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Hierarchical porous microstructures are promising candidates for lithium battery electrodes that

maintain capacity and specific energy at high charging and discharging rates. The electrolyte channels

embedded in these structures facilitate Li transport throughout the active material such that the

accessible capacity is enhanced. We performed numerical simulations of the discharge process for four

modeled electrode structures in order to investigate the impact of the size of electrolyte channels on

the electrochemical performance. The results show that the size ratio of the electrolyte channels and
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active materials columns determines the discharge characteristics of hierarchical porous electrodes.
Depending on the size ratio, electrodes discharge from the separator side and the current collector
simultaneously which can enhance the accessible capacity and specific energy. The results from our

simulations can aid in designing tailored hierarchical porous electrode structures for fabrication of

rsc.li/materials-advances

1. Introduction

Li ion batteries are the primary energy storage devices for a
wide range of e-technologies such as electric vehicles and
mobile devices. With ca. 30% of total U.S. energy consumption
used by the transportation sector in 2023," improved battery
technology will be critical for transporting people and goods in
the future to electrify the transportation sector. However, high
costs, limited lifetime, and limited energy density of Li ion
electrodes hold back large-scale applications of Li batteries.>™
High specific energy is nearly always desirable in battery
systems, but it is especially important in batteries for electric
vehicles. Current electric vehicle batteries achieve specific
energy between 148 and 158 Wh kg™ ' with cell-level specific
energy ranging from 200 to 235 Wh kg~ ">° but further advances
are needed for larger market penetration, particularly for battery
electric vehicles (BEV). For example, the DOE ARPA-E program
PROPEL-1K set a specific energy target of 1000 Wh kg *.”

One way to improve specific energy for a particular combi-
nation of anode and cathode active material is to maximize the
mass fraction of active material, which means minimizing the
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electrodes with enhanced capacity and rate capability.

fraction of inactive material such as the separator, the binder,
electrode additives for improving electronic conductivity,
and the current collector. A seemingly simple strategy for maxi-
mizing the mass fraction of active materials is to make the
electrodes as thick as possible.®® However, the thickness of
electrodes supported on current collector foils cannot be
increased without bound due to limits on transport rates of
electrons and lithium ions in the electrodes.’®'" Because of
these limitations, current battery cathodes tend to be limited to
areal mass loadings of 20-40 mg cm ™ with average porosities
between 20-40%, which results in electrode thicknesses that
are usually less than 80 micrometers.">™"> Attempts to increase
mass loading and electrode thickness beyond these limits
without optimizing the electrode microstructure usually result
in substantial portions of the active material being inacces-
sible except at quite low charge/discharge rates that would be
unacceptable for vehicle use.

Liquid electrolyte mass transport is a major limiting factor
for the performance of high-power Li ion batteries.® At high
discharge rates, the slow transport of Li ions leads to Li
depletion near the current collector resulting in a drop of cell
voltage. Ion transport in thick electrodes can be particularly
problematic. A typical slurry-casted battery electrode with a
porosity near 30% contains much less electrolyte within the
battery pores than is required to fully charge or discharge the
battery. Furthermore, the pore structures and morphology are
random, leading to higher tortuosity for ion transport.'®"’
Salt diffusion into and through the electrode pore space is slow

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and can easily limit the battery charge/discharge rate. Optimi-
zation of porous electrodes by introducing hierarchical aniso-
tropic porosity is a promising way to overcome the transport
limitations and improve battery performance.'®*°

Experimental work has highlighted the utility of directional
freeze casting for creating battery electrode microstructures
with enhanced transport characteristics.'®*° In this approach,
an electrode slurry is rapidly frozen, creating ice crystals that
upon subsequent removal by sublimation leave behind unidir-
ectional columnar macropores that may be filled with electro-
lyte. Azami-Ghadkolai et al.'® have combined directional freeze
casting with tape casting to develop a process that can be easily
adopted to make Li-ion battery electrodes at a commercial
scale. Using Mo-doped lithium titanate (MoLTO, Li;Mo,.
Tis_,0;,) electrodes with a range of microstructures using both
conventional tape casting and freeze tape casting were fabri-
cated. Cells were fabricated using these electrodes as cathodes
vs lithium metal anodes. Galvanostatic charge-discharge test-
ing showed that the freeze-tape-cast samples exhibit higher
specific capacity under all conditions but particularly under
high-rate charging/discharging. These results likely reflect the
greater access of electrolyte to the battery active material in
these electrodes compared with conventional tape-cast electro-
des with the same mass loading.'® A deeper understanding of
the dependence of ion transport characteristics on the materi-
als properties (electric conductivity, ionic conductivity) and
microstructure (porosity, tortuosity, anisotropy) of Li ion elec-
trodes will be instrumental in accelerating the development
process for engineered porosity electrodes.

Theoretical models of Li ion batteries originate from the
pioneering work of Newman and co-workers using concen-
trated electrolyte theory.>'>* Various continuum theories have
been put forward in the literature.®>*~*' A popular approach is
the 1 + 1D model,® a pseudo-2D model at the cell-level that is
derived by using systematic volume averaging over the porous
microstructure. The transport in the electrolyte is governed by
a macroscopic mass balance that describes diffusion and
migration of Li ions. The migration flux is driven by a
potential gradient that is obtained from a charge balance.
The transport in the active material is described by diffusion
of lithium. The de-/intercalation of Li ions is represented by a
source term in the mass balance weighted by the specific
surface area. The 1 + 1D model is computationally efficient
and can be solved on a standard desktop computer. While the
pseudo-2D model can be used for simple geometries, it is
not directly applicable to hierarchically structured porous
electrode materials.*”

