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Chih-Hsuan Hung

Chair of the Supervisory Committee:
Corie L. Cobb

Mechanical Engineering

This dissertation reports on the investigation of micrometer-scale three-dimensional (3D)
batteries on the transport, kinetic, and deposition mechanisms in Lithium-ion battery (LIB) cells
using physics-based computational models. Conventional LIBs use planar electrodes composed of
a randomly distributed solid particle network infused with liquid electrolyte. A planar electrode
imposes a trade-off between energy density and power density in LIB cells, where a higher cell
capacity requires more active materials in the electrodes, which inevitably increases the electrode
thickness and introduces high transport impedances. 3D electrodes address this limitation by
redistributing the solid electrode particles into non-planar configurations, providing additional

transport and kinetic benefits and effectively loosening the trade-off.



Although various 3D LIBs have been modeled and fabricated over the last two decades,
the relative performance advantages across different 3D electrode architectures and material
systems remain unclear. This dissertation systematically analyzes these architectures, proposing
frameworks to design, compare, and evaluate 3D LIB configurations for optimal energy and power
density. The focus is on two categories of 3D LIBs: (1) the Interdigitated Electrodes (IDEs), which
feature intertwined cathode and anode geometries that shorten the transport distance between the
electrodes, and (2) the Structured Electrodes (SEs), which have macro-porosity integrated across
the electrode thickness, acting as low tortuosity ionic transport pathways.

Physics-based 3D volume-average electrochemical models were generated in VIBE-
AMPERES, a battery modeling software developed by Oak Ridge National Laboratory, to assess
the impact of 3D electrode architectures and materials on the charge and discharge performance
of both single-layer and multi-layer battery cells. Material systems studied include LisTisO12
(LTO) anode paired with LiFePO4 (LPF) cathode, graphite anode with LiNig.sMno3Co00.202 (NMC-
532) cathode, and graphite anode with LiNio.sMno.2C00.202 (NMC-622) cathode. Additionally, this
dissertation presents a lithium plating model developed through the 3D volume-average method,
which is employed to explore how SEs influence the onset and location of lithium plating in
graphiteNMC-532 cells. By investigating how controlled electrode heterogeneity affects transport
and kinetic processes through 3D physics-based, continuum-scale computational models, this
work reveals critical insights into cell-level performance metrics such as charge and discharge
capacity, energy density, power density, and lithium plating. The overarching objective is to
advance 3D electrode design strategies by deepening the fundamental understanding of these

mechanisms through analytical studies.
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Chapter 1. INTRODUCTION

*The content in sections 1.1 is adapted from Hung, C.-H.; Allu, S.; Cobb, C. L. “Modeling Current Density
Non-Uniformities to Understand High-Rate Limitations in 3D Interdigitated Lithium-Ion Batteries.” J.
Electrochem. Soc. 2021 under CC BY 4.0 (https://creativecommons.org/ licenses/by/4.0/).! The content in
section 1.2 is reprinted and adapted with permission from Hung, C.-H.; Huynh, P.; Teo, K.; Cobb, C. L.
“Are Three-Dimensional Batteries Beneficial? Analyzing Historical Data to Elucidate Performance

Advantages.” ACS Energy Lett. 2022, 296-305. Copyright 2023 American Chemical Society.?

1.1  CONVENTIONAL LITHIUM-ION BATTERIES (LIBS)

Lithium-ion batteries (LIBs) are rechargeable batteries widely utilized for applications
ranging from portable electronics to vehicle electrification. Conventional LIBs are approaching
their theoretical energy limits with today’s commercialized materials and manufacturing
processes. For example, commercialized LIBs have energy densities of 150 — 250 Wh/kg and 300
— 700 Wh/L,? but the United States Advanced Battery Consortium (USABC) has advised that
advanced electric vehicle (EV) batteries should target useable energy densities of 350 Wh/kg and
750 Wh/L at the cell level and 235 Wh/kg and 500 Wh/L at the system level, both at a C/3 discharge
rate.* ® In addition, portable electronics’ and micro-robotics® also have a growing need for smaller
and lighter weight form factors around 0.1 cm? in size while retaining the same, if not higher,
energy and power performance. Broadly speaking, the advancement of battery technologies across
all application scales requires smaller, lighter, and longer-life energy storage devices. Developing
LIBs with concurrent high energy and power density has thus become an important goal for LIB
researchers. Motivated by the same goal, this dissertation investigates the impact of 3D battery

electrodes on improving energy and power density in LIBs.
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1.1.1 LIB Cell Components

