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1 Material Parameters and Model Validation

Design adjustable and material parameters used in the electrochemical simulations are summarized in Table
Figure compares the simulated voltage vs normalized capacity response for Li,Cg | LMO cell for
spherical-shaped anode and cathode particles against the corresponding experimentally reported galvanos-

tatic response by Doyle, Newman, and coworkers [I]. Calculations show an excellent agreement with the

experimental voltage curves.



Table S1: Summary of parameters for dualfoil simulations. Parameter values are based on [I]

Parameter  Description Anode Cathode Separator Units

) Layer thickness 100 174 52 pm

P Density of material 1.9 4.14 1.32 g/cm?
€lig Volume fraction of liquid phase 0.357 0.444 0.724 -

Epoly Volume fraction of polymer phase  0.146 0.186 0.276 -

€fill Volume fraction of filler 0.026 0.076 - -

co Initial lithium concentration 21.11 16.00 - mol /dm?
Tp Effective particle radius 12.5 8.5 - pam

Dy Lithium diffusivity 3.9x10719  1.0x107°  4.0x1076 cm? /s
0o Electrical conductivity 1.0 0.038 a function, [2]  S/cm

1o Exchange current density 0.11 0.08 - mA /cm?
c Lithium solubility 26.39 22.86 - mol /dm?
Ry Film resistance 0.0 0.0 - Q/cm?
Parameter = Description Value Units
sep Bruggeman exponent of separator 3.3 -

® Initial salt concentration 2.0 mol/dm?
T Absolute Temperature 298.15 K

1} Density of liquid phase 1.324 g/cm?
Pp Density of polymer phase 1.780 g/cm?
R; Additional residual resistance 97.345 Q/cm?
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Figure S1: Calculated voltage vs normalized capacity response for LixyCg | LMO cell for parameters as
specified in Table [S1] and selected current densities. Circles correspond to experiments by originally Doyle,
Newman, and coworkers [I]. Solid lines correspond to the simulation results.



2 Effect of Texture

Microstructures approximated by morphologically anisotropic particles such as ellipsoids, show significant
difference in the Bruggeman exponents in the through-thickness and in-plane directions [3]. Figure
shows five representative microstructures. Here, the through-thickness z-direction and in-plane z-direction
are highlighted. Based on oblate-shaped particles with fixed reactive area density but decreasing degree of
morphological texture, inset (i) corresponds to co MRD, (ii) to 3.55 MRD and (iii) to 10 MRD. Microstructure
(iv) has a higher aspect ratio than microstructure (i), while microstructure (v) is comprised of perfectly
aligned prolate-shaped particles. Overall, microstructures based on prolate and oblate-shaped particles
span overlapping regions of the Bruggeman exponent-normalized area density space and thus enable one to
choose the underlying particle shape-based on other factors such as ease of morphology fabrication, given

the underlying active material specific degradation mechanisms and manufacturing cost.
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Figure S2: Through-thickness Bruggeman exponent as a function of normalized reaction area density for
porous electrode microstructures of (a) oblate and (b) prolate particle morphologies, while in-plane Brugge-
man exponent as a function of normalized reaction area density for porous electrode microstructures cor-
respond to (c) for oblate and to (d) for prolate particle morphologies. Representative three dimensional
particle morphologies are shown in the upper left corner of the plots. Symbols correspond to common bat-
tery materials as reported in scientific literature: < corresponds to pollen derived spiky carbon particles
prepared by Pol and coworkers [4]; © corresponds to values reported by Shearing et al. for LFP [5]; >
corresponds to jammed systems of tetrahedra as reported by Smith and Fisher [6]; O corresponds to LMO
particles as reported by Gupta, Shyy, and coworkers [7]; o corresponds to aligned graphite particles, 0
corresponds to LCO porous electrodes and O corresponds to NMC porous electrodes as reported by Ebner,
Chung, and coworkers [3]. Decreasing size of symbols indicates increasing degree of polydispersity. The point
(a = 3,5 = 0.5) corresponds to a porous microstructure of monodispersed random distribution of spherical
particles. Away from perfectly spherical particles, the particle aspect ratio increases along lines of constant
MRD. The red curve represents perfectly aligned ellipsoids, the black curve represents randomly oriented
ellipsoids while the grey curves represents ellipsoids with intermediate MRD values. Schematics for repre-
sentative microstructures based on ellipsoid-shaped particles are shown in insets (i) through (iv). Through
thickness z-direction corresponds to the vertical direction while the in-plane z-direction corresponds to the
horizontal direction.



3 Effect of Dual Porosity

Figure (a) shows the effect of dual porous design on a LCO-based porous electrode microstructure, as
reported experimentally by Ebner, Chung, and coworkers [3]. The channel volume fraction ¢. increases
along the blue lines. For a fixed matrix porosity €, through-thickness Bruggeman exponent decreases with
increasing €. at the expense of total reactive area and volume fraction of active material in agreement with
Bae et al. [8]. As the matrix porosity decreases, the drop in the through-thickness Bruggeman exponent
becomes more apparent.

