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Models exploring electrochemistry-mechanics coupling in liquid electrolyte
lithium-ion battery anodes have traditionally incorporated stress impact on
thermodynamics, bulk diffusive transport, and fracture, while stress-kinetics
coupling is more explored in the context of all solid-state batteries. Here, we
showcase the existence of strong link between active particle surface pressure
and reaction kinetics affecting performance even in liquid electrolyte systems.
Traction-free and immobile particle surface mechanical boundary conditions
are used to delineate the varying pressure magnitudes in graphite host during
cycling. Both tensile and compressive stresses are generated in traction-free
case, while a fixed surface subjects the entire particle to a compression state.
Pressure magnitudes are nearly two to three orders of magnitude higher for
the latter resulting in significant depression of open circuit potential and
improvement of exchange current densities compared to stress-free state. The
results demonstrate the need for incorporating stress-kinetics linkage in
models and provide a rationale for putting battery electrodes under com-

pression to improve Kkinetics.

INTRODUCTION

Lithium-ion battery (LIB) performance is primar-
ily dictated by particle level dynamics incorporating
a complex interplay of coupled interfacial thermo-
dynamics (Li/Li* open circuit potential), reaction
kinetics (Li/Li* exchange current density), and bulk
diffusive transport (Li diffusivity) phenomena.l
Furthermore, intercalation/alloying of lithium into
battery electrodes gives rise to particle-level stres-
ses from concentration gradients (e.g., diffusion-
induced stress in lithium manganese oxide, gra-
phite),>® large volume expansion (e.g., phase trans-
formation in silicon),®® and constrained boundary
effects (e.g., particle-particle, particle-conductive
binder domain, particle-current collector contact,
core-shell dynamics).”'® Mechanics has a strong
coupling to thermodynamics, kinetics, and trans-
port; consequently, we expect stress d¥namics to
significantly alter LIB electrochemistry.'*'? In this
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article, we focus on understanding this coupled
stress-electrochemistry paradigm. While previous
works have mostly focused on the impact of stress
on thermodynamics and solid-phase transport in
liquid electrolyte LIBs,'>'* here we show that
stress-reaction kinetics coupling can modify perfor-
mance as well.

The role of mechanics (stress) on bulk diffusive
transport inside the particle and interfacial ther-
modynamics is relatively well studied for small-
strain graphite as well as large deformation silicon
anode systems for unconstrained expansion.'®'®
Diffusion-induced stress results in stress-assisted
diffusion, which enhances the bulk particle-level Li
diffusivity.'”'® For spherical particles, this is
expressed as:

Dy
l?:l—k&:,0<c<c;nalX (1)
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Here, D; is the bulk phase Li diffusivity of

anode particle with lithiation; Dg is the diffusivity
at unlithiated stress-free state. Note that nominal
diffusivity can be concentration dependent.'® Lithi-
ation improves diffusivity with the enhancement
factor dependent on mechanical properties (Young’s
modulus E, Poisson’s ratio v), molar volume of
intercalated lithium, Qp; and maximum Li concen-
tration inside the particle, c***. Figure la and b
showcases the quantitative trends of mechanical
properties and diffusivity factor enhancement
dependent on degree of lithiation for graphite and
silicon obtained from Eq. 1. Graphite and silicon
show stiffening and softening behavior with lithia-
tion respectively, resulting in a threefold increase in
Young’s modulus for graphite and nearly fourfold
decrease in Young’s modulus for silicon with full
lithiation.?%~22 Poisson’s ratio is approximately con-
stant for graphite while it shows a slight increase
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for silicon. All mechanical (£, v) and thermodynamic
properties (Qri, ¢**) of graphite and silicon are
obtained from literature and are reported in Table I.
The corresponding trends for stress-induced diffu-
sivity enhancement show a ~ 60% maximum
increase in graphite nominal diffusion, while silicon
diffusivity can improve up to ~ 2000% with lithia-
tion, indicating the advantages of stressed state.

