strain constitutive relations must be taken into consideration[12, 47]. To

describe the elastic portion, Young’s modulus (  and ) and Poisson’s ratio ( and )

E E v, 1%

Li PEO Li PEO

are sufficient. These are readily available in the literature for both lithium metal as well as PEO-
based polymers[12, 49]. Characterizing the plastic deformation of lithium and the polymer
electrolyte is more challenging. In the present context, a nonlinear hardening law has been used
for the metal and polymer phases as shown in the Supplementary section (see Eq. (S20)).
Mechanical stress induced electrochemical potential: The effect of the mechanical stress

field on the dendrite growth process has been modeled by modifying the Butler-Volmer equation.

A new electrochemical potential term has been defined and incorporated into the reaction
[du |

e
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current density expression (see Eq. (2)). Contributions form hydrostatic stress

Bv
, deviatoric stress and local surface curvature are present within
O-kk:(711+o-22+633) S,'j (K)
the expression of the electrochemical potential , which varies along the x-direction[23,
[au, |
42]:
3)
1/= _
Aye_(x):_E(VU+(1—tw)VEle )
-{—}/K‘+ﬁ-|:ﬁ-(A’£mhmm _A,EElectrolyte)J}_*_
1 ¥4 ¥4 Lithium Electrolyte
A1t o
Here, and represent the partial molar volume of lithium and electrolyte salt,
V. Vv
Li Elec

respectively, y is the surface energy, and _ represents the normal vector at the lithium-
n

electrolyte interface. The pressure term is calculated as and
A pLithium — ;ithium / 3
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, and the deviatoric stress terms are evaluated as and

lectrolyte __ Electrolyte Lithium __ ithium
APV = g Eerote /3 AT =l

. Repeated indices indicate implicit summation throughout this entire
A ,L_Electrolyte _ SElsctronte
if - if

article wherever indicial notations have been used. In this 2D computational domain, the local
curvature . has been calculated in a piece-wise fashion[58].

In our computational procedure, the decrease in height of the dendritic protrusion due to
compression from the electrolyte is evaluated first, satisfying mechanical equilibrium. The
resulting deformed configuration of the lithium-electrolyte system is then adopted as the domain
for solving the transport and potential equations. All the results reported in the subsequent
sections have been obtained by solving the deformation-transport problem in this two-step

procedure.

Results and Discussion

To analyze the propensity of growth of a dendritic protrusion, the difference in reaction

current density at the peak of the protrusion can be compared with that at the valley

peak

[21, 23]. If the current at the peak is greater than the current at the valley , the

Ivalley Ipeak > Iva/ley)
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dendrite should grow because more lithium deposition occurs at the protrusion peak as compared

to the valley. Otherwise, when the current at the protrusion peak is smaller than or equal to the

current at the valley , stable deposition of lithium is expected to occur without the

<i
Ipeak - Ivalley

development of dendrites. The local reaction current is obtained from the Butler-Volmer relation

(see Eqg. (2))[23]. Its magnitude depends on the mechanical stress field (through the term ),
Au

e

potential distribution (through 77) and concentration of lithium ions within the electrolyte (in the

form of ) around the dendritic protrusion. In the present research, we will determine design
C

e

conditions (in terms of material properties of the polymer electrolyte) and operational conditions
(in terms of applied current density), which lead to higher reaction current at the valleys as
compared to the protrusion peaks; thereby preventing dendrite growth.

However, to construct such a correlational phase map, it is necessary to appropriately
model the elastic-plastic stress-strain relations observed in lithium metal and polymer
electrolytes. The nonlinear stress-strain relations have already been described. To determine the
correct elastic (Young’s modulus and Poisson’s ratio) and plastic (yield strength, strain hardening
modulus and hardening exponent) parameters for the bulk lithium metal and PEO-based polymer

electrolyte, comparison with experimental results is required.

16



Elastic-plastic stress-strain relations: There is ample evidence that under sufficiently
large magnitudes of stress, both lithium metal as well as the polymer electrolyte phase deform in

an elastic-plastic fashion[12, 47-49]. The three material parameters necessary for appropriately

modeling the plastic response are yield strength ( and ), hardening modulus ( and

O-O Li O-O,PEO HLi

) and hardening exponent ( and )[57]. Figures 2(a) and 2(b) show fits to published
Hoo m; Meeo

experimental results used to obtain elastic and plastic parameters for both metallic lithium and
polymer electrolytes. To obtain the experimental elastic-plastic stress-strain curve for bulk
lithium, Schultz applied uniaxial tensile load on a piece of lithium metal[47]. The experimentally
observed elastic-plastic stress-strain curve for PEO-based polymer has been adopted from
measurements published by Geng et al., who used a dynamic mechanical analyzer at room
temperature conditions[12]. Elastic-plastic properties of PEO-based polymers have been
observed to change with its molecular weight[59]. The molecular weight of the polymer used in
this experiment was reported as 30,000g/mol[12].