The in-plane Bruggeman exponent of dual porous microstructures is a function of the morphology and
spatial distribution of the channels. However, an upper bound for the in-plane Bruggeman exponent can

be obtained by treating the channels and matrix as a series combination of resistors, 7 /er = 1/ elTJraT =

€c + (1 — €.)/etT o= see Figure (b)ﬂ Such dual porous microstructures have recently been made by

Delattre and co-workers [9].
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Figure S3: Effect of dual porous architecture on the a) through-thickness and b) in-plane Bruggeman ex-
ponents as a function of normalized area density for a LCO-based porous electrode microstructure. The
Bruggeman exponent is a function of the matrix porosity and the volume fraction of the channels. Each
blue curve corresponds to a fixed porosity of the matrix as shown. Moving along a blue curve from right
to left corresponds to increasing channel volume fraction. Symbols represent common battery materials as
reported in scientific literature: < corresponds to pollen derived spiky carbon particles prepared by Pol and
coworkers [4]; QO corresponds to values reported by Shearing et al. for LFP [5]; > corresponds to jammed
systems of tetrahedra as reported by Smith and Fisher [6]; O corresponds to LMO as reported by Gupta,
Shyy and coworkers [7]; ¢ corresponds to aligned graphite particles, 0 corresponds to LCO porous
electrodes and O corresponds to NMC porous electrodes as reported by Ebner, Chung, and coworkers [3].

The effect of a dual porous design on the Bruggeman exponents and normalized area densities of commer-

IFor dual porous microstructures, ag and St are used in place of azz and S in Figures[S3| (b) and [S4] (b).



cial microstructures is shown in Figure [S4] The design that spans the largest area of Bruggeman exponent
area density space is obtained by microstructures with a high through-thickness matrix Bruggeman exponent

and area density (such as graphite).
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Figure S4: Effect of dual porous architecture on the a) through-thickness and b) in-plane Bruggeman expo-
nents as a function of normalized area density for porous electrodes of various chemistries. Symbols represent
common battery materials as reported in scientific literature: < corresponds to pollen derived spiky carbon
particles prepared by Pol and coworkers [4]; O corresponds to values reported by Shearing et al. for LFP
[B]; > corresponds to jammed systems of tetrahedra as reported by Smith and Fisher [6]; O corresponds

to LMO as reported by Gupta, Shyy and coworkers [7]; © corresponds to aligned graphite particles, 0
corresponds to LCO porous electrodes and O corresponds to NMC porous electrodes as reported by Ebner,
Chung, and coworkers [3]. The shaded region between the blue curves for each chemistry represents the
region of the Bruggeman exponent - normalized area density space that can be spanned by a dual porous
architecture of matrix porosity between 0.3 and 0.9. High through-thickness tortuosity and area density
microstructures such as graphite offer more flexibility in design.

4 Effect of Thickness and Porosity

Figure (a) shows the effect of decreasing the thickness of the anode layer from 100 pum to 57.47 pm,
and the thickness of the cathode layer from 172.41 pum to 100 pm, while keeping the theoretical capacity
ratio fixed. Thinner electrodes decrease diffusion distances thereby resulting in a higher power densities.
Figure (c) shows the effect of increasing the thickness of the anode layer from 100 pm to 172.41 um
and the cathode layer thickness from 174 pm to 300 pm while keeping the theoretical capacity ratio fixed.
Thicker electrodes increase diffusion distances thereby resulting in lower power densities. Simulations show
that thinner cells based on spherical particles and polyhedra-based colloidal microstructures are beneficial
for high power density applications, while thicker electrochemical cells based on high aspect ratio particle

morphologies are suitable for high energy density applications.
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Figure S5: Combined effect of electrode thickness and cathode microstructure on the Ragone response for
LixCg | LMO porous cell, as reported in Table while keeping the capacity ratio constant. Inset (a)
corresponds to an anode thickness of 57.47 ym and cathode thickness of 100 pm. Inset (b) is reproduced
from Figure 5 (e) as reference and corresponds to an anode thickness of 100 ym and cathode thickness of 174
pm. Inset (c) corresponds to an anode thickness of 172.41 pum and cathode thickness of 300 pm. Increasing
the size of the cell increases diffusion distances thereby increasing energy density at the expense of power
density.

Figure (b) shows the effect of increasing the cathode porosity from e = 0.707 to e = 0.8 on the power
and energy density. Larger cathode porosities allow faster lithium diffusion while decreasing underutilized
mass of the cathode. As a result, both energy and power densities increase. This phenomenon is enhanced
when the cathode porosity is further increased from ¢ = 0.707 to ¢ = 0.9 as shown in Figure (c).
However, microstructures based on spherical particles display a marked drop in the Ragone plot response as
the cathode porosity is increased because total electrochemically active area and volume fraction of active
material significantly decreases. Such effect leads to reduced power densities. Therefore, battery architectures

based on high aspect ratio morphologies, both prolate and oblate, benefit from increased porosity.
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Figure S6: Combined effect of cathode porosity and microstructure on the Ragone response for Li,Cg | LMO
porous cell, as reported in Table[S1] Inset (a) is reproduced from Figure 5 (e) as reference and corresponds to
a cathode porosity of € = 0.707. Inset (b) corresponds to a cathode porosity of € = 0.8. Inset (c) corresponds
to a cathode porosity of € = 0.9. Increasing the cathode porosity leads to faster transport of lithium across
the cell thereby increasing the power density. Increasing the porosity also balances the maximum lithium
capacity of the anode and the cathode thereby increasing the energy density.
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