A single-layer battery cell is the basic building block of a LIB where the electrochemical
reactions that convert chemical energy to electricity occur. There are five components in a single-
layer cell: a positive current collector, a cathode, a separator, an anode, and a negative current
collector, as illustrated in Figure 1.1(a). The cathode, anode, and separator are porous mediums
that are soaked in liquid electrolyte, as shown in Figure 1.1(b). The cathode, anode, and the
electrolyte are components that participate in electrochemical reactions and determine the charge
and discharge capacity (Ah) of a LIB cell. The separator and the current collectors are considered
inactive cell components that are critical for cell operation but do not drive a cell’s capacity. The
separator protects the battery from forming an internal short-circuit, which can lead to a series of
safety hazards. Current collectors conduct electrons between the external circuit and the electrodes,
ensuring a uniform current flow during charge and discharge. At scale, single-layer cells in Figure
1.1 (a) are stacked layer-by-layer to increase the total capacity (Ah) and energy (Wh). An example

of a cell stack in a pouch cell format is illustrated in Figure 1.1 (c).

® Cathode Electrolyte
® Anode ® Anod Current Collector
Separator Current Collector
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(a) Single-layer cell (b) Macroscopic look of a (c) Pouch cell

single-layer cell

Figure 1.1. The different scales of LIBs: (a) a single-layer cell, (b) a single-layer cell with the

porous structures displayed, and (c) a pouch cell with cross-section of a multi-layer cell stack

shown.
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Conventional LIB electrodes are porous and are typically manufactured with slot-die and
doctor-blade coating. Electrode slurries are coated onto current collector substrates, ° and the
slurries consist of active material, conductive carbon, and polymer binder particles suspended in a
solvent. The coating is then dried, forming a porous, solid particle network, which is then
compressed by calendering to enhance contact between particles and the electrode film and the
current collector. The anode and cathode are made in independent production lines, and the two
electrodes are then assembled with a porous separator sandwiched in between to form a single-
layer cell. The cells are stacked into a multi-layer stack, and liquid electrolyte is infiltrated into the
stack to form an ionically conducting liquid-phase network in the pores of the anode, cathode, and

separator.

1.1.2 Energy and Power Trade-offs in LIBs

Conventional LIB single-layer cells exhibit a performance trade-off between energy and
power when the material chemistry and composition are fixed. Figure 1.2 illustrates two
discharging single-layer LIB cells, one with thick electrodes and the other with thin electrodes.
The amount of active material that facilitates the intercalation reaction is represented by the
number of orange circles labeled “Li+,” and orange dash lines depict the Lithium-ion (Li-ion)
transport distance. For simplicity, electron transport within the solid electrode is not shown,
although electrons move in the opposite direction to Li-ions within the electrodes in actual
operation. Compared to thick-electrode LIBs, thin-electrode planar LIBs have high power
performance (W) due to a shorter transport length across the electrode thickness, allowing the Li-
ions and electrons to travel more quickly between electrodes. In contrast, thick electrodes offer

higher capacity (Ah) and energy (Wh), as they contain more active material and a greater number
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of intercalation sites. However, the transport distances in thick electrodes are much longer,

resulting in low power performance.

(a) Thick Electrode (b) Thin Electrode

Anode Cathode Anode Cathode

Figure 1.2. Comparison of thick and thin planar LIBs during discharge. The orange dashed
arrows represent the Li-ion transport pathway and the number of orange circles (Li") represents

the amount of active material in the cell.

In addition to the energy and power trade-offs associated with electrode thickness, a similar
performance trade-off arises from electrode porosity. Increasing electrode porosity allows for a
greater volume of liquid electrolyte within the cell, enhancing Li-ion transport in the liquid phase
and, in certain situations, increasing the phase boundary surface area between the solid electrode
and the liquid electrolyte that facilitates intercalation kinetics. However, a higher porosity reduces
the quantity of active material in the single-layer cell, which in turn decreases the capacity (Ah)
and energy (Wh) at scale. Conversely, a lower electrode porosity facilitates a denser packing of
active material within the LIB, but it restricts transport and results in diminished power
performance. It is also important to note that there is a practical limit to how porous an electrode
can be; excessive porosity can hinder the formation of a conductive solid network, while a very