The elastic-plastic parameters of lithium metal and polymer electrolyte, extracted from
comparison with the experimental results, will be used for simulating the evolution of the stress
field around the dendritic protrusion. The Young’s modulus of lithium metal is almost two orders

of magnitude greater than the PEO-based polymer electrolyte[12, 47]. On the contrary, the yield
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strength of lithium metal is smaller than the yield strength of polymer electrolyte

( GO,Li N O-O,PEO

This variation in Young’s modulus and yield strength significantly impacts the overall dendrite
growth process. These elastic-plastic properties of lithium have been used in all subsequent
simulations. For PEO-based polymers, the elastic-plastic properties determined here will be
adopted. For other polymers with elastic modulus values different from PEO, different elastic
properties (such as shear modulus and Poisson’s ratio) will be used. However, the plastic
properties (such as, yield strength, hardening modulus and hardening exponent) of PEO-based
polymers have been used everywhere for the lack of sufficient data.

Effect of applied current density: It is well-known that lithium dendrite growth occurs
during electrochemical deposition of metallic lithium on top of lithium foil (or other metallic
electrodes). Without any applied current, no dendrites should grow[60]. Although applied current
density can drive dendrite growth, externally applied mechanical stress can prevent the growth of
dendrites under certain circumstances[21, 23]. To understand the impact of applied stress on the
reaction current around the dendritic protrusion, one must solve for the variation of concentration
and potential within the lithium metal and electrolyte[35, 36].

The potential and concentration contours obtained at steady state during operation at 75%
of the limiting current density are shown in Figures 3(a) and 3(b), respectively. Significant
differences in both potential and concentration between the peak and the valley of the dendritic
protrusion are evident in the figures. Due to the very high conductivity of lithium metal, the solid
phase potential remains very close to zero within metallic lithium[38]. Hence, the solid phase
potential is not shown in the potential contour plot (Figure 3(a)). Deposition of lithium happens

at the lithium-electrolyte interface, and no transport of lithium ions occurs within the metallic
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phase. Hence, Figure 3(b) does not show a concentration profile within the lithium metal. An

initial protrusion height of 800nm and very low polymer electrolyte shear modulus

was used to generate the potential and concentration contours. The
GElectrolyte _ 17 GLithium)
extremely low elastic modulus of the polymer electrolyte does not produce any significant
mechanical suppression of the dendritic protrusion height, which enhances the difference in
concentration and potential profiles between the peak and the valley.

The 800nm high dendritic protrusion is consistent with several reports of protrusion
height ranging from 500nm to 1000nm [31, 53, 55]. From Figures 3(a) and 3(b) it is obvious that
both the potential and the concentration at the valley are smaller in magnitude than that at the
peak. This difference in potential and lithium-ion concentration between the peak and the valley
of the dendritic protrusion leads to a difference in reaction current, usually calculated using the
Butler-Volmer relation, in two ways:

i) Variation in salt concentration impacts the local conductivity, which results in formation
of a potential gradient between the peak and valley of the dendritic protrusion. Variation
in electrolyte potential due to the difference in height of the protrusion peak and valley

also exists and is particularly evident under low current density operation.
ii) The reference exchange current density usually depends on the local electrolyte

concentration[61]. Variation in lithium-ion concentration between the peak and valley
also leads to a difference in the magnitude of reference exchange current density at those

two points.
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If the current at the peak is greater than the current at the valley , then the dendrite

Ipaak ( Ivalley

will grow. Otherwise, stable deposition of lithium is expected to occur. For PEO-based polymer
electrolytes, due to mechanical suppression of the dendritic protrusion, the dendrite height is
reduced to approximately 580nm. This leads to a quantitatively different, but qualitatively
similar, concentration and potential profile as compared to the 800nm high dendritic protrusion.

Next, we will determine the applied current density range over which a dendritic
protrusion in a lithium-polymer system can grow to form a needle-like dendrite. Concentration
and potential contours at three different current densities of 1%, 50% and 90% of the limiting
current are shown in Figures S3(a), S3(b) and S3(c). Larger gradients in the concentration and
the potential field are seen during operation at higher current densities.

To determine the propensity of growth of a dendritic protrusion, the reaction current

densities at the peak and the valley have been estimated from Eq. (2). The electrochemical

potential term has been calculated using Eq. (3). The magnitudes of deviatoric and

"

e

hydrostatic stresses have been predicted by solving the equilibrium equation. Elastic-plastic
deformation within both lithium metal and PEO-based polymer electrolyte phase has been
assumed, which leads to changes in the interfacial geometry. The potential and concentration
equations have been solved on top of this modified geometry. The reaction currents have been
estimated at the peak and the valley according to the Butler-Volmer equation for different values

of the applied current. Figure 4 shows the ratio of current between the peak and the valley

20



with respect to the applied current as a fraction of limiting current JIf

( Ipeak / Ivalley Iapplied / Ilimiting

the current ratio between the peak and the valley is greater than unity ,

(Ipeak/ ivalley > 1)

dendrites will grow. Otherwise, stable deposition of lithium is expected to occur under the

condition . The blue horizontal line in Figure 4 demarcates this limit. From the
(( ’peak/’vaﬂey) < 1)
figure, it is clear that for a lithium-PEO system, dendrite growth should not occur for applied

current densities smaller than 42% of the limiting current density (no dendrite growth at

). The results also indicate that for PEO-based electrolytes, growth of

Iapplied < 0'42X1im‘ting

dendritic protrusions are possible at applied current densities greater than 42% of the limiting

current (dendrite growth at ). Hence, it can be concluded that in PEO based

Iapplied > O'42>4Iin”ifing

polymer electrolytes, lithium dendritic protrusions can propagate at current densities much
smaller than the limiting current, which correlates very well with certain experimental
observations[27]. No current density above the limiting current has been analyzed here.

