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The relationshig,.between mechanical stress states and interfacial electrochemical thermodynamics
of Li metal 15720501, and Na metal/Na-B”-Al,0; systems are examined in two experimental

configurati@hs with an applied uniaxial load; the solid electrolytes were pellets and the metal

N

electrodes figh-asgect-ratio electrodes. Our experimental results demonstrate that (1) the change in

{

equilibriu ial at the metal/electrolyte interface, when stress is applied to the metal

U
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electrode, is linearly proportional to the molar volume of the metal electrode, and (2) the

mechanical stress in the electrolyte has negligible effect on the equilibrium potential for an

t

P

experimental setup in which the electrolyte is stressed and the electrode is left unstressed. Solid
mechanics f a metal electrode on a solid electrolyte pellet indicates that pressure and

normal Stréee are within ~0.5 MPa of each other for the high aspect ratio (~1:100 thickness:diameter

4

in our study), Li metal electrodes under loads that exceed yield conditions. This work should aid in

C

advancing titative understanding of alkali metal dendrite formation within incipient cracks
and their sibs€quBnt growth, and pore formation upon stripping, both situations where properly
accountin mpact of mechanical state on the equilibrium potential is of critical importance

for calcula current distribution.

&
-
C
(O

1. Intro

ment of the conventional graphite anode with lithium metal would enable increased

M

energy content on gravimetric (~35%) and volumetric (~50%) cell-level bases and the potential for

[

manufactu reduction; however, the development and adoption of rechargeable lithium

metal batt Bs) face challenges.™™ In conventional organic liquid electrolytes, lithium is prone

to irreversi ity loss due to side reactions and the formation of dendritic protrusions that can

n

lead to Il failure, and potentially fires.”* Solid electrolytes have been proposed as a

|

means of Mitigating these issues and achieving desired cycling characteristics for LMBs." A number

of groups have stulied the electrochemically active interface between alkali metals and solid-state

J

electrolyte nfluence of stresses on battery performance, and electrochemically induced

A
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expansion of electrode materials.>™ Despite the investigation of various solid electrolytes including
polymers, oxides, sulfides, and more, none have yet been shown capable of preventing dendrite

formation !n ell failure while demonstrating all commercially desired performance and cycling

characteri icle applications.!*>*

H I
Chakacterizing the thermodynamic and kinetic states at the lithium/electrolyte interface is

[

essential fgf"un tanding lithium plating and stripping because they affect the current distribution

oG

over the electr surface and thereby determine whether initiation sites grow into dendrites that
lead to sho chanical work done on or by a material system changes the Gibbs free energy of

that material syst@m. For fluids (especially compressible fluids), pressure-volume work is typically

Ul

used, wher olid materials (especially those that undergo elastic deformations, requiring use

I

of the Ca ss tensor) stress-displacement work is used. When considering the effect of

mechanicalfst electrode and electrolyte thermodynamic states, the stress and molar volume

d

(forap r partial molar volume (for a variable composition phase) determine changes in

Gibbs free e ! In the literature, there are several proposed models assessing how stress
distributions at a [ithium electrode/electrolyte interface impact the interfacial thermodynamics and
kinetics; hgever, there are discrepancies regarding which stresses to use and whether the
mechanica of the electrolyte impacts the equilibrium potential. Newman and Monroe
developed el to assess the effect of interfacial deformation on reaction kinetics and
thermody!mics at a metal electrode with a polymer electrolyte in which a salt concentration
gradienMp (e.g., PEO).[13] Starting from thermodynamic relationships, they obtained an

expression :or tEShange in electron chemical potential caused by a change in pressure in both the

electrode and Ettrolyte. They used an interfacial stress balance to obtain the pressure and
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deviatoric stresses present in both the electrode and electrolyte, and subsequently how these
mechanical states affect the kinetics and thermodynamics of a reaction at the interface.™ Pannikkat

(14]

(one stress, ressed) with yttria-stabilized zirconia electrolyte at elevated temperatures.