low porosity creates a discontinuous liquid phase network.
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A common question arises: can stacking multiple thin-electrode single-layer cells improve
energy performance while maintaining fast transport? Individual cells are often stacked into larger
cell formats such as the pouch cell illustrated in Figure 1.1 (b) to increase the total battery capacity
(Ah) and energy (Wh). Although staking single-layer cells increases the overall capacity and
energy, it does not improve capacity and energy on a per-weight or per-volume basis (Ah/kg, Ah/L,
Wh/kg, Wh/L). As previously noted at the beginning of Chapter 1.1, the volumetric and
gravimetric energy density are critical performance metrics for electric vehicles and micro-
robotics. Research conducted by Cobb and Solberg illustrates that, compared to thick-electrode
cells, thin-electrode cells necessitate a greater number of current collectors within a cell stack,
which subsequently leads to a decrease in energy density performance.!® Furthermore, as the
number of stacked layers increases, the volume ratio of active materials, i.e. the electrodes and the
electrolyte, to inactive materials, including the separators and the current collectors, within the
multi-layer cell stack eventually plateaus, leading to diminished benefits with increases in
electrode thickness. Ultimately, the energy and power density (Wh/kg, Wh/L, Wh/kg, and W/L)
of a multi-layer cell stack are constrained by the transport and kinetics present in a single-layer

cell.

1.1.3  Modeling Electrochemical Processes in a LIB Cell

To mitigate the energy and power trade-off, we must first understand the electrochemical
mechanisms that govern the physics within a single-layer cell during charging and discharging.
The Doyle-Fuller-Newman (DFN) electrochemical model is a set of nonlinear transient partial
differential equations that describe the transport and kinetic physics in a single-layer cell.!' The
system modeled includes the volumes of the cathode, the anode, the separator, and the electrolyte.

Current collectors are implemented as boundary conditions in the DFN model. The equations are
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solved using the finite element method to find the local potential, concentration, and reaction
current across a LIB cell. When an LIB cell is placed in an open circuit that has no current flow,
the potential in each electrode is equal to the material’s chemical potential versus Lithium metal.
The is called the open-circuit potential, Uycp, which is a function of the Li-ion concentration
within the solid phase and is commonly measured in experiments using the galvanostatic
intermittent titration technique (GITT). The solid-phase potential difference between the cathode
and the anode creates a static potential gradient in the liquid electrolyte network, which is referred
to as ¢.. When a charged LIB is connected to an external circuit, this potential gradient will drive
electrochemical reactions.

In the DFN model, the local driving force for Li-ion intercalation and de-intercalation
reactions at the phase boundary is the surface overpotential (), which is a measure of the local
potential difference between the solid and the liquid phases and is calculated independently for the
cathode and the anode across their thicknesses. Equation 1.1 defines the surface overpotential in
the unit of V as the difference between local potential drop across the solid and liquid phases,
¢s— ¢, and the open-circuit potential of the solid phase (Ug¢p). Film resistance, Ry, exists and
adds to the overpotential if a solid-electrolyte interface (SEI) develops on the electrode active
material particle surface due to side reactions between the electrode active material and the
electrolyte.'’'> In Equation 1.1, j¢ represents the pore-wall Li-ion flux across the liquid and solid
phases. Equation 1.2 describes as, the specific surface area of the porous electrode in cm™, which
is a function of the electrode volume fraction & and active material particle radius Rg. The specific
area represents the surface area of active materials that are in contact with the liquid electrolyte
per volume of the porous electrode, and the calculation in Equation 1.2 assumes the active material

particles are spherical. Note that at the beginning of discharge when the LIB is still in equilibrium
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and there is no film resistance, ¢, is the same as U,p, and the liquid phase potential ¢, is the sole
driver. Overtime, the solid-phase potential can shift away from the open-circuit potential due to

influences from local concentration gradients.

iLi
N = s = e = Uocr ="~ Reum (1.1)

3&g
as = R_s (1.2)

The Butler-Volmer relationship in Equations 1.3 models the pore-wall Li-ion flux across
phase boundary (jX*) in the unit of A-cm™ as a function of the surface overpotential. Note that
when the surface overpotential is zero, there will be no reaction current and zero ionic flux. The
rates of the (de-)intercalation reactions depend on local Li-ion concentrations in both phases.
Therefore, in Equation 1.3, the exchange current density (i,) in the unit of A-cm™ is included to
describe the (de-)intercalation reaction rate as a function of local Li-ion concentrations. In

Equation 1.4, k is the reaction rate constant in A-mol'>cm*?