A multiscale approach is required to model the charge
transport in hierarchical porous electrodes. While multiphase
porous electrode theory has been developed to capture phase
separation and intraparticle thermodynamics in active
materials,*® the present work focuses on transport limitations
arising from hierarchical electrode geometry and anisotropic
electrolyte pathways. The overall charge/discharge can be mod-
eled at the macroscale level, while the spatial distribution of Li
ions in the microstructure is either modeled explicitly,>* or by
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means of a surrogate model such as a subgrid model for Li
diffusion within active particles. Unlike transmission line
models that describe porous electrodes using lumped or distri-
buted equivalent circuits,*® the present work employs conti-
nuum transport equations that explicitly resolve concentration
and potential fields in hierarchical electrode geometries. In this
context, Kashkooli et al.>® have investigated the effect of parti-
cle size of monodisperse active particles on the performance of
LTO electrodes. They demonstrated that a Newman pseudo-2D
model can be employed to simulate various electrode materials
when the model parameters are set to experimentally measured
values of the actual electrode material.*® Rashid et al.*” presented
numerical simulations of LTO half-cells and investigated the
effect of particle size, lithium diffusivity, and electrode thickness
on the capacity of Li-LTO cells. Their results indicated that larger
particle size and lower lithium diffusivity limit the utilization of
active material, leading to lower specific capacity at higher
discharge currents. Allu et al.>* employed a volume averaged
formulation of the transport equation to model 3D prototype
electrodes. They showed that the volume averaged approach is
capable of capturing spatio-temporal variations of potential
and lithium distribution in interdigitated electrode geometries.
Cobb and Bianco®® conducted simulations of 2D cross-sections
of LiCoO, electrodes fabricated by co-extrusion printing.
They investigated the impact of the thickness and aspect ratio
of the co-extruded domains on the electrode performance
and demonstrated that a careful design of the geometry
enhanced material utilization in thick electrodes on the order
of 150-300 um. Azami-Ghadkolai et al.®* employed a similar
design principle to MoLTO electrodes. By comparing experi-
mental measurements for freeze-tape cast anisotropic porous
electrodes with numerical computations for a pseudo-2D
model for hierarchical electrode structures, they demonstrated
that enhanced material utilization and capacity is facilitated
by Li salt transport through electrolyte channels. Their simula-
tion results suggest that freeze tape cast electrodes of thickness
up to 750 um may be fully discharged at a rate of 1C, whereas at
the same mass loading, normal tape cast electrodes without
electrolyte channels can only be discharged up to 300 pm
thickness.

In this work, we investigate the impact of the channel width
and aspect ratio on the specific capacity and power density
of thick freeze-tape case MoLTO electrodes. We employed
numerical simulations of the volume averaged equations
corresponding to Newman’s model to 2D cross-sections of
columnar electrode geometries, using the experimental mea-
surements of Azami-Ghadkolai et al."®** to set the materials
parameters. We present results of electrode discharge simula-
tions at varying C rates for three different columnar geometries
with the same mass loading. We analyze the dependence of
specific capacity and power density on the hierarchical distri-
bution of active material. Our results provide insights into the
factors that influence the performance of thick MoLTO electro-
des. We discuss how these insights can be leveraged to infer
design rules for optimization of the hierarchical porous elec-
trode microstructure.

Mater. Adv., 2026, 7, 2362-2378 | 2363
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2. Methods

2.1. Electrokinetic transport in porous electrodes

Theoretical models for charge transport in porous electrodes
date back to the work of Newman and coworkers.*'**3%4
Newman’s model considers the charge transport in the liquid
and solid phases by applying concentrated solution theory to
porous electrodes. Recently, Lai and Ciucci’’ have revisited
Newman’s model and re-derived the transport equations via
formal volume averaging of the generalized Poisson-Nernst—
Planck (PNP) equations. This approach provides a systematic
upscaling procedure of the microscopic transport equations to
a coarse-grained representation of the porous microstructure at
the electrode scale. The volume-averaged equations make it
possible to obtain numerical solutions for the charge and
discharge characteristics of hierarchically porous electrodes.
In this work, we have used the Battery Design Module of the
COMSOL Multiphysics software to perform finite element
simulations of galvanostatic electrode discharge. In this sec-
tion, we briefly review the derivation of the coarse-grained
transport equations following the presentation in ref. 41.

2.1.1. Poisson-Nernst-Planck equations. At the pore scale
of an electrochemical system (but still in the continuum limit),
the transport of ionic species is described by the Poisson-
Nernst-Planck equations

Oc

k g
Z/(EE =-V- Ue, (1)

1
Vip=—

€6y

> (e, )

k
where ¢; and ?k are the concentration and current density of
species k, and ¢ is the electric potential. The current densities

1. = —oxV oy are driven by the electrochemical potential ¢, =

ﬂ4—(15, where 4 is the chemical potential, whose concen-
zZie

tration dependence is expressed in terms of the activity fi(cx)

Cr
e = i+ ks T (ﬁ—g) . ()
The current densities can then be expressed in terms of the
| kgT
chemical diffusivity Dy = (1 42 nf")B_zak as
81n6k (Zk()) Ck
;k = —zkeDchk - akV(b. (4)

For a monovalent electroneutral salt, the concentrations of
cations and anions are equal (¢, = c_ = ¢), such that the current
densities become

i, = —0,Vo, =—eD,Vc — .V, (5)
[_=-0_Vo_=eD_Vc—c_V. (6)

The electric potential can be eliminated from the current
densities to express them in terms of the cation electrochemical
potential

i =—0,Vo,=—t,aVo,, (7)
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where we have introduced the common definitions of the total
conductivity ¢, ambipolar chemical diffusivity D, and cation
transference number t,:
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D=tD_+(1—t)D,, (10)
0+
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The total current density thus becomes

-

- - 1
i=i,+i. = —thp++t—eDVc
+

YnT Inf
— oV, + (1+anf

dlnc

) (1—-t4)oVinec.
(12)

This expression retains the cation electrochemical potential
gradient and concentration gradient as the driving forces of the
charge transport. In the electroneutral formulation, the Poisson
equation is replaced by the condition Vﬁ+ + ;_) =0.