and Raj stjiej ihe stress induced change in equilibrium potential between two platinum electrodes
UniaxiaFco_gpressmn was applied to a working electrode on the top of a sample of Y,03-ZrO,, with
an unstressed reference electrode on the side of the sample. These authors posited that the change

in equilibri ntial due to applied stress was related to the normal stress at the interface,

rather thaw and deviatoric stresses, and that for their system only the mechanical state of

the solid e affected the equilibrium potential. The experimental geometry used by
Pannikkat , a

s well as a gas-phase reactant (O,), leads to challenges applying their results to
metal eIec!ode systems, but it is an early experimental work addressing stress-potential coupling.
More rec nser et al. developed a version of the Butler-Volmer equation considering
mechanical Sta or a variety of electrolyte and electrode systems using transition state theory.™
For a syste osed of a binary electrolyte in a solvent and a metal electrode, they developed a

kinetic omparable to Newman and Monroe’s. For this case, the change in equilibrium

potential due to mechanical stress at the interface is given by,

. -
Veg = %(Man”’ +92,p7) (1)

Here, Vg4 i ilibrium potential between the electrode and electrolyte at the interface, AG, is
the refi rence in Gibbs free energies between the electrode and electrolyte, g, is the
applied no ss, Q is the molar or partial molar volume, script M denotes the metal electrode,
the script s the ion in the electrolyte, and p refers to the pressure. They state that the

This article is protected by copyright. All rights reserved.
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pressure can be substituted for the normal stress in the case of a weak solid (which we interpret to

mean a solid with a yield strength significantly lower than the applied or generated stresses),

material (j or a fluid without any yield stress). For a single-ion conductor with a metal

because ote : solid yields, the pressure and normal stress are of negligible difference in a weak

eIectrO(Fe, El ebrand et al. posited that only the mechanical state of the electrode affected the

thermodynmaate and kinetics of the reaction,
1
Veg = ;(Amg,wan) (2).

An analog ssion is used in the work of Barroso-Luque et al. who also modeled a metal

[15]

electrode gle-ion conductor; however, the pressure is substituted for the normal stress in
the work c! Barroso-Luque et al., demonstrating potential discrepancies in the literature regarding

the mechame in the electrode that determines the interfacial thermodynamic states.!'®!

ukherjee also modeled the effect of mechanics on Li deposition with a metallic

lithium electro d solid single-ion conducting electrolyte.™” In their model, they propose that the
equilibrium potential is a function of the mechanical state of both electrode and electrolyte similar
to Equati! 1 above, and they use hydrostatic stress (i.e., pressure) as the stress term. They
conclude t increased disparity between Q,; and Q,; leads to a reaction bias favoring localized
deposition. e that several uses and definitions of the partial molar volume of Li* in a solid ion
conductorg.g., LLZO) can be found.”*! some authors treat Q,;* as zero, as the lithium cations are

part of thice structure and cannot undergo addition or removal without affecting charge

neutrality,[jw others describe the partial molar volume of an ion in a crystalline solid

electrolyte as thfolume of the ion in the crystal, subject to certain definitions."® We prefer to

This article is protected by copyright. All rights reserved.
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retain the definition of the partial molar volume of a species as (0V/0n;);p ;. because of its clear
ability to be measured experimentally. Because LigslLasZrisTags0:, (LLZO) and NBA Na-B”-Al,0;
(NBA) amme—composition materials (i.e., they don’t develop internal spatial compositional
variations ry cycling), the partial molar volume of Li* (for LLZO) and Na* (for NBA) in

these mgte!—iassnot defined.

In #is wotk, we use experiments and models to investigate how mechanical stresses affect

G

the equilibriu otential of two alkali metals/single-ion conducting electrolyte interfaces. In

S

particular, r@¥ide the first direct thermodynamic measurements of how stress, and which type

of stress, affects the equilibrium potential of both Li and Na metals and single-ion conducting solid

U

electrolyte dress the questions of whether pressure or normal stress is the correct quantity

I

for assessi ect of mechanics on the equilibrium potential, and if the mechanical state of the

solid electr@lyt E ectrode, or both affect the equilibrium potential.