, Ce 1s the liquid-phase L-ion
concentration in mol-cm™, ¢ is the solid-phase L-ion concentration in molem™, and ¢ max is the
maximum solid-phase Li-ion concentration in mol-cm?, as determined by the material chemistry.
Additionally, in Equation 1.3, a; is the specific surface area of the porous electrode in cm™, &, and
a. are the unitless symmetric anodic and cathodic reaction transfer coefficients (o, = o= 0.5), R

is the universal gas constant (8.314 J-mol'K™"), T'is the temperature in K, F is Faraday’s constant

(96485 C-mol ™).

L= (e () - e (=5) (19
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lp = k(ce)aaj (Cs,max - Cs)aaj (Cs)acj (L.4)

Following the (de-)intercalation reactions, electrons and Li-ions are conducted in the
porous network to ensure charge neutrality and mass conservation. The electrons are conducted
between the solid particle network and the external circuit, and the Li-ions conduct or diffuse in
the liquid electrolyte. The conduction in each phase is modeled using Ohm’s law and the Nernst
equation in Equations 1.5 and 1.6, where ¢, and ¢; are the volume fractions of liquid and solid, %/
is the effective Li-ion conductivity in the electrolyte, and ¢/ is the effective electronic conductivity

in the solid phase.

0_ .
V- (ek® V) + V- (£, X e ving, ) = —jH (1.5)
V- (g50°7TVg,) = j1 (1.6)

The second term on the lefthand side of Equation 1.5 is a variation of the Nernst equation,
which describes the reaction current correlated to the Li-ion concentration gradient in the
electrolyte. This term is not included in Equation 1.6 since electronic conduction in the solid phase
is not affected by Li-ion concentration. Within the system defined by the DFN model, charge
neutrality and mass conservation must be maintained. Therefore, when a battery is being charged
or discharged at high current rates, the system will respond with fast reaction kinetics and
conduction. If transport or kinetics fail to keep up with the set current rate, Li-ions will accumulate
at the location where the highest resistance occurs, and a Li-ion concentration gradient will form
over time. The concentration gradients drive the Li-ion to diffuse from high concentration to low
concentration regions within each phase, and these diffusion physics are governed by Fick’s law.

In the DFN model, Li-ion diffusion in the liquid network is described by Equation 1.7, where D%
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is the effective Li-ion diffusivity in electrolyte in the unit of cm?s™!, and #.” is the transference

number.

0 .
2eed) _ g (£,08Ve,) = M (17)

In the solid phase, the DFN model captures the diffusion of Li-ions at the length scale of
the active material particles. A spherical coordinate system is used, with the origin of the
coordinate system set at the center of the active material particle. Diffusion is governed by Fick’s
law and modeled along the radius of an active material particle, 7, in Equation 1.8, where D is
the effective Li-ion diffusivity in the solid-phase. Equations 1.9 and 1.10 are the boundary
conditions imposed at the center of the particle (» = 0) and particle surface (» = R;) to ensure
symmetry and mass conservation.

% = pe(Ce 422 (1)

dcs _
S==0atr=0 (1.9)

p&/’ (‘;—j) = %Liatr =R, (1.10)

When Li-ions are conducted or diffused in the liquid electrolyte network, they need to
maneuver around the solid particle network. As a result, the transport pathway is always longer
than the ideal point-to-point distance. Likewise, the transport of electrons and Li-ions in the solid
phase experience the same issue. Tortuosity, 7, is a measure of the length a Li-ion or electron has
travelled normalized to the ideal point-to-point distance. The Bruggeman relationship describes
the tortuosity of a porous medium having a volume fraction, €, in Equation 1.11, where the
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tortuosity increases exponentially with the volume fraction, and p is the Bruggeman constant that

is dependent on the microstructure of the porous medium.'>'* In the DFN mode, the impact of

tortuosity is account for in the use of effective transport properties, including Deef ! , D¢ r1 ,o¢7,
and k®/ from Equations 1.5 — 1.10. These effective transport properties, denoted as A in
Equation 1.12, represent the true conductivity or diffusivity when the conducting medium has a
volume fraction less than 1. In Equation 1.12, 4 represents diffusivity or conductivity measured in

a non-porous medium, ¢ is the volume fraction associated with the phase in which the transport

property is considered, and 7 is the tortuosity described in Equation 1.11.