2.1.2. Charge transport in electrolyte solution. Only two of
the current densities L, ?,, and { are independent and it is
convenient to replace the anion current i by the total current i
The cation flux and current in the electrolyte solution are
written as

Jji=—DVe+ %71 (13)
. 2kgT dlnf
i =-aVo + e (1 Oln c) (I -11)oVing, (14)

and the mass and charge conservation equations for the liquid
electrolyte phase are

8c1 o

— =V -(DiV 15
5 = V- (DVa) (15)
V-i=0. (16)
In the above equations, the subscript 1 refers to the liquid
phase.
2.1.3. Charge transport in active material. The solid elec-

trode phase of the electrode is composed of active particles,
where the charge carriers in the solid phase are Lithium ions
and electrons. To maintain charge neutrality, the total current
density in the active particles must be zero. The flux of lithium

ions in the solid phase is thus given by
Js = =DV, (17)

Furthermore, it is assumed that in the current collector the
electron concentration is sufficiently high such that V.ig = 0.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The mass and charge conservation equations then become

ocs
% v (V) (18)
V-(osVes) = 0. (19)

2.1.4. Lithium intercalation. The intercalation of lithium is
driven by the difference in the electrochemical potentials
between the liquid and the current collector and the equili-
brium potential ¢, + ¢_ — @cq. The intercalation current
density at the surface of active particles can be written in
the form

2 |d-s 7(p+ —¢_— q’eq sl 7q)+ —¢_ = q)eq
)

(20)

The prefactors 7 and ™ are proportional to the concentration
of lithium in the liquid and solid that can contribute to the

exchange reaction
q— Cs \ -
i = cl<1 7—5)1}) S
Cs,0

£ = ey

(21)

(22)

where ¢, indicates the maximum concentration of intercala-
tion sites in the solid and i5° and ™ are constants independent
of concentration. The exchange current density can be recast in
the form

iex = doy/ esei(eso — ¢s)

o {exp (Bm — ¢ - weq> 3 exp(fﬁ(m —¢- - meq)}m

kB T/e kB T/e
(23)
where
1—s rs—1
. b Io
iy = 4 | 22, 24
0 o (24)
T d—s
po14— "l i (25)

(P+ —Q_ — (Peq %7

eqn (23) is commonly written in the form of the Butler-Volmer
equation®®

fox = g (cs0—cs)™
¢ —9_ —Voc\ _ 9 -9 —Voc\|.
X {exp (aaikg /e ) exp( acikg T/e )} 7,
(26)

where o, and «, are symmetry factors, Voc is the open circuit
voltage, and i, is a constant. It is worth noting that the
comparison of (23) and (26) involves a slightly different

© 2026 The Author(s). Published by the Royal Society of Chemistry
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interpretation of the potentials.** For a conceptual discussion
of the meaning of the open-circuit voltage, we refer the reader
to ref. 42.

2.2. Volume averaged transport equations for porous
electrodes

To model hierarchical porous electrodes, the microscopic por-
osity is treated as an effective porous medium. It is assumed
that the microscopic features of the electrode material are
much smaller than the length scale of interest such that its
effective properties can be obtained by averaging over a repre-
sentative volume element (REV).*>*' The volume average of a

. . . Vp . )
quantity f over a volume with porosity ¢ = 7;) is defined as®'
0

(=] rav=epr. 27)
olv,

Averages of the time derivative, gradient, or divergence can be

obtained in a similar fashion and turned into derivatives of the

volume averaged quantities with surface integral corrections.

Integration along a tortuous path dz = tdx with the tortuosity t

yields the volume-averaged quantities®’

) =59+ 4| sas. (29)
<v 7= gv : <f'>l° + VLO.[Sf -d§. (30)

2.2.1. Liquid electrolyte phase. In the liquid electrolyte,
the concentration, flux, and current are defined within the
liquid volume fraction ¢. Volume averaging the flux (13) and
the current (14), we obtain

(i) = =00 ve) + (), G
(=9 G L )
€& e Iy €

The surface integral turns into a source term that represents
the exchange of lithium between the liquid electrolyte and the
solid electrode. It only enters the cation flux since there is no
exchange of anions. The volume-averaged divergence terms are

- 1 -
<V ]+> = ;Iv : <j+>l — Qylioc, (33)
- 1 -
(VeP) =29 () (34)
where ayijoc = _%jDVl i;x . d§, and a, = A/V is the specific surface

area of electrode active material. The latter can be expressed in
terms of the radius r, and volume fraction ¢ of active particles

3¢ .
as a,—. The volume averaged mass and charge conservation
’
P
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equations in the electrolyte phase can then be written

a(c)!
“ ot

1 N

= —ayljoc,
€]

1 -
?lv . <i1>[ = avik,c.

with the average fluxes given in (31) and (32).

2.2.2. Solid electrode phase. Different approaches for treat-
ing the solid electrolyte phase have been proposed in the
literature. In principle, volume averaging can be applied to
the solid phase as was discussed by Allu et al.*! This leads to the
volume-averaged equations

6<CS>

5 T : V (i) = _;avilom (37)
1 - .
ZV - (Is) = ayitoc, (38)
with the lithium flux and electronic current
</+> = —(D)*V{c)', (39)
(£) = =o' Vo) (40)

However, the diffusion of lithium in the active material is much
slower than in the liquid electrolyte such that the volume
averaging is inaccurate due to the inhomogeneous concen-
tration. One way to retain the concentration gradients in the
active material in the model is to keep the microscopic equations
and explicitly solve them on a finer scale, e.g., on a subgrid.

Ocs foc
s = 41
ot + Vi e’ (41)
vzs = 71’10(3’ (42)
with the lithium flux and electric current
€
= -2y, (43)
S
- €
L= -2o) Vi) (44)
N

This gives rise to a multiscale model that couples the micro-
scopic evolution of the solid phase concentration cg to the
mesoscopic evolution of the volume-averaged -electrolyte
concentration (¢;)". The coupling is represented by the exchange
current I.,, which is explicitly calculated with the surface
concentration in the active particles and enters the electrolyte
equations as the surface integral ij..

2.3. System of porous electrode equations

The system of coupled micro-macro volume averaged equations
is obtained by collecting the equations in the following form,**
where we have dropped the brackets for the intrinsic volume
average in the electrolyte phase.