2. Resul Iscussion

M

The experimental setups for measuring the stress-induced potentials are illustrated in Figure 1. To
correlate t rium potential with the applied stress, LLZO and NBA were used as two model

electrolyte To measure the effect on the equilibrium potential of an applied stress on the

or

LLZO but n working electrode, the configuration shown in Figure 1b was used.

Auth
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Figure 1. Schematic of Experimental Setups. a) The platen applies a normal compressive stress to the

working e solid electrolyte interface. Both Na/NBA and Li/LLZO material systems were

d

studied p. D is the initial diameter of the WE and RE, 2mm. b) In this setup the platen

applies essive stress to LLZO, and the Li WE is present on a face perpendicular to the top

M

plane. W is the width of the lithium WE, 1mm, and L is the length of the WE, 2mm.

[

The Jlts acquired using the experimental configuration in Figure 1a are summarized in

Figure 2. F and 2c depict the transient potential measured between the stressed working

electrode e unstressed reference electrode (in the study, the reference electrode served as

N

the counteg electrgde) with the corresponding applied normal stress. Figure 2b and 2d demonstrate

{

the linear ip between measured potential and applied stress for each of the three trials

U

conducted material set.

A
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Figure 2. IVS;Q equilibrium potential as a function of applied stress. a) Transient stress-induced
potential for E«:trodes with LLZO electrolyte. b) Multiple trials of steady state stress induced
potenti ectrodes with LLZO electrolyte with regression. c) Transient stress-induced
potential fs Na electrodes with NBA electrolyte. d) Multiple trials of steady state stress induced

potential modes with NBA electrolyte with regression. A¢ is defined as the measured

potential b

0 MPa. :
Equation 2.

through the originiand have a slope equal to the molar volume of the metal electrode divided by F.

Using E(&d the fit for the Li/LLZO system shown in Figure 2b, the molar volume of Li from

This article is protected by copyright. All rights reserved.
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regression, 12.23 cm?/mol, is within 6% of the actual value of 13.0 cm®/mol. For Na/NBA and the fit
shown in Figure 2d, the molar volume of Na from regression, 22.51 cm3/mol, is within 5.5% of the
actual vaMH cm®/mol. The molar volume of a solid is a function of pressure; however, the
influence n the molar volume should be on the order of 1% or less in our case. These
results ate —!Ecoseagreement with Ganser’s model for a metal electrode and a single-ion conducting

electrolyte; :hafes in potential with stress are proportional to the molar volume of the metal

electrode, apparent effect due to the electrolyte.™ To our knowledge, these are the first

careful m%nts of this effect with well-defined geometries and careful attention to all

experimen s for Li and Na metal electrodes with ceramic single-ion conducting electrolytes.
This is an

nt result worth reiterating: for this configuration, the mechanical state of the

electrolyteSEpears to have a minimal (i.e., <5% of the overall equilibrium potential response to an

applied strmt on the equilibrium potential of the reaction.

nderstand the full state of the stress, COMSOL was used to simulate the stress

working electrode and electrolyte for the configurations in Figure 1a and 1b. In

particular, these simulations were used to determine the normal stress and pressure distributions at
the stress! electrode/electrolyte interface. The Li metal electrode was treated as linear elastic

followed thly plastic material once the Von Mises stress exceeded the yield strength.

Modeling Li ectly plastic was chosen due to its lack of work hardening at the strain rates and
temperatug of these experiments.?®?" The LLZO was treated as a linear elastic material; it does not
have a \M yield strength or exhibit ductile deformation. Figure 3 shows the pressure and

normal stress ElSSbutions in the Li working electrode at the electrode/electrolyte interface for the

experimental sef:in Figure la.