Equilibrium potentials are impacted by stress
according to:%’

U — UO _QLips

- )

Here, U and U° are the equilibrium potentials in
the stressed and relaxed state respectively, and p; is
the surface pressure in the electrode particle.
Tensile stresses lead to negative pressure resulting
in positive deviation of the open circuit potential
(OCP) from stress-free state. Figure lc shows this
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Fig. 1. (a) Variation of Young’s modulus and Poisson’s ratio for silicon and graphite with normalized lithium content, (b) corresponding diffusivity
factor enhancement. Li content varies from 0 to 1 for empty to full lithiation state. (c) Open circuit potential factor variation and (d) exchange
current density factor variation with anode particle surface pressure. The pressure range is from — 1 GPa to 1 GPa.
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variation of the OCP factor (U — U°) as a function of
the particle surface stress magnitudes. It is evident
that the high molar volume of Li in Si can result in
large equilibrium potential gap of ~ 93.3 mV at a
surface stress state of 1 GPa. The corresponding
voltage gap for graphite particle is ~ 11.8 mV at 1
GPa surface pressure. This gap reduces to zero as
the particle stress goes to a fully relaxed state.
Silicon anodes do exhibit large voltage hysteresis
between lithiation and delithiation at low current
rates, possibly indicating the persistence of h'Sgh-
stress magnitudes at the particle surface.?>3!
Alternatively, this hysteresis can possibly arise out
of slower diffusion/kinetics®® or multiphase
lithiation.

The impact of stress on reaction kinetics is well
studied in metal anode-solid electrolyte litera-
ture®>3* but has been largely ignored for intercala-
tion-based liquid electrolyte systems. Recently,
Ganser and coworkers have devised a formulation
for Butler—Volmer exchange current density incor-
porating the influence of mechanics.?® For interca-
lation particles with concentrated electrolyte
theory, this takes the form:
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Here, iy, ig are the stressed and stress-free state
exchange current densitites, respectively, o is the
symmetry factor generally taken to be 0.5, Qr;, O+
are the partial molar volumes of intercalated Li in
solid host and ionic Li* ion in the electrolyte phase,
respectively, and p,, p, are the pressure in the
active electrode particle and electrolyte, respec-
tively. In liquid electrolyte systems, fluid pressure
is usually negligible if there is extra volume avail-
able for the fluid to move in and out while active
intercalation particles can experience high stress
magnitudes in the MPa to GPa range.?®* Figure 1d
explores the impact of particle-level surface stresses
on the exchange current density factor for graphite
and silicon. Compressive stresses of 1 GPa result
in ~ 25% and ~ 514% enhancement in reaction
kinetics magnitudes for graphite and silicon, respec-
tively, from stress-free state. Conversely, tensile
surface stress states of 1 GPa reduce the reaction
kinetics by ~ 20% and ~ 84%, respectively, for
graphite and silicon. Under traction-free boundary
conditions, surface hydrostatic stress state switches
from compressive to tensile stresses for lithiation vs
delithiation of anode particles.'® This can lead to
increased Kkinetic overpotentials for Li extraction
compared to Li insertion.

For the rest of the article, we focus on under-
standing the impact of large stresses on graphite
performance, which is amenable to small-strain
treatment as opposed to silicon. We build a single
particle half-cell model for graphite with coupled
mechanics-electrochemistry effects to show stress
impact of performance.®® This model solves for Li
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concentration and stress in the spherical graphite
particle alongside voltage evolution with time.'”'®
Concentration equation and its boundary conditions
take the form:

de 9%c  20c oc\ 2 &%c  20c

dc L
BC.rfO,arfo,rfR, D(1+Hc)fF (6)
Here, ¢ is the Li concentration in the graphite
particle and D is nominal stress-free diffusivity.
Symmetry boundary condition at the particle center
and constant flux boundary condition at the particle
surface corresponding to constant current operation
are used. For stress solve, two different mechanical
boundary conditions are considered for the graphite
particle surface: (1) traction-free, radial stress g, = 0
and (2) immobile boundary, displacement u = 0.
Traction-free boundary condition is representative
of the graphite particle being surrounded by soft
matrix of conductive binder domain and electrolyte
which is easily displaced by the graphite expansion.Sé
Immobile surface is representative of a rigid shell
(artificial layer/solid electrolyte interphase) or neigh-
boring particles fully constraining the expansion of
the graphite particle.***! For this model, variation of
graphite Young’s modulus with lithiation is not
considered and a fixed mean value of 70.57 GPa is
used, which is the average Young’s modulus of fully
delithiated and lithiated graphite.> Constant
Young’s modulus allows for decoupling the concen-
tration and stress to solve and obtain the analytical
form for hydrostatic stress shown below.'”
For each of the mechanical boundary conditions,
the hydrostatic stress magnitude can be derived
from the concentration evolution as