=P (1.11)

AT =2 (1.12)

Equations 1.1 — 1.12 constitute a pseudo-two-dimensional (pseudo-2D, or P2D) physics-
based electrochemical model. The conduction of Li-ions and electrons as well as Li-ion diffusion
in the liquid phase are one-dimensional across the electrode thickness direction. The diffusion of
Li-ions in the solid phase is also one dimensional but in the radial direction of the active material
particles. This radial dimension is defined in a cylindrical coordinate system that is different from
the Cartesian system used by the electrode thickness. Hence, the model is considered pseudo-2D
instead of 2D. Extending their original P2D model development, Doyle et al.!! categorized single-
layer cell parameters into two types: system-specific parameters and design-adjustable parameters.
The system-specific parameters relate to transport and thermodynamic properties that depend on
the materials used, while the design-adjustable parameters are those that can be modified

independently of the material system (see Table 1.1).
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Once a material system and initial conditions have been established, the primary design-
adjustable parameters at the cell level are electrode porosity, thickness, and particle size. In
addition to the energy and power trade-offs associated with varying electrode thickness and
porosity, several other factors complicate the design process. For example, increasing electrode
thickness, reducing particle size, and increasing porosity can increase the reaction surface area and
improve intercalation kinetics. However, the reaction rate is also correlated to the local solid-phase
and liquid-phase Li-ion concentrations, which are dependent on ionic transport. Moreover,
reducing particle size leads to shorter Li-ion transport distances within the solid particles, although
5

this may also result in increased transport tortuosity at the scale of electrode thickness.!

Table 1.1. System specific and design adjustable parameters as defined by Doyle et al.!! The
system-specific parameters are intrinsic material properties, while design-adjustable parameters

are design-driven and independent of the material system.

System specific Parameter Description Unit
D Diffusion coefficient in the solid phase m?-s!
2 Electric conductivity S-m!
max Maximum Li-ion concentration in the 3
Cs . mol-m
solid phase
K Reaction rate constant A-cm*’mol '
D. Diffusion coefficient in the liquid e
phase
K Ionic conductivity
Design adjustable Parameter Description Unit
o0 Initial concentration in the liquid mol-m’
¢ phase
¢’ Initial concentration in the solid phase mol-m™
R Particle radius m
Ee Volume fraction of liquid N/A
&s Volume fraction of solid N/A
é Electrode Thickness m

In research experiments and conventional manufacturing, electrode thickness is controlled
by the casting thickness, thermal drying conditions, slurry properties, and the calendering process.

Particle size can be regulated through both synthesis conditions and post-synthesis grinding, while

29



porosity can be adjusted by changing the solvent content in the slurry or through calendering to
compact the pore structure. Employing numerical simulations to assess the impact of electrode
thickness, porosity, and particle size over a range of C-rates is a valuable approach before resources
are invested in manufacturing when designing batteries with a new material system.!®2° However,
the inherent trade-off between power and energy density in LIBs cannot be solved with the current

electrode design parameters in Table 1.1.

1.2 3D BATTERIES

As illustrated in Figure 1.3, 3D batteries have unique electrode geometries that set them
apart from the conventional planar form factor. In 3D batteries, electrode materials are
redistributed in controlled heterogeneous spatial arrangements to optimize Li-ion and electron
transport without sacrificing total active material content in the cell.!*!">* Based on the electrode
architecture, 3D LIBs can be generally categorized into two main groups: (1) “Interdigitated
Electrodes (IDEs)” in Figure 1.3 (b), where the cathode and anode have micron-scale feature sizes
and are intertwined, shortening the transport distance between electrodes, and (2) “Structured
Electrodes (SEs)” in Figure 1.3 (c¢), where micron-scale channels filled with liquid electrolyte are
patterned into the electrodes to provide Li-ions with transport “highways” in place of the tortuous

pathways through the solid particle network.
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Figure 1.3. (a) Conventional planar LIBs have long and tortuous transport pathways

(highlighted in orange) that prevent concurrent high-energy and high-power performance. 3D LIBs
with (b) Interdigitated Electrodes (IDEs), (c) Structured Electrodes (SEs), and (d) Nanoscale
Macroporous Electrodes enable concurrent high-energy and high-power by rearranging the

electrode materials without reducing the total amount of electrode