NV “7 (45)

8
Tor
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V= 46
Cs ot + Js (46)
v'?I = Z'locy (47)
V;s = iloc~ (48)
The fluxes and currents are
[
Ji= D"V + (49)
e
T eff
_]s - _Ds VCS, [50)
0= —0j M7, + —DleffVcl, (51)
;s = 70'Sffv‘/)s; (52)

and the exchange current density is given by

. P o
lloc = ToCs°Cy" (CS.O - Cs)

D= s = Voc) oy g 2= %= Voc
«Jex (s ) ew(-a T,

kBT/C’
(53)
The effective transport coefficients in eqn (49)-(52) are
eff _ € eff _ & eff _ @ eff _ &
Dy = ¥D17 DI = ¥D57 o] ?61’ oy = —0'b (54)

2.4. Boundary conditions

A typical electrode system consists of the electrodes, a separa-
tor, and the current collectors. In this work, we restrict our-
selves to a cathode that is connected to a separator on one
side and bounded by a current collector on the other.'®*'*° The
second boundary of the separator is bounded by an anode
surface. To model the components, boundary conditions have
to be applied at the interface between the separator and the
cathode, and at the current collector and the anode surface.
The boundary conditions are expressed in terms of the fluxes/
currents and, for the purposes of computation, rewritten in
terms of the derivatives of concentration and potential.

2.4.1. Interfaces between porous electrode and separator/
electrolyte. At the surfaces of the active material, lithium ions
can cross the electrode domain boundary through the electro-
Iyte and the conservation laws require continuity of j’l and i;.
The current in the solid phase is subject to an insulation
boundary condition Iy =

Jl,active material = ,]l,separator, (5 5)
ll,active material — ll,separator; [56)
iy =0. (57)

2.4.2. Current collector. The current collector is a solid
conductor and hence the electrolyte fluxes have to vanish.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The applied external current i,,, imposes a boundary condition
on the current in the solid phase.

-

Ay = 0, (58)
Ay =0, (59)
Al = —lapp- (60)

2.4.3. Electrode surface reaction. Instead of an explicit
anode domain, an electrode surface reaction is used to model
the intercalation of lithium ions in the anode materials. The
exchange reaction imposes a surface flux iejectroqe that is given
in the form®®*!

. . @1 — Pelecirode — VoC
lelectrode = 10 [eXp (aa

kB T / e
(61)
P1 — Pelectrode — VOC
—EXp| —Uc s
kB T / e
. es \*f esmax— s \™ [ a \*
where i = lo ref _— and
Cs ref Csmax — Csref Clref

_ Csmax

Csref = . The lithium flux and total ionic current in the

electrolyte then are

(62)
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fl' 1= ielec' (63)

3. Modeling hierarchical anisotropic
porous electrodes in COMSOL

In this work, we use the Battery Design Module of the COMSOL
Multiphysics software to perform finite element simulations of
galvanostatic electrode discharge. The columnar structure of
freeze-tape cast electrodes is modeled as an array of rectangular
domains of microporous active materials interdigitated by
rectangular electrolyte channels. The 2D cross section of such
a hierarchical electrode structure is illustrated in Fig. 1.
We varied the size of the electrolyte channels and the active
materials columns while keeping the overall width of the
electrode fixed at Wy, = 480 um. Specifically, we created
geometries with the size ratios of the electrolyte channel and
active material Wejec : Wrro set to 10 pm:10 um (equisized), 10
pm:20 pm (narrow channels), and 20 pm:10 um (wide chan-
nels). To keep the mass loading fixed at 30.329 mg cm ™2, we
assumed a constant electrode area of 70.84 mm?” and adjusted
the thickness hyro of the electrode (455 pm for equisized
channels, 340.88 pm for narrow channels, 681.75 pm for wide
channels). The geometric parameters of the model are sum-
marized in Table 1.

B Lithium metal [] Separator [ll Current collector

[ Active material [] Electrolyte channel

-

Welec

1 WLTO

A\ 4

hsep

h LTO

Fig. 1 Schematic of the hierarchical anisotropic porous electrode structures. The model assumes regular aligned active materials columns of width
W\ to that are separated by electrolyte channels of width Weec. The total width of the electrode was kept at Wioa = 480 pm. The thickness of the active

material is denoted by hito.
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Table 1 The geometric parameters of the 2D cross-section used to model varying width of the electrolyte channels while keeping the mass loading

fixed

Value
Parameter Variable No channels Narrow channels Equisized channels Wide channels
# of MoLTO columns n 1 16 24 16
Column width Wiro 480 um 10 um 10 pum 20 pm
Channel width Welec 0 um 20 pm 10 pm 10 pm
Electrode width Weot = B(Wiro + Welec) 480 um
Electrode thickness hyro 250 pm 340.88 um 454.5 pm 681.75 um
Separator thickness Rsep 25 pm
Out-of-plane area 70.84 mm?

We consider freeze-tape cast electrodes made of MoLTO
(LizMog 3Tis ,015) as the active material and 1 M lithium hexa-
fluorophosphate (LiPFs 3:7 EC:EMC) as the electrolyte.
A battery half-cell consists of the electrode sandwiched between
a polymer separator (25 pm microporous PP/PE/PP membrane)
and the current collector. The other surface of the separator is
attached to Li metal as the opposite electrode. The materials
properties of these components are based on experimental
measurements®? and are listed in Table 2.

To simulate a galvanostatic discharge cycle, the half-cell is
subjected to an applied current at the current collector corres-
ponding to the prescribed C rate, while the potential of the Li metal
surface is kept constant at ¢ e = 1 V. The initial Li concentrations
are set to Cpjnir = 1000 mol m™® and ¢y = 68.96 mol m~*
(corresponding to the maximum state of charge of MoLTO). The
electrochemical cell parameters are listed in Table 3.