Traction-free surface : oy, (r)

201, E 3
= 79(114_ ) Kmfgcr2dr) — c}

(7)

Immobile surface :

(8)

Here, literature expressions of hydrostatic stress,
on(r), for the traction-free boundary condition are
utilized'”'® while quasistatic stress solve with
appropriate strain-displacement, stress-strain con-
stitutive relations, and immobile surface boundary
conditions is performed to obtain the hydrostatic
stress function for the latter case. Note that pres-
sure is just the hydrostatic stress with the sign
reversed.
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Figure 2a shows the temporal evolution of voltage
and current data for a graphite half-cell cycling
between 30 mV and 750 mV at a nominal current
rate of C/10 for traction-free graphite surface. For
the stress-free reference state, graphite OCP, reac-
tion rate constants, and diffusivity are taken from
literature and reported in Table I. The correspond-
ing variation of surface pressure, OCP factor, and
kinetic factor with time is shown in Fig. 2b and c,
respectively. Compressive stresses are generated at
the surface during half-cell discharge (graphite
lithiation), while tensile stresses are generated at
the surface during half-cell charge (graphite delithi-
ation). Pressure magnitude lies in the 5-10 MPa
range, which has a negligible impact on the OCP
variation magnitudes lying in the + 0.1 mV range.
A similar impact is seen on the kinetic factor with
the exchange current densities increasing/decreas-
ing only 0.2-0.3% compared to the stress-free
reference exchange current density during lithia-
tion/delithiation, respectively. Figure 2d, e, f and g
shows the concentration and pressure profile vari-
ation from the particle center to its surface for the
first 20 h corresponding to first cycle and slight
foray into the second cycle, respectively. Flat con-
centration profiles during the operation indicate
decent diffusive transport at the low C/10 current
rates for this 20 um graphite particle. Stress profiles
exhibit the expected transition of surface hydro-
static stresses from compressive to tensile state as
we go from lithiation to delithiation. Also, stress
transition across the particle radius is observed as
we move from the surface to the center of the
particle: compressive to tensile transition during
lithiation and vice versa during delithiation.

Figure 3b shows the temporal evolution of voltage
and current data for a graphite half-cell cycling
between 30 mV and 750 mV at a nominal current
rate of C/10 for immobile graphite surface. The
corresponding time variation of surface pressure,
OCP factor, and kinetic factor is shown in Fig. 3b
and c respectively. As opposed to the traction free
case, here only compressive stresses are generated
throughout the cell operation. Pressure magnitude
can increase from relaxed state (0 MPa) up to 1000s
of MPa range during lithiation, which has a signif-
icant impact on depressing the OCP. At the maxi-
mum stress levels, the OCP can go down
by ~ 20 mV. A similar significant impact is seen
on the kinetic factor with the exchange current
densities increasing up to 50% near full lithiation
compared to the stress-free reference exchange
current density. Decrease in OCP could bring the
potential of graphite closer to zero during lithiation,
which has negative connotations for fast charging as
Li plating can happen if the graphite potential drops
below 0 V. However, the increase in intercalation
exchange current density could be useful in reduc-
ing the kinetic overpotentials for the system and
delaying plating onset. Figure 3d, e, f and g shows
the concentration and pressure profile variation
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Fig. 2. Graphite particle surface is under traction-free boundary conditions. (a) Voltage and current evolution with time for two cycles between
30 mV and 750 mV at C/10, (b) corresponding surface pressure and open circuit potential factor variation, (c) corresponding kinetic factor
variation. (d-e) Concentration variation from particle center to particle surface at different time instants for first 20 h, (f-g) Corresponding pressure
variation from particle center to particle surface at different time instants for first 20 h.
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v,

kinetic factor, i /i,

from the particle center to its surface for the first
20 h corresponding to first cycle and slight foray
into the second cycle, respectively. Flat concentra-
tion profiles during the operation indicate good
diffusive transport at the low C/10 current rates for