This article is protected by copyright. All rights reserved.
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Figure 3. CO Model of Experimental Configuration 1a for Li/LLZO. a) Schematic of modeling

domain ental configuration 1a. b) Boundary conditions at the electrode/electrolyte

interface. g} Developed Normal Stress and Pressure in the electrode as a function of the Applied

f

Stress.

0

No slip“boundary conditions were applied at the electrode/platen and electrode/electrolyte

i

interfac wing displacement in the z-direction at these interfaces. The edges of the Li

L

electro o constrained to movement in only the z-direction. These conditions were

selected due to thB high friction developed at these interfaces, leading to hydrostatic pinning.”? In

tl

our model, th elds once the Von Mises stress exceeds the yield strength at an applied load of

A
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~2.6 MPa; however, the friction at the two interfaces coupled with the high aspect ratio of the
electrode limits observable radial flow of the Li to time scales exceeding that of our experiments,
justifyinmmn of fixed boundaries on the electrode edges. Masias et al. observed increasing
flow stressmsing aspect ratio (diameter:thickness in their study) for mineral oil lubricated
Li and pﬁtimxpect the friction and adhesive forces in our experiment to be greater due to the
unIubricat(ﬁen and vapor deposited Li/LLZO interfaces, resulting in more hydrostatic pinning

than was o in their work. From Figure 3, after plastic deformation occurs, the normal stress

in the Li awressure are nearly equal, differing by ~0.5 MPa. This offset corresponds to a

difference V in the stress induced potential (using the slope in Figure 2b), a value that will

be difficult rve experimentally.

Ou:f the Li electrode in the configuration in Figure 1a is confining the volume of the
o

metal elem the sides and bottom, but when it is compressed from the top, it will first

develo ording to elastic mechanics. Once the Von Mises stress is exceeded, the Li metal

will yield, and omponents of the Cauchy stress tensor will satisfy the Von Mises yield criterion

for a material under principal stresses. Our model shows that at ~1:100 aspect ratio
(thickness:!ameter) , Li (and we can infer Na) will yield at applied normal stresses of a few MPa at
most, and t happens, pressure and normal stress are negligibly different compared to the
magnitudes plied normal stress. This is before considering the significant rates of room-

temperatug creep, so for the treatment of sodium and lithium metal electrodes at temperatures of

25 °C M, the pressure and normal stress can be used interchangeably within a

corresponc!ing e!ejrochemical accuracy of <0.1 mV.

<C
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To further investigate whether an applied stress affects the equilibrium potential at a single-
ion conducting solid electrolyte / metal electrode interface, we performed experiments using the
configuratanted in Figure 1b, and we show the results in Figure 4. To our knowledge, this is
the first at irectly measure whether the mechanical state of a single-ion conductor affects
the equmb—!umpoential at a metal electrode interface.

- -
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§ 3 — '
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Figure 4. mdifference between unstressed lithium electrodes with a stressed electrolyte

accordin setup in Figure 1b. a) Voltage transient with step changes in applied stress on LLZO.

b) Mea otential for multiple trials. Here, the potential is averaged over the hour spent at

M

each stress.

[

The e transient in Figure 4a, and time-averaged results for each of three trials shown
in Figure 4 te that stress in the electrolyte alone leads to a <0.5 mV change in potential

between the electrodes. We also note that the magnitude of any signal in Figure 4b is within the

h

noise sho in transient in Figure 1a. This is additional experimental evidence that the

{

mechanica the metal electrode is the most important quantity affecting the equilibrium

U

potential for ceramjc, single-ion conducting electrolytes.