Table 2 Materials parameters and electrochemical cell parameters were
set based on experimental measurements by Azami-Ghadkolai et al.?’ to
match the properties of freeze tape-case MoLTO electrodes

Property Variable Value

Active material (MoLTO)

Diffusion coefficient Dy 1x 10 m?s?
Conductivity as 1Sm™*
Equilibrium potential Eeq Interpolated
Volume fraction of active & 0.3891
material in each column

Porosity of active material R ve) 0.4768
Tortuosity of active material 11,110 5

Density of active material prro 3.43 gem
Grain particle radius R, 100 nm
Theoretical capacity Qs 169.8 mAh g~ *
Maximum SOC SOCpnax 0.944
Minimum SOC SOCmin 0.003

5x10 " ms?t

0.098964 A m >

Rate constant of active material 0

Reference exchange current lo,ref

Electrolyte (LiPFs 3:7 EC: EMC)

Diffusion coefficient Dy Interpolated
Conductivity a Interpolated
Transference number t, Interpolated
Activity coefficient fa Interpolated
Separator

Porosity of separator &lsep 0.39
Tortuosity of separator T sep 4.02

Lithium metal

Reference exchange current lo,surf 1.2482 Am 2

2368 | Mater. Adv, 2026, 7, 2362-2378

Table 3 Electrochemical parameters for simulations of electrode
discharge. The values are based on experiments reported by Azami-
Ghadkolai et al.*’

Property Variable Value

Active material (MoLTO)

Initial lithium concentration Cs,init SOCpax X p X Q¢/F
Initial potential O init ov

Electrolyte (LiPF 3:7 EC: EMC)

Initial concentration Cl,init 1000 mol m*
Initial potential P1init —2.6V

Lithium metal

External electric potential P ext oV

Table 4 Discretization parameters used to tune the numerical solver in
COMSOL

Parameter Variable Value
Mesh size dx 2 um
Output interval de¢ 500
Maximum time step maxstep 10s
Tolerance tol 1x107*

The numerical integration of the governing equations was
performed in COMSOL using the PARDISO solver. All geo-
metries were meshed using square grid cells of size 2 pum.
The maximum time step of the time-dependent solver was
limited to 10 s and the solver tolerance was set to 10 *. This
value was chosen based on preliminary simulations probing
stability and accuracy at 2 um spatial resolution. The discreti-
zation parameters used for the numerical solver in COMSOL
are listed in Table 4. The simulations were conducted with
COMSOL 5.6 on Clemson University’s Palmetto cluster using 56
cores of an Intel Xeon 6238R CPU and 300 GB of RAM.

4. Results and discussion

We simulated the discharge process of four different electrode
structures: a normal tape-cast electrode without electrolyte
channels, and three freeze tape-cast electrodes with three
size ratio of liquid electrolyte channel: active electrode wall
thickness: narrow (Wepec:Wrro = 10 um:20 um); equisized
(Welec : Wrro = 10 pm:10 pm), and wide (Wejee: Wiro = 20 pm:
10 pm). All simulations were run until the cell potential decayed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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to a cutoff voltage of 1 V, and the time to reach this condition
was recorded as the discharge time. The rate of discharge is
commonly specified as the C rate, where 1C corresponds to the
discharge current at which the maximum capacity would be
discharged in one hour. Based on the experimentally measured
properties given in Table 2, we calculated the applied current
density for a prescribed C rate relative to the theoretical
maximum capacity as

hrroWito

iappl = C rate X Qs X n X €5pq W
0

4.1. Electrode discharge

Fig. 2 shows the evolution of the cell potential over time for
electrodes with a mass loading of 30.329 mg cm™> and at
discharge rates of 1C and 2C. At the lower discharge rate of
1C, all four electrode structures can be fully discharged in the
theoretical discharge time of 1 hour. The equisized and narrow
channel geometries reach the cutoff voltage of 1 V at similar
times, while the discharge stops earlier for the geometries with
wide channels and with no channels. This indicates that the
equisized and narrow channels electrodes provide nearly the
theoretical capacity, while the electrodes with wide channels
and without channels suffer from some loss of capacity. This
effect becomes more pronounced at the higher discharge rate
of 2C, where the electrodes with equisized channels and narrow
channels can still be discharged for close to 30 minutes, while
the electrodes with wide channels and without channels shut
off earlier. Interestingly, at 2C, the electrode structure with
narrow channels provides a lower capacity than the electrode

View Article Online
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without channels. We will investigate this observation in more
detail in Section 4.2.

Our results are in line with the experimental observations of
Azami-Ghadkolai et al.>* that the electrolyte channels in freeze
tape-cast electrodes can enhance the accessible capacity and
thus improve the rate capability. It is worth noting, however,
that the simulations in ref. 32 have not been performed for the
experimentally measured materials properties of MoLTO. This
is evident in the concentration plots in Fig. 4 and 5 of ref. 32,
where the maximum state of charge (SOC) exceeds the value of
SOCphax = 0.9 reported in Table 2 in ref. 32. The accuracy of the
previous numerical results is thus an open question. While
we here report results based on the actual materials properties
of MoLTO, due to the unavailability of experimental data,
the comparison to experimental measurements is left for
future work.

4.2. Rate capability

To evaluate the rate capability of the four different electrode
structures, we varied the discharge rate from 1C to 8C. For each
simulation, we recorded the discharge time at which the cell
potential dropped to the cutoff voltage, and calculated the areal

capacity

lappl
Cp — lavp

4 X ldischarge-

The dependence of the areal capacity on C rate is plotted in
Fig. 3 for the four electrode structures at the same mass loading
of 30.329 mg cm 2 corresponding to a theoretical capacity of
5.15 mAh cm 2 The results show that the rate capability
of hierarchically anisotropic electrodes can be substantially

—— 1C, no channels
2.4 4 —— 1C, equisized channels
1C, wide channels
2.2 1 —— 1C, narrow channels
— === 2C, no channels
S ] -
=2.0 --- 2C, equisized channels
.g 2C, wide channels
S 187 —-—- 2C, narrow channels
IS)
216"
S
1.4' \
R,
#:___ e ————
1.2' e ~~‘~_ ==~
SN ~~‘\\\
1.0+ \\\ ‘ \
0 500 1000 1500 2000 2500 3000
Time [s]

Fig. 2 Development of the electrode half-cell potential over time during discharge at rates of 1C and 2C for the four electrode structures without
channels and with narrow (10 pm: 20 um channel to column width ratio), equisized (10 pm: 10 pm channel to column width ratio) and wide channels

(20 pm:10 pm channel to column width ratio).
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Fig. 3 Rate capability of the four electrode structures at the same mass loading of 30.329 mg cm 2. The thickness h, 1o of the electrode was 250 pm
without channels, 455 pm for equisized channels, 340.88 um for narrow channels, and 681.75 um for wide channels. The superior rate capability of the

equisized and narrow channel electrodes can be observed.

enhanced due to the presence of electrolyte channels. At low
discharge rates up to 1C, all four electrodes show a limiting
capacity of just under 5 mAh cm . For the electrodes with wide
channels and without channels, the capacity decreases with
increasing C rate showing a notable capacity loss at higher
discharge rates. The electrode with equisized channels main-
tains a high capacity up to 2C, while the electrode with narrow
channels can be discharged at up to 3C without substantial
capacity loss. In comparison, electrodes with equisized chan-
nels and narrow channels show a better rate capacity than
electrodes with wide channels and without channels. The best
rate capacity is observed for electrodes with narrow channels.
Fig. 3 also confirms that electrodes with wide channels show an
even lower rate capability than the electrodes without channels.
This indicates that the size ratio of active material columns and
electrolyte channels in freeze tape-case electrodes is critical to
the discharge performance and provides a means to optimize
the fabrication process.