To validate the applicability of these results, the computational predictions have been

qualitatively compared with some experimental observations. Brissot et al. conducted direct in
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situ observation of dendrite growth during electrochemical deposition in a lithium/PEO
system[7]. They estimated a limiting current density of 1.8A/m?” in a 1.2mm thick polymer
electrolyte layer[7]. At a current density of 0.3A/m? approximately 16% of the limiting current,
it was reported that no dendritic growth occurred[7]. This data point representing no dendrite
growth is shown by the blue plus (+) symbol in Figure 4. Growth of dendrites has been observed
experimentally at applied current densities of 55% and 100% of the limiting current[7]. The red
symbols within Figure 4 denote these two data points. The experimental data shows the same
trend as the prediction with a cut-off between the growth to stability regime being around 0.4
Iimiing. While the predictions are consistent, a more detailed comparison is not possible because
of the differences in the simulation domain versus the experimental thickness of the separator.
Effect of electrolyte stiffness: Elastic stiffness of the electrolyte phase affects the
deposition of lithium on top of the metal substrate[3, 41, 45]. During lithium deposition at the
lithium-electrolyte interface, the assumption of elastic deformation of lithium metal and polymer
electrolyte is not realistic[12, 47]. The stress that evolves around the dendritic protrusion can
exceed the elastic limit of both lithium and PEO-based polymer material. For very soft
electrolytes (GFeemobe < 10 GM™m), the effective stresses that evolve within the lithium and
electrolyte phases are significantly smaller than the corresponding yield limits (also
demonstrated in Figure S4(a)). Hence, only elastic deformation is expected to occur. However,
for slightly stiff PEO-based electrolytes (G ~ 102 GH"™) the effective stress within the
lithium metal exceeds its yield limit (see Figure S4(b)). Though the effective stress in the PEO
electrolyte remains below the yield limit of the material, it can easily exceed the yield strength

for stiffer materials. Hence, nonlinear elastic-plastic deformation of both lithium and electrolyte
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must be incorporated while investigating the impact of electrolyte shear modulus on the overall
growth of dendrites.

During operation at low current densities, the mechanical stress field at the protrusion
peak and the valley dictates the corresponding ratio of current densities to a significant extent[21,
23]. To appropriately predict the magnitude of the stress field, proper nonlinear elastic-plastic
deformation of the lithium metal and PEO-based polymer electrolyte has been considered.
However, at larger current densities, potential and concentration gradient also plays a significant
role in estimating the reaction current density at the peak and the valley of the dendritic

protrusion[17, 35, 36]. Figure 5 shows the ratio of current density at the protrusion peak over that

at the valley with respect to the normalized shear modulus of electrolyte
Ipeak/ Iva/ley
. The applied current density is approximately 75% of the limiting
lectrolyte ithium .
(GE / G —
current . During operation at higher current densities, the combined effect of
iviting

concentration/potential gradient and elastic-plastic deformation of lithium leads to the conclusion
that the electrolyte shear modulus has to be approximately 20 times greater than lithium for
stable deposition. There are two competing factors that determine the growth of dendrites:

i) The compressive mechanical stress field around the protrusion prevents the

growth of dendrites.
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ii) The potential and concentration difference between the peak and the valley
enhances deposition of lithium at the protrusion peak and subsequent growth of
dendrites.

The expression of reaction current is given by the Butler-Volmer equation provided in Eq. (2).
The entire expression can be divided into two parts:

i) The mechanical stress factor, which will be called the “interfacial-stress factor” of the

reaction current density is given by the expression:

o |7

ii) The concentration/overpotential factor of the reaction current density, given by:

a, (xaFn\_ _aan\

FK%( k —2— :
g ( C | "| exp °T 7 exp T 7

The ratio of the interfacial-stress factors at the protrusion peak and valley is shown by the blue
triangles in Figure 5, while the ratio of the concentration/overpotential factors at the peak and
valley of the dendritic protrusion is shown by the red squares. With increasing magnitude of the
electrolyte shear modulus, both the interfacial-stress factor and concentration/overpotential factor
can act to suppress the growth of dendrites. As the shear modulus of the electrolyte phase
increases, the enhanced mechanical compressive stress field prevents the deposition of lithium at
the protrusion peak, which eventually decreases the current ratio[21, 23, 42]. For high shear
modulus electrolytes, plastic deformation of lithium metal significantly decreases the height of

the dendritic protrusion. The variation in concentration/potential gradient-induced current ratio
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with increasing electrolyte modulus can be attributed to this change in geometry of the lithium-
polymer interface[43].