A
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To further understand the mechanical state at the interface of the Li electrode and LLZO
electrolyte, Figure 5 shows equilibrium stress calculations that indicate pressures ~8x larger are
developedin_the electrolyte compared to the Li electrode. The pressure values in Figure 5b are

surface av interface, as the pressure varies significantly across the interface due to the

P

stress distiDOtON that results from experimental geometry and boundary conditions. We are

showing pressurg rather than normal stress (x-direction) because the normal stresses developed at

CIi

the interfa fectively zero due to the free boundary at the Li/LLZO interface. The pressure is

non-zero ilylue to the stress in the z-direction. There are significant complexities associated

$

with desig xperiment with normal stresses developed only in the electrolyte. For the LLZO

U

electrolyte here, our hypothesis is that its mechanical state does not affect the equilibrium

potential s; several possible reasons, including (1) there is no volume change associated with

passing iomt because of the conduction mechanism, (2) the chemical potential of Li* may be

a weak fun stress applied to the entire LLZO phase.

B35
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Figure 5. COMSOL Model of Experimental Configuration 1b for Li/LLZO system. a) Schematic of

modeling domain for experimental configuration 1b. b) Average Developed Pressure at the interface

t

P

in the Li eléctrode and LLZO solid electrolyte as a function of the Applied Stress.

3. Conclusi

Th xamines the change in equilibrium potential as a result of applied mechanical

stress for ftwo tal electrode/single-ion conducting solid electrolyte systems. The two key

G

experimental c ibutions from this work include (1) the first careful measurements of how applied

S

stress on LIGAd metal electrode against a solid electrolyte affect equilibrium potential, (2) the

first attempts to djlectly measure whether an applied stress on an electrolyte affects the equilibrium

U

potential. (1), our experiments demonstrate that the equilibrium potential is proportional

]

to the mol e of the metal electrode and the applied stress. Regarding (2), our experiments

(2

show that StreSsesiin the single-ion conducting solid electrolytes studied here have negligible effect
on the thermodynamic state. In addition to experimental work, we modeled the

equilibrium istributions for two experimental platforms. For uniaxial compression to well

VY

above yield conditions for Li metal, we found that the normal stress and pressure values in the

electrode within ~0.5 MPa, leading to a negligible difference in potential, ~60uV, indicating the

E

useof pa interchangeable for high aspect ratio electrodes (1:100 in this case) under loads

0

generating a ises stress exceeding the yield strength. Hydrostatic pinning due to the frictional

h

and adhesiVle forces at the electrode/platen and electrode/electrolyte interfaces prevent flow of the

[

metal e cause the primarily hydrostatic stress. We also model the mechanical state of a

pellet in which onlfjthe electrolyte is undergoing compression, which results in significantly different

Ul

pressures (and al stresses) in the electrode vs. electrolyte. Our conclusion that the mechanical

This article is protected by copyright. All rights reserved.
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state of the solid electrolytes in our study does not impact the equilibrium potential is a key point,
and one that does not necessarily apply to systems that can develop composition variations. In
additionﬁntific conclusions of this work, the results of this study are also relevant to the
study of L tal penetration in solid electrolyte cracks or flaws during plating. In these
cases, p’es_iireson the order of 100s of MPa can develop, corresponding to a potential drop of 10s

(8]

of mV, enough t@ strongly shift the current distribution.”™ Further measurements and theoretical

work caref ring the coupling of mechanics and electrochemistry in material sets relevant for

solid state w is justified.
4. Methods s

M nthesis and Cell Assembly: LLZO of the composition LigsLaszZr, sTags0:, and Na-
B”-Al,0; hesized and densified to relative densities >95% as described in previous
works.>*8 T ctrolytes were ground and polished with progressively finer grits with a final

polish diamond paste.
it the Li metal, the LLZO surfaces were masked with laser-cut polyamide and then

20 um of Li was deposited using a thermal vapor deposition system (Angstrom Engineering). The

polyamide ere then removed, leaving 2 mm diameter Li pads to act as the working and
reference s as shown in Figure 1a. To deposit Na metal onto the NBA surface, Na metal
(Sigma Aldrj cold-rolled and punched into 2 mm diameter foils and placed on the NBA surface
in the s ration as Figure 1la. For both systems, the electrolytes are heat-treated in Ar at
400 °C for 700 °C for NBA to remove contamination layers from the electrolyte surfaces.
To minimi ormation of the Na foil during the actual experiments (due to the low yield stress
of Na a relatively large thicknesses of the foil), prior to experiments, the Na foils were