The impact of the electrolyte channel width on the acces-
sible capacity can be rationalized by analyzing the concen-
tration profiles of Li ions throughout the electrode geometry.
Fig. 4 shows the concentration profiles of salt concentration in
the electrolyte and the state of charge of the active material
throughout the electrode for the four electrode geometries at
1C. The state of charge is also shown as a 2D plot to illustrate
that the major concentration variations occur in the thickness
direction. The concentration profiles for the electrolyte show
that a salt concentration gradient develops, where the salt
concentration is highest at the separator and lowest at the
current collector. This gradient is a result of the consumption

2370 | Mater. Adv, 2026, 7, 2362-2378

of Li through intercalation within the microporous active
material. To replenish the salt concentration, salt ions have
to be transferred from the separator side of the electrode which
is limited by the transport properties of the electrolyte. For the
electrode without channels, the Li salt near the current collec-
tor is increasingly depleted to a near-zero concentration at the
end of discharge. The intercalation of Li thus becomes entirely
limited by the salt transport in the electrolyte. For the electro-
des with channels, the surplus of salt in the electrolyte serves as
a reservoir such that the depletion is less pronounced. Azami-
Ghadkolai et al.>* have hypothesized that a higher salt concen-
tration decreases the local concentration overpotential such
that the Li intercalation rate is greater and the electrode
discharges faster in regions of high salt concentration. There-
fore, electrodes without electrolyte channels discharge prefer-
entially from the separator side towards the current collec-
tor, as indicated in the corresponding SOC profile in Fig. 4.
However, the picture becomes different for the electrodes with
electrolyte channels. Indeed, the SOC profiles for wide and
equisized channels show that the electrodes discharge prefer-
entially from the current collector towards the separator side.
This can be attributed to the effect of ohmic losses in the active
materials columns. Since the electrolyte channels supply suffi-
cient Li salt, the discharge rate leads to higher current densities
and higher ohmic losses. This gives rise to a potential gradient
in the active material which lowers the local overpotential near
the current collector. Therefore, the electrodes with electrolyte
channels can discharge more rapidly at the current collector.
At the end of discharge, both regions near the current collector
and near the separator have a high SOC, while a region of lower

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Spatial 1D profiles of salt concentration in the electrolyte (left column) and the state of charge of the active material (middle column) throughout
the electrode for the four electrode geometries at 1C. The state of charge at the end of discharge is also shown as a 2D plot (right column) to illustrate
that the major concentration variations occur in the thickness direction. The state of charge reveals that the location of the inaccessible active material
shifts towards the center with decreasing width of the electrolyte channels.

SOC remains inside the active material columns which reduces
the accessible capacity.

Interestingly, the location of this region changes with the
size ratio of the electrolyte channels. For the electrodes with
wide channels, the inaccessible region is located near the
separator, consistent with the discharge progressing from
the current collector towards the separator side. For the elec-
trode with equisized channels, the inaccessible region is
located further away from the separator, and for the electrode
with narrow channels the inaccessible region is found

© 2026 The Author(s). Published by the Royal Society of Chemistry

approximately in the middle of the electrode columns. This
indicates that the electrodes with equisized and narrow
channels discharge from both sides inwards. This can be
attributed to the interplay of the salt concentration gradient
in the electrolyte and potential gradients in the active material
columns. Furthermore, narrow channels lead to a more frequent
alternation of electrolyte and active material domains across the
electrode width, which reduces the lateral distance over which
Li" must diffuse from the electrolyte reservoir to the active
material. As a result, the electrolyte channels act more effectively
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00902b

Open Access Article. Published on 20 January 2026. Downloaded on 4/19/2026 7:22:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

as distributed Li" reservoirs. Both effects decrease the local
overpotential, leading to a greater driving force for discharge
in the respective regions. The net effect is thus a competition of
discharge near the separator with discharge near the current
collector, and the shift of the inaccessible region depends on the
relative magnitude of the effect. It can be noted that this effect is
associated with the design of the electrodes: to maintain the
same areal mass loading, electrodes with wide channels have to
be made thicker while electrodes with narrow channels can be
thinner. The thickness of the electrodes has a direct impact on the
salt transport and the ohmic losses in the active materials columns.
The higher ohmic losses along the length of the active material
columns lead to a lower discharge rate near the separator, such that
the thicker electrodes discharge preferentially at the current col-
lector and the inaccessible region shifts toward the center of the
active material columns. This insight can be leveraged to fabricate
engineered porosity electrodes with carefully designed channel
width and thickness that optimize the accessible capacity.