Experimental evidence indicates that with ionic liquid-based electrolytes, dendrite-free
cycling is possible even with a shear modulus in the range of tens of kilopascals (~10*N/m?)[62].
On the other hand, at current densities greater than the limiting current, dendrite growth has been
observed even with ceramic separators[3], which has a shear modulus around 100 times larger
than that of metallic lithium[63]. However, the mechanism behind dendrite growth within
ceramics has been attributed to the presence of grain/grain-boundary microstructure and
localization of current at the grain-boundary region. Hence, both applied current density and
electrolyte shear modulus are important in estimating the propensity of dendrite growth. To
understand the competition between mechanical stress-induced suppression and
concentration/potential gradient-induced enhancement of dendritic protrusions, it is worthwhile
to develop a phase map showing the effects of applied current density (normalized by the
limiting current) and electrolyte shear modulus (normalized by the lithium shear modulus) on

dendrite growth. Figure 6 provides such a phase map, where the light green portion indicates

stable deposition (mathematically represented by ), and the yellow region denotes

i o / iy <1

growth of dendrites (mathematically represented by ) ). However, it should be
' >1

Ipeak / Ivalley

noted that while developing the phase map, the diffusivity, conductivity and transference number

of PEO have been assumed in all cases. Realistically, electrolytes with different shear modulus
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values show significant variation in transport properties, which can appreciably alter the form of
this phase map.

To verify the validity of this phase map shown in Figure 6, some qualitative comparison
with experimental results has been conducted. Some rough values of the elastic shear stiffness of
PEO and poly-(styrene-ethylene-oxide) (SEO) polymer-based electrolytes have been estimated
from their low-frequency storage modulus[20, 59]. The viscoelastic effect of polymer has not
been taken into consideration due to the relatively slow deposition of lithium. The rate of
operation and propensity of dendrite growth in PEO and SEO-based electrolytes have been
adopted from Stone et al.[20] For electrolyte layer thickness ranging from 150pm to 300pm, the
limiting current varied between 0.36mA/cm? and 0.72mA/cm*®. For this range of limiting

current and an applied current of 0.17mA/cm*®”, the range of operation, in terms of the ratio of

applied current over limiting current varies between 0.2 — 0.5. The range of
Iapplied/ Ilimiting
elastic modulus values measured for PEO and SEO have been demonstrated in Figure 6 [20, 59].

As shown in the figure, during operation at applied current densities till 55% of the limiting

value , it is possible to have dendrite growth in PEO-based electrolytes,
|7, 1o <0555
ied

limiting

while SEO-based electrolytes should not allow growth of dendritic protrusions. Stone et al.
observed similar results, where high modulus SEO polymer-based electrolytes cycled for long
times, whereas PEO-based electrolytes experienced electrical short circuits very quickly[20]. It

should be noted that, during comparison with the experimental data, the applied current has
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been extracted as a fraction of the limiting current (similar to Figure 4). Also, the limited
electrolyte domain considered in the simulation renders direct comparison of current density with
experiments extremely difficult.

Ceramic based single ion conductors have been considered extensively as electrolyte in
lithium ion batteries. Due to its extremely high elastic modulus, almost 100 times larger than that
of lithium [63], it is assumed that ceramic-based single ion conductors will be able to prevent
dendrite growth. However, due to the polycrystalline nature of the ceramics, they demonstrate
grain/grain-boundary microstructure. The difference in mechanical and transport properties
within the grain-interior and the grain-boundary region introduces heterogeneity within the
ceramic electrolyte. It should be noted that the yield strength of ceramics are much higher than
that of PEO based polymers. Also, the inherent anisotropy of ceramics at the grain level
introduces additional complexity. The results demonstrated in Figure 6 assume that the yield
strength of the material is independent of the elastic modulus. Hence, the present computational
scheme developed for studying the homogeneous polymer electrolytes, cannot be used for
modeling the ceramics simply by increasing the elastic modulus of the electrolyte domain. To
accurately predict the propensity of dendrite growth within ceramic-based single ion conductor
electrolytes, different simulations should be conducted with appropriate grain/grain-boundary
microstructures and corresponding parameters that belong to ceramic materials.

Mechanism behind dendrite prevention: During operation at low current densities,
suppression of dendrite growth with increasing shear modulus of the electrolyte phase can be
attributed to the increase in compressive stress around the dendritic protrusion[21, 23]. However,
even at higher current densities, the ratio of concentration/overpotential factors between

protrusion peak and valley decreases significantly with rising electrolyte shear modulus (see the
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red squares in Figure 5). This is possible only if the interfacial boundary between the lithium

metal and polymer electrolyte changes significantly under high . The height of the
GEIectrolyte

dendritic protrusion impacts the ratio of concentration/overpotential factors at the peak and
H

the valley to a large extent. Variation in dendritic protrusion height with increasing shear
modulus of the electrolyte phase has been plotted in Figure 7. The corresponding ratio between

reaction current at the peak over that at the valley is shown by the red curve. For extremely low

shear modulus values , no suppression of the dendritic protrusion is
GElectrolyte < 10—4 GLithium

observed and its height remains unchanged at 800nm (the initial value). With increasing

magnitude of electrolyte shear modulus , the protrusion
1074 GHthium o GFlectrolyte lo—lGLithium)

height drops sharply. In the third zone, where the electrolyte modulus is comparable to that of

lithium , the protrusion height continues to decrease slowly. The
GElectronte > 10—1 GLithium

corresponding vertical displacement contours within the lithium metal have also been shown in

Figure 7 for three different values of the modulus. Here, the downward movement of the mesh
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has been characterized as positive displacement. It is evident that the maximum displacement in
the downward direction is observed at the protrusion peak. However, some upward displacement
is also observed at the valley region during plastic flow of lithium. Due to symmetry boundary
condition, displacement of metallic lithium in the horizontal direction at the left and right
boundary has been prevented. Only vertical displacement is allowed there. During plastic
deformation, lithium metal behaves as an incompressible material[57]. To conserve volume,
downward deformation of the protrusion peak is matched with upward displacement of the
protrusion valley. In other words, lithium metal flows under externally applied load from the
protrusion peak to the valley region. Eventually, the plastic flow of lithium leads to suppression
of the dendritic protrusion.

The existence of three different regions in Figure 7 can be explained based on the fact

that the yield strengths of PEO-based polymers are almost twice that of
|6, e ~ 0.75MPa|

0,PEO

lithium metal . In the first region, where the electrolyte shear modulus is
|, ~04MPa|

significantly smaller than that of lithium ~_, the effective stresses that
(GElectronte < 10—4 GL/thlum)

evolve within the lithium and electrolyte always remain below the corresponding yield limits
(see Figure S5(a)). Hence, only elastic deformation occurs within the lithium metal and polymer,

which leads to insignificant change in the protrusion height. In the second regime, which exhibits
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a rapid decrease in protrusion height, the shear modulus of polymer electrolyte is approximately

two to  three orders of magnitude smaller than that of lithium

. Here, the effective stress that evolves within lithium metal

1074 GHthium  GElectrolyte _ 1y GLithium)
exceeds its yield limit and plastic deformation is observed (see Figure S5(b)). However, the
effective stress within the polymer electrolyte remains below its yield strength, which gives rise
to only elastic stresses. Hence, rapid flow of lithium metal due to plastic deformation and
negligible flow of the polymer electrolyte phase leads to the drastic decrease in protrusion

height. Finally, for electrolyte shear modulus values comparable to that of lithium metal

, the magnitudes of effective stress that evolve in the lithium and polymer
GEletrolyte 1 (g1 GGHthium

electrolyte exceed their yield strengths (demonstrated in Figure S5(c)). Hence, plastic flow
occurs in lithium metal as well as PEO-based polymer. As a result, the reduction in protrusion
height continues with increasing electrolyte modulus, but at a smaller rate than before. Due to the
plastic deformation of polymer, the electrolyte material flows when initially pushed into contact
with the lithium. This additional plastic flow of the electrolyte region reduces the need for
additional deformation and flow of the lithium. This results in suppression of the lithium
dendritic protrusion at a lower rate. It is evident from the displacement contour plots (shown in
Figure 7) that the bottom of the lithium metal experiences negligible deformation, which is

consistent with the zero-displacement boundary condition, applied there.
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Comparing the black and the red curves in Figure 7, it is evident that effective
suppression of the dendritic protrusion occurs in the second regime where elastic deformation of
the polymer electrolyte is accompanied with plastic flow of the lithium protrusion (also see
Figure S5). In this domain, significant decrease of the protrusion height has been observed even
with minor increase in the electrolyte shear modulus. Rapid reduction in the protrusion height
triggers a significant drop in the ratio of concentration/overpotential factor of reaction current

between the peak and the valley. Hence, the ratio of total current at the peak over that at the

valley also decreases quickly during plastic flow of the dendritic protrusion.

Ipeak / Ivalley

According to the shear modulus of PEO , this polymer electrolyte
GEIectronte — 7.7 % 10—3 >GLil'hiUm

belongs to the second regime. However, due to the yield strength of PEO considered in this study

, it is not possible to completely suppress the dendrite growth during elastic
O, peo ~ 0.75MPa|

0,PEO

deformation of the polymer electrolyte. This is manifested by the fact that the ratio of current
between peak and valley is greater than unity even at the end of the second regime (follow the
red curve in Figure 7).

All else being equal, increasing the yield limit for the polymer should extend its capacity
for elastic deformation, making suppression of dendrites possible at lower values of the

electrolyte modulus. Figure 8 demonstrates that by increasing the yield strength of polymer
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electrolytes by approximately three times , it is possible to obtain dendrite-
|6, g ~ 2.25MPa)

0,Elec

free deposition of lithium even with an electrolyte shear modulus approximately two orders of

magnitude smaller than that of lithium ( . Due to the increase in yield
GEIectronte > 3 X 10—2 GLithium

strength of the electrolyte phase, complete prevention of dendrite growth is seen within the

intermediate region , where plastic deformation of lithium is
( 10 GLithium < GEIer:tronte <10 GLithium

accompanied by elastic deformation of the polymer. Rapid plastic flow of the lithium metal leads

to suppression of the dendritic protrusion to such an extent that the overall current at the peak

becomes smaller than that at the valley . This suppression of dendrites occurs for

Ipeak < Ivalley

applied current densities at up to 75% of the limiting current.

Such modification of the yield strength of PEO-based polymers can be accomplished by
the usage of several additives[48, 64]. However, for successful implementation of these PEO-
based polymer composites as lithium-ion battery electrolytes, they must possess sufficiently

large magnitudes of conductivity, diffusivity and transference number.

Conclusion
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A detailed computational model has been developed to predict the propensity of lithium
dendrite growth by coupling mechanical equilibrium, charge balance and mass conservation
equations[21, 23, 51, 52]. Current density at the lithium electrolyte interface has been estimated
from a modified version of the nonlinear Butler-Volmer relation that takes into account the
surface curvature and mechanical stress-induced effects[23, 42]. The majority of the simulations
have been conducted assuming transport and mechanical properties of bulk lithium metal and
PEO polymer-based electrolyte[12, 47-49]. A perfect interface between the lithium foil and
polymer electrolyte has been assumed that does not contain any surface roughness or a solid-
electrolyte-interphase (SEI) layer[35, 36]. Elastic-plastic deformation of both lithium and

polymer has been observed for electrolytes with relatively high shear modulus values

. Plastic flow of the dendritic protrusion encourages stable deposition of
GElectrolyte 1 (-3 GGHthium
lithium[41, 45]. A phase map has also been developed that demarcates certain combination of
design (shear modulus of electrolyte) and operational (applied current density) parameters, for
which dendrite-free stable deposition of lithium is possible during the recharge process. Some of
the major conclusions obtained from this specific study are provided below:
1. The magnitude of applied current density (as a fraction of the limiting current)

determines the propensity of dendrite growth. For PEO polymer-based electrolytes, if the applied

current is less than 40% of the limiting current , dendrite growth should not

Iapplied < O'4Ilim'ting

occur.
2. Application of a mechanical stress field helps to prevent dendrite growth in two ways:
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a. Higher compressive stress at the protrusion peak as compared to the valley leads

to enhanced reaction current density at the protrusion valley.
b. For high shear modulus electrolytes , plastic deformation

( GEerove S 1072 GLithium)
of the lithium metal reduces the height of the dendritic protrusion. This also
decreases the concentration/overpotential factor of the reaction current density at

the protrusion peak.
3. The yield strengths of the lithium metal and polymer electrolyte also affect dendrite

growth. Increasing the yield strength of the electrolyte can stabilize the dendritic protrusions,
even with a shear modulus two orders of magnitude smaller than that of lithium. Hence,
measurement of only the elastic modulus of the polymer electrolyte may not be sufficient. We
must also focus on the measurement of yield strengths of the electrolytes.

It is worth mentioning that a realistic three-dimensional dendritic protrusion would be
cylindrical in shape, whereas the present two-dimensional simulations capture the behavior of a
knife-edge-like model dendritic protrusion. It is expected that a three-dimensional needle-like
structure would experience more localized external force than a two-dimensional object, which
can significantly alter its state of hydrostatic and deviatoric stress. Similarly, the difference
between two-dimensional and three-dimensional structures can significantly impact the potential
and concentration profile around the dendritic protrusion, and subsequently the current
distribution between the peak and the valley. However, the present two-dimensional analysis
provides a good qualitative understanding of the interaction between different parameters (such
as shear modulus and yield strength of polymer electrolytes) responsible for preventing the

growth of dendritic protrusions.
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concentration and potential problems. (a) Lithium and electrolyte meshes used to determine the
stress evolution around the dendritic protrusion. Height of the dendritic protrusion is defined as
the distance between the peak and the valley of the lithium metal. (b) Computational domain on
which concentration and potential distributions were calculated. Influx of lithium ions was
imposed at the top of the electrolyte. The bottom boundary of the lithium region served as a
current collector. Reaction current density was determined by the Butler-Volmer equation at the
lithium-electrolyte interface. Symmetric boundary conditions were used at the left and the right
side for both lithium and electrolyte.

Figure: 2. (a) Comparison between experimentally measured and computationally predicted
elastic—plastic response of bulk lithium metal. (b) Comparison between experimental and
computational elastic—plastic stress—strain curve for bulk PEO. Molecular weight of PEO
measured in the experiment is 30,000g/mol. A nonlinear strain hardening law has been adopted
for both bulk lithium and polymer materials. The value of elastic modulus (E) has been adopted
from other literature[12, 47, 49]. The values of yield strength, hardening modulus and hardening
exponent have been obtained through fits to the experimental data.

Figure: 3. (a) Contour plot of the potential observed within the electrolyte at steady state. The
applied current is 75% of the magnitude of limiting current. Since the conductivity of lithium
metal is very high, the potential throughout the lithium metal is extremely close to zero. Hence,
the potential in this region has not been shown. (b) Concentration of lithium ions within the
electrolyte at steady state. The current applied is 75% of the limiting current. The initial
concentration of lithium within the electrolyte has been assumed to be 300mol/m?. The transport
properties of lithium ions within PEO polymers have been assumed for the electrolyte phase.

Figure: 4. The ratio of current at the peak over that at the valley with respect to the applied
current has been plotted for lithium deposition with PEO polymer-based electrolytes. Increasing
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the applied current encourages dendrite growth. The blue horizontal line indicates the barrier
below which stable deposition of lithium occurs and above which dendrites can grow. For PEO-
based electrolytes, if the applied current is greater than 42% of the limiting current, present
simulations predict that dendrites can grow. From the experimental data, ratio between applied
current over limiting current can be obtained (the data points along the x-axis). Even though the
exact ratio of current at the peak over that at the valley is not known, the fact whether dendrite
growth occurs or not, can be extracted from the experimental results. The critical current density
predicted in the present research qualitative correlates with the experimental observations.

Figure: 5. Ratio of current at the peak over that at the valley has been plotted with respect to the
shear modulus of the electrolyte phase (black circles). The yield strength and other plasticity
parameters of the electrolyte have been kept identical to that observed in PEO. The applied
current is 75% of the limiting current for that particular system. The results indicate that
suppression of dendrite growth is only possible by very high modulus electrolytes, with Gecle
approximately 20 times greater than that of G“™™ Comparison between the
concentration/overpotential factor ratio (red-square line) and ratio between interfacial-stress
factors (blue-triangle line) at the peak and valley of the dendritic protrusion has also been
demonstrated here.

Figure: 6. A phase map of the applied current with respect to the shear modulus of the polymer
electrolyte phase. This map indicates that by increasing the elastic modulus of the electrolyte it
may be possible to operate the battery at higher currents without the formation of dendrites.
Elastic properties of poly(ethylene oxide) (PEO) and poly(styrene ethylene oxide) (SEO) has
been adopted form Mullin et al. [59].

Figure: 7. Demonstration of the decrease in protrusion height under elastic-plastic deformation of
lithium metal (denoted by the black squares). The red circles indicate the corresponding ratio of
reaction current at the protrusion peak over that at the valley. For very low electrolyte shear
modulus values, only elastic deformation of both lithium and PEO is observed. As the elastic
modulus of the polymer-based electrolyte phase increases, the stress within both lithium metal
and electrolyte increase. Since the yield strength of lithium is smaller in magnitude than that of
the PEO-based electrolyte, plastic deformation of lithium occurs first. For very high electrolyte
shear modulus values, both lithium and the electrolyte material deform plastically. Displacement
contour plots for three different points have been depicted in the figure. Downward displacement
has been denoted as positive. Significant reduction in protrusion height occurs during the plastic
deformation of lithium metal. Due to plastic incompressibility of lithium metal, some upward
displacement is also observed near the valley region during plastic deformation.

Figure: 8. Ratio of current at the peak over that at the valley plotted with respect to the shear
modulus of the electrolyte phase. Increasing yield strength of the electrolyte phase helps to
stabilize the deposition of lithium. The applied current is 75% of the limiting current for that
particular system. The overall curve can be divided into three different zones: a) Low electrolyte
modulus, where only elastic deformation of lithium and electrolyte occurs. b) Medium
electrolyte modulus, where elastic deformation of the electrolyte is accompanied with plastic
deformation of lithium metal. c) High shear modulus of the electrolyte, where elastic-plastic
deformation of both lithium and electrolyte occurs.
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Table: 1. A list of the mechanical and transport parameters used in the present simulation is

provided below along with the references from where they have been adopted.
Name Symbol Unit Value Ref.
Surface energy Y J/nt 1.716 | [23,35]
Lithium Young’s modulus EU GPa 9.0 [23]

Lithium shear modulus G’ GPa 3.4 [23]

Lithium Poisson’s ratio v -- 0.42 [23]

Yield strength of lithium Oy MPa 0.4 [47, 49]
Hardening modulus of lithium Hu MpPa 1.9 [47, 49]
Hardening exponent of lithium m; - 0.4 [47, 49]
PEO polymer Young’s modulus Epeo MPa 70.0 [12]

PEO polymer shear modulus G*° MPa 26.2 [12]
Electrolyte Poisson’s ratio Ve -- 0.3 [23]
Yield strength of PEO polymer O pro MPa 0.77 [12, 48]

Hardening modulus of PEO polymer Hoo MPa 3.5 [12]
Hardening exponent of lithium Meeo -- 0.4 [12]
Partial molar volume of lithium _Li ' /mol 1.3x10° [23]

Partial molar Voigll?e of electrolyte _Elec nt /mol 1.674x10" (23]

Lithium diffusion coefficient D, ni/s 110" | [65, 6]
Lithium transference number tL,-+ -- 0.3 [23, 35]

Thermodynamic factor dln fi/ dln Ce -- 1.0x10° [67]
Conductivity in PEO polymer K peo S/m See Eq. (S4) [68]
oy S/m 1.1x107 | [38]

Conductivity in lithium
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Frequency @ m' 108 [31, 55]
Amplitude A nm 400.0 | [31,55]
. . . 1/2
Anodic and cathodic reaction rate ka’ /<C ( mol / mxsz) 9.832x10° | [23, 35]
constants
Anodic and cathodic transfer o .o
coefficients ac - 0.5 [23, 35]
Domain length L, m 27[/ w [23]
Universal gas constant R J/mol-K 8.314 --
Temperature T K 298.15 --
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Figure: 1. Schematic diagram of the computational domains used for solving the mechanics,
concentration and potential problems. (a) Lithium and electrolyte meshes used to determine the
stress evolution around the dendritic protrusion. Height of the dendritic protrusion is defined as
the distance between the peak and the valley of the lithium metal. (b) Computational domain on
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which concentration and potential distributions were calculated. Influx of lithium ions was
imposed at the top of the electrolyte. The bottom boundary of the lithium region served as a
current collector. Reaction current density was determined by the Butler-Volmer equation at the

lithium-electrolyte interface. Symmetric boundary conditions were used at the left and the right
side for both lithium and electrolyte.
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Figure: 2. (a) Comparison between experimentally measured and computationally predicted
elastic—plastic response of bulk lithium metal. (b) Comparison between experimental and
computational elastic—plastic stress—strain curve for bulk PEO. Molecular weight of PEO
measured in the experiment is 30,000g/mol. A nonlinear strain hardening law has been adopted
for both bulk lithium and polymer materials. The value of elastic modulus (E) has been adopted
from other literature[12, 47, 49]. The values of yield strength, hardening modulus and hardening
exponent have been obtained through fits to the experimental data.
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Figure: 3. (a) Contour plot of the potential observed within the electrolyte at steady state. The
applied current is 75% of the magnitude of limiting current. Since the conductivity of lithium
metal is very high, the potential throughout the lithium metal is extremely close to zero. Hence,
the potential in this region has not been shown. (b) Concentration of lithium ions within the
electrolyte at steady state. The current applied is 75% of the limiting current. The initial
concentration of lithium within the electrolyte has been assumed to be 300mol/m?. The transport
properties of lithium ions within PEO polymers have been assumed for the electrolyte phase.
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Figure: 4. The ratio of current at the peak over that at the valley with respect to the applied
current has been plotted for lithium deposition with PEO polymer-based electrolytes. Increasing
the applied current encourages dendrite growth. The blue horizontal line indicates the barrier
below which stable deposition of lithium occurs and above which dendrites can grow. For PEO-
based electrolytes, if the applied current is greater than 42% of the limiting current, present
simulations predict that dendrites can grow. From the experimental data, ratio between applied
current over limiting current can be obtained (the data points along the x-axis) [7]. Even though
the exact ratio of current at the peak over that at the valley is not known, the fact whether
dendrite growth occurs or not, can be extracted from the experimental results. The critical current
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density predicted in the present research qualitative correlates with the experimental
observations.
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Figure: 5. Ratio of current at the peak over that at the valley has been plotted with respect to the
shear modulus of the electrolyte phase (black circles). The yield strength and other plasticity
parameters of the electrolyte have been kept identical to that observed in PEO. The applied
current is 75% of the limiting current for that particular system. The results indicate that
suppression of dendrite growth is only possible by very high modulus electrolytes, with Gecle
approximately 20 times greater than that of G“™™ Comparison between the
concentration/overpotential factor ratio (red-square line) and ratio between interfacial-stress
factors (blue-triangle line) at the peak and valley of the dendritic protrusion has also been
demonstrated here.
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Figure: 6. A phase map of the applied current with respect to the shear modulus of the polymer
electrolyte phase. This map indicates that by increasing the elastic modulus of the electrolyte it
may be possible to operate the battery at higher currents without the formation of dendrites.
Elastic properties of poly(ethylene oxide) (PEO) and poly(styrene ethylene oxide) (SEO) has
been adopted form Mullin et al. [59].
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Figure: 7. Demonstration of the decrease in protrusion height under elastic-plastic deformation of
lithium metal (denoted by the black squares). The red circles indicate the corresponding ratio of
reaction current at the protrusion peak over that at the valley. For very low electrolyte shear
modulus values, only elastic deformation of both lithium and PEO is observed. As the elastic
modulus of the polymer-based electrolyte phase increases, the stress within both lithium metal
and electrolyte increase. Since the yield strength of lithium is smaller in magnitude than that of
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the PEO-based electrolyte, plastic deformation of lithium occurs first. For very high electrolyte
shear modulus values, both lithium and the electrolyte material deform plastically. Displacement
contour plots for three different points have been depicted in the figure. Downward displacement
has been denoted as positive. Significant reduction in protrusion height occurs during the plastic
deformation of lithium metal. Due to plastic incompressibility of lithium metal, some upward
displacement is also observed near the valley region during plastic deformation.

TR Plastic
Elastic Lithium Llfigan Plastic Lithium
Elastic Electrolyte Elastic Plastic Electrolyte
1.3 Electrolyte [Jf I . :
—-— UO,EleC~O'75MPa
. . —8-0 ~1.5MPa
1.2 l Tied - 0,Elec a
S =075 R 04 Floc~2-25MPa
1.1 llimiting =
0 §
E Dendrite Growth
8 No Dendrite
09 =
Increasing
Yield
g Strength
0.7 | | ] | ] | ] | ]
0% 0% 10 407 10w a0 ' 10°
G Electrolyte G Lithium

Figure: 8. Ratio of current at the peak over that at the valley plotted with respect to the shear
modulus of the electrolyte phase. Increasing yield strength of the electrolyte phase helps to
stabilize the deposition of lithium. The applied current is 75% of the limiting current for that
particular system. The overall curve can be divided into three different zones: a) Low electrolyte
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modulus, where only elastic deformation of lithium and electrolyte occurs. b) Medium
electrolyte modulus, where elastic deformation of the electrolyte is accompanied with plastic
deformation of lithium metal. c) High shear modulus of the electrolyte, where elastic-plastic
deformation of both lithium and electrolyte occurs.
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