This article is protected by copyright. All rights reserved.
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compressed with a force of 100 N for 1hr such that the diameter of the working electrode increased
to a final diameter of ~3.4 to 3.7 mm. To measure the effect of stresses within the LLZO but away
from thepﬁcche equilibrium potential, the configuration shown in Figure 1b was used. In this
configurati was cut to create a flat face perpendicular to the top plane. The reference

electrode !Weposited as in Figure 1a, and then the working electrode was deposited using the

same thermal vagor deposition method onto the perpendicular face.
Electrochemical Measurements: An Instron 5944 compression/tension unit housed inside an
Ar-filled gl as used to control the applied stress while a Bio-logic VMP300 was used to

measure the eIecSochemicaI potential. To apply stress to the working electrode, a custom Ni-

coated staﬁel platen was used. The face of the platen was polished to a mirror finish with

P2500 san minimize roughness-induced stress concentrations. A tungsten probe was used
to contactfth ence electrode. In the configuration of Figure 1a, the platen was used as the
current the working electrode while in Figure 1b, a second tungsten probe was used.

i/LLZO system, the open-circuit potential was measured for 1 hr at each stress with
force increments of 50 N. For LLZO, the upper-bound of the applied force was limited by fracture of

the LLZO, hxpected to occur at >~100 MPa. As demonstrated by Barosso-Luque et al., >100

MPa stresotentially be generated within a ceramic solid electrolyte crack tip prior to
fracture.l® Na/NBA system, significantly more deformation of the Na metal due to yield and
creep ﬁed and therefore the force was only incremented by 10 N between each
measurwmimize changes in the applied true stress during the experiments. Additionally,

to minimize the t';e of the experiment and therefore the deformation induced, the potential was

only me{ach force for 5 min.

This article is protected by copyright. All rights reserved.
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Mechanics Simulations: Equilibrium stress distributions for each experimental setup were

calculated using the finite element package COMSOL Multiphysics, the Structural Mechanics module,

t

P

and the Nohlipear Structural Mechanics module. The mechanical properties used in the simulations

are summ ble 1, both configurations in Figure 1 were modeled, but only for the Li
metaI/LEZ material system. For the experimental configuration shown in Figure 1a, the solid

electrolyte pellewas modeled with a diameter of 10 mm and a thickness of 5 mm. The Li electrodes

Cr

were mod ith diameters of 2 mm and thicknesses of 20 um. A fixed boundary condition was

applied to otfom boundary of the solid electrolyte pellet, and a boundary load was applied to

S

the top o orking electrode. The platen/electrode, electrode/electrolyte interfaces, and

U

edges of t ode were prescribed no displacement conditions in the radial (x- and y-directions)

direction. A logarithmic sweep of boundary loads from 0 to 100 MPa was conducted. For the

q

experimen uration shown in Figure 1b, a no displacement boundary condition was applied

d

at the bott dary of the solid electrolyte pellet, and a boundary load was applied where the

platen con solid electrolyte. All other boundaries were treated as free.

\/

Table 1: Mechanical Properties used in Li/LLZO equilibrium stress calculations. Li

propertiesm] and LLZO propertieslzs].

Name s Quantity Unit
Li metal P(Q{atio 0.42 -

Li metal Shi ulus 3.4 GPa
Li metal Y!id Strength 0.7 MPa
LLZO Poiion’s @tio 0.26 -
LLZO She us 60 GPa

Al
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The first careful measurements of how applied stresses alter the thermodynamic state of high aspect
ratio alkali metal electrode/single-ion conducting electrolyte systems is conducted. Applied stress on

the metal !Ie ode causes a change in equilibrium potential that is linearly proportional to the

molar volu etal electrode, and the mechanical stress on the electrolyte has a negligible

effect oﬁtiﬂeqw ibrium potential.
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