4.3. Areal capacity: dependence on electrode thickness/mass
loading

We further investigated the effect of electrode thickness on the
areal capacity and specific energy of the four electrode struc-
tures. We varied the thickness of the electrode in the range
from 200 pm to 1000 um and simulated discharge rates from
0.5C to 3C for each thickness. Fig. 5 shows the areal capacity as
a function of thickness and mass loading, respectively, for each
of the electrode structures. We have used the electrode with
equisized electrolyte channels as a reference for the compar-
ison. Fig. 5 clearly shows the maximum thickness at which an
electrode can be discharged without loss of capacity. The
results show that an electrode without electrolyte channels
may be almost fully discharged up to a thickness of approxi-
mately 300 pm at 1C, 200 pm at 2C, and 100 pm at 3C, while an
electrode with equisized channels can be discharged up to a
thickness of approximately 700 pm at 1C, 500 um at 2C, and
400 pm at 3C. Electrodes with wide channels show a similar
trend, however, the areal capacity is lower than for equisized
channels. In contrast, electrodes with narrow channels provide
a higher capacity compared with equisized channels, but the
maximum thickness is slightly smaller (600 pm at 1C, 400 um at
2C, and 340 pum at 3C). The difference in areal capacity stems
from the fact that the width of the active columns is different
such that the mass loading of the electrodes with channels
increases disproportionately with increasing thickness. To
incorporate this effect, we also plotted in Fig. 5 the dependence
of the areal capacity on mass loading. The direct comparison
shows that electrodes with narrow channels allow the highest
mass loading without capacity loss, followed by electrodes with
equisized channels. Conversely, electrodes with narrow chan-
nels and without channels allow less mass loading than equi-
sized channels. The results indicate that engineered porosity
electrodes facilitate higher mass loading than random porosity
electrodes. Fig. 5 also shows that it is important to distinguish
the independent variable based on which the comparison is
made, in this case thickness and mass loading, respectively.
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4.4. Specific energy: dependence on electrode thickness/mass
loading

Another important quantity for assessing the performance of
battery electrodes is the specific energy. The specific energy is
influenced by both the accessible capacity and the development
of the cell potential over time. For our simulations, we obtained
the specific energy from integral of the cell potential (¢f. Fig. 2)
over time

Idischarge

Ia 1
E, = PP dr.
MAA,[O ¢

Fig. 6 shows the specific energy as a function of thickness and
mass loading, respectively, for each of the three channel
porosity structures in comparison with the no channel
electrode. The results show that upon increasing the thickness,
electrodes with electrolyte channels can deliver a higher
specific energy than electrodes without channels. With increas-
ing C rate, the ability of thick electrodes to deliver their
maximum specific energy reduces substantially. The fading of
specific energy is most pronounced for electrodes with wide
channels and without channels. As before, we also plot
the specific energy as a function of mass loading in Fig. 6. This
comparison clearly shows that at the same mass loading and C
rate, electrodes with narrow channels deliver higher specific
energy than electrodes with equisized channels, which in
turn deliver higher specific energy than electrodes with wide
channels or without channels. For the electrodes with
wide channels, the ability to deliver high specific energy is
reduced due to the larger thickness required to maintain mass
loading, which reduces the accessible capacity as discussed in
Section 4.2.

4.5. Normalization with penetration depth

The plots in the previous sections show that the comparison of
areal capacity and specific energy depends on whether the
results are plotted as a function of thickness or as a function
of mass loading. In addition, there can be variations in how the
capacity is quantified, e.g., areal capacity vs. volumetric capacity
vs. specific capacity. It is thus desirable to compare areal
capacity and specific energy in a uniform, unambiguous man-
ner. Gallagher et al.® have discussed the shift of the current
distribution due to salt depletion at the current collector.
By scaling the transport equation, they derived an expression
for the penetration depth of electrolyte transport

€/ FD] C|

Lg=2 7
d T (1 — l+)[app]

where ¢ is the porosity, 1) is the tortuosity, D) is the Li diffusion
coefficient, ¢, is the transference number, ¢, the salt concen-
tration, and I, and F denote the current and the Faraday
constant, respectively. The theoretical maximum areal capacity
of an electrode can be expressed in terms of the specific
capacity Q, the volume fraction &5, density ps, and the electrode
thickness L

QA,max = EsstL-
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Fig. 5 Comparison of the areal capacity of the four electrode structures as a function of thickness (left column) and mass loading (right column). The
equisized channel electrode was used as reference in comparison with the electrodes without channels, with wide channels, and with narrow channels.

with the definition of the penetration depth, the actual areal
capacity can be expressed as

€g FD]C]
A = € _
0 sst‘L_S (0= ) Tappl

It should be noted that this description is only valid if the
Lithium diffusion within the solid active material is not a

© 2026 The Author(s). Published by the Royal Society of Chemistry

limiting factor. The penetration depth and theoretical max-
imum areal capacity can be used to normalize the values
obtained from the simulations.

Fig. 7 presents the normalized areal capacity and specific
energy as a function of normalized thickness for all four
electrode structures. The results show that the accessible
capacity of electrodes without channels increases with the
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Fig. 6 Comparison of the specific energy of the four electrode structures as a function of thickness (left column) and mass loading (right column).
The equisized channel electrode was used as reference in comparison with the electrodes without channels, with wide channels, and with narrow

channels.

normalized thickness. In contrast, electrodes with equisized
and narrow electrolyte channels maintain their accessible
capacity up to a normalized thickness of approximately
L/L4 = 12.5, while the capacity of electrodes with wide channels
begins to decay at normalized thickness of approximately
L/Ld =7.5.

2374 | Mater. Adv, 2026, 7, 2362-2378

The benefit of the normalized presentation is even more
apparent for the specific energy plots, where the curves collapse
onto a single curve for each electrode structure. These plots clearly
show the impact of the electrolyte channels on the specific energy
that an electrode can deliver as a function of thickness. The
performance of thick electrodes is substantially enhanced by the

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00902b

Open Access Article. Published on 20 January 2026. Downloaded on 4/19/2026 7:22:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
1o equisized channels vs. no channels
0.8
% 0.6
N
< A
Q A
= $
S o4 N\ N
. N\
NN
N
4} equisized channels, 1.0 C , -'\\
<} equisized channels, 2.0 C N,
0.2 4} equisized channels, 3.0 C N N
-O- nochannels, 1.0 C \A‘O N,
-O- no channels, 2.0 C "~ .
-O- no channels, 3.0 C TR
0.0 -
0.0 2.5 5.0 7.5 100 125 15.0 175 20.0
L/Lg
10 equisized channels vs. wide channels
0.8
% 0.6
E
<
o
=
O 04
4} equisized channels, 1.0 C
<} equisized channels, 2.0 C .
0.2 L} equisized channels, 3.0 C A
<A+ wide chanenls, 1.0 C
-/ wide chanenls, 2.0 C
«A- wide chanenls, 3.0 C
0.0 T
0.0 2.5 5.0 7.5 100 125 15.0 17.5 20.0
L/Lg
10 equisized channels vs. narrow channels
0.8
% 0.6
E
<
o
=
O 04
4} equisized channels, 1.0 C \\ L
L} equisized channels, 2.0 C u] v
0.2 L} equisized channels, 3.0 C
<7+ narrow channels, 1.0 C
-7+ narrow channels, 2.0 C
<7+ narrow channels, 3.0 C
0.0 T
0.0 2.5 5.0 7.5 100 125 15.0 175 20.0