this 20-um graphite particle. All throughout the
particle, flat variation of large magnitude compres-
sive stresses is seen. These large compressive
stresses can be leveraged to reduce particle fracture
as well as improve performance through reduced
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charge transport limitations. Battery electrode par-
ticles generally fail through surface crack propaga-
tion under tensile stresses; reverting the stress
state to compression can be a useful strategy for

prolonged operation.>*? In literature, pouch cells
are subjected to compressive stresses using pressure
fixtures, which is hypothesized to improve perfor-
mance by maintaining good wetting between the
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electrode and electrolyte.*>** An additional benefit
can arise from the analysis showcased here where
the resultant compressive stresses can put the
entire particle in a state of compression and improve
its charge transfer kinetics.

Next, we analyze the impact of current rate on the
stress-electrochemistry coupling for the traction-
free and immobile graphite particle surface. Fig-
ure 4a, b, ¢ and d shows the cell voltage and OCP
factor evolution with time, respectively, for traction-
free and immobile surface conditions at slow C/10
and fast 6C current rates. At C/10, traction-free
surface shows higher voltages than immobile sur-
face (see Fig. 4a) because of large compressive stress
generation in the latter which decreases graphite’s
OCP by up to 20 mV (see Fig. 4c¢). In comparison,
the equilibrium potential is negligibly affected by
stress (OCP factor ~ 0 mV) in the traction-free case
at C/10. At 6C rate, voltages of traction-free and
immobile surface (see Fig. 4b) overlap because even
the traction-free surface generates large magni-
tudes of stress in the 100s of MPa range. This
results in maximum + 5 mV change in equilibrium
potential for traction-free surface versus up to
15 mV OCP reduction for immobile surface (see
Fig. 4d). Surface stress magnitude scales with
current rate (~5 MPa at C/10 to ~ 400 MPa at 6C)
for the traction-free scenario, leading to more
tightly coupled stress-electrochemistry interactions
at high magnitude currents. Meanwhile, the immo-
bile surface graphite stress already has 1000s of
MPa magnitude at slow C/10 current rate and hence
shows relatively less variation with current rate as
we go from C/10 to 6C.

Figure 4e and f shows corresponding kinetic
overpotential evolution with time for C/10 and 6C
for traction-free and immobile graphite particle.
Note that kinetic overpotential magnitudes for 6C
are drastically higher than C/10 because of the 60-
fold increase in current densities. Lowering of
overpotential magnitudes for the immobile surface
due to exchange current density enhancement from
higher stress state is evident for both slow and fast
current rates. This is a positive aspect of immobile
surface.

CONCLUSION AND OUTLOOK

Diffusion-induced stresses in battery anodes can
impact the thermodynamics (open circuit potential),
reaction kinetics (exchange current density), and
bulk diffusive transport (diffusivity) inside the
anode particles. Here, we consider two extreme
scenarios of traction-free and immobile particle
surface to delineate the pressure magnitude varia-
tions in spherical graphite particle and its subse-
quent impact on electrochemistry. High-magnitude
stresses are generated with immobile surface irre-
spective of current rate of operation which decreases
its open circuit potential while enhancing Li inter-
calation kinetics. Consequently, electrode
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compression can improve anode performance. For
the traction-free surface, stresses scale with the
current rate; hence, a negligible impact of stress-
electrochemistry coupling is seen at low current
rates (C/10), and it gradually becomes important at
higher current rates (6C).

We showcased our analysis for micron-sized
spherical particles. Particle morphology will also
affect the concentration gradient profile inside the
particle and subsequently the stress state at the
surface. Nanosizing particles will lower diffusion
lengths and concentration gradients inside the
particle decreasing stress magnitudes, which will
reduce the impact of stress-kinetics coupling.*’
Surface energy also becomes prominent in nano-
sized electrodes (increased surface area to volume
ratio), which can lower the stress magnitudes.
Particle morphologies other than spherical like
cylindrical/7plate1et are also observed in battery
anodes.*%*” Diffusion behavior inside these systems
will vary compared to the symmetrical spherical
particle, which will impact the stresses generated.
Furthermore, practical electrode particles are irreg-
ular with inherent surface roughness;*® these mor-
phologies can show stress concentration at the
surface leading to stronger stress-kinetics coupling.
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