L/Lg

View Article Online

Materials Advances

equisized channels vs. no channels

N
250 é@g BID
% Y TRk,
= . 'BQD;\
£ 200 X \'qq
= Q) %
= W\ \
> N DO
<y 5 \\\\\\
8 150 3 \\\D\
7} S
- \\\\\ \\\\
=
'S 100 RN N \\\
g 13 equisized channels, 1.0 C), Ny 2 u]
X.
0 -} equisized channels, 2.0C "\, o
50 <} equisized channels, 3.0 C N, N
=O- no channels, 1.0 C N N
-O- no channels, 2.0 C \0~-':o,_,,\
-O- no channels, 3.0 C s,
0 ‘=0
0.0 25 5.0 7.5 10.0 125 15.0 175 20.0
L/Lg
250
2 200
=
F=
=
> 150
o
e
[
c
v
=2 100
&=
> I} equisized channels, 1.0 C A\b
n <} equisized channels, 2.0 C 4"A
50 1 L} equisized channels, 3.0 C
«/A- wide chanenls, 1.0 C
-+ wide chanenls, 2.0 C
«/AA- wide chanenls, 3.0 C
0 T
0.0 25 5.0 7.5 100 125 15.0 175 20.0
L/Lg
equisized channels vs. narrow channels
250
2 200
=
F=
2
>
& 150
et
[
=
[
o
= 100
‘S
8_ 4} equisized channels, 1.0 C .
) {7} equisized channels, 2.0 C ."7
50 1 4 equisized channels, 3.0 C
-+ narrow channels, 1.0 C
+¥/- narrow channels, 2.0 C
-7+ narrow channels, 3.0 C
0
0.0 2.5 5.0 7.5 100 125 150 17.5 20.0

L/Lg

Fig. 7 Normalized areal capacity and specific energy of the four electrode structures as a function of normalized thickness at discharge rates of 1C, 2C,
and 3C. The thickness was normalized with the electrolyte penetration depth introduced by Gallagher et al.* The curves for varying C rate collapse onto
one curve for each electrode structure. The difference in electrochemical performance between hierarchical porous electrodes and electrodes without

electrolyte channels can be clearly observed.

electrolyte channels compared with electrodes without channels.
The specific energy of electrodes with wide channels decays
slightly faster than the specific energy of electrodes with equisized
and narrow channels, which show nearly the same characteristics.

Overall, our results show that the introduction of electrolyte
channels thus can enhance the specific energy and reduce the

© 2026 The Author(s). Published by the Royal Society of Chemistry

fading at higher mass loading. However, this effect is limited by
the size ratio of the electrolyte channels and the active material
columns. If the electrolyte channels are too wide, the enhanced
supply of Li salt through the macroporosity is offset by the
increased thickness required to maintain mass loading, which
leads to larger ohmic losses and reduces the accessible capacity.
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5. Conclusions

We have performed numerical simulations of the discharge of
hierarchical anisotropic electrode structures. The structures
simulated can be experimentally produced by directional freeze
casting followed by freeze drying and partial sintering. The
resultant porous structure consists of continuous aligned par-
allel pore channels (macro-pores) through the thickness and
the walls of the pore channels made up of isotropic micro-pores
and the active electrode material. The important geometrical
parameter is the ratio of the size of the macro pore channel
(which gets filled with the electrolyte) and the wall thickness
(Welec : WrTo)- The model mimics freeze tape-cast electrodes,
and the simulations were performed using experimentally
measured materials properties of molybdenum-doped lithium
titanate (Li;Mo,Tis_,O1,) as active material and lithium hexa-
fluorophosphate (LiPF,) as electrolyte. We have assessed the
rate capability at varying discharge rates and presented electro-
chemical performance characteristics in terms of capacity and
specific energy. The numerical results confirm previous obser-
vations by Azami-Ghadkolai et al®* that the introduction of
anisotropic macroporosity can enhance the accessible capacity
and improve the rate capability. Here, we investigated specifi-
cally the effect of the size ratio of the electrolyte channels and
the active materials columns (Wejec : Wiro). Our results indicate
that the discharge characteristics are directly affected by the
size of the electrolyte channels. While wide electrolyte channels
limit the accessible capacity and specific energy due to the
larger required thickness to maintain mass loading, electrodes
with narrow channels show enhanced performance both in
terms of accessible capacity and specific energy. The effect of
the channel size has been rationalized in terms of the interplay
of the salt concentration gradient and the current distribution
in the active material during discharge. Electrodes with narrow
channels discharge from the separator side and the current
collector simultaneously such that only a small region in the
center of the active material columns remains inaccessible.

While our results have been performed in two dimensions,
the concentration profiles revealed that the main variation
occurs in the direction of the current. It should be noted that
our model geometries are a simplified representation of freeze
tape-cast electrode structures and assume perfectly aligned and
regular active materials columns. Real freeze tape-cast electro-
des will deviate from perfect alignment and exhibit structural
irregularities. While such irregularities would likely increase
the tortuosity and reduce transport efficiency, this would affect
any microstructure in a similar manner. Hence the relative
effectiveness of electrolyte channels of varying width at mitigat-
ing salt depletion is expected to persist in practical freeze tape-
cast electrodes. A future extension of our work is the use of
digitized images of electrode structures to construct three-
dimensional digital twins of real electrodes, which would allow
us to probe the effect of structural irregularities and channel
tortuosity on areal capacity and specific energy.

In conclusion, our results show that electrodes with hier-
archical anisotropic porosity facilitate a higher mass loading
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than normal tape-cast electrodes and thus can maintain areal
capacity and specific energy at higher discharge rates. The
simulations further show that the size ratio of electrolyte
channels and active material columns is a key factor in enhan-
cing the electrochemical performance of electrodes. The simu-
lations thus provide quantitative insight that can be leveraged
in optimizing the design of hierarchical anisotropic porosity
electrodes that provide high capacity and specific energy and
enable rapid discharging and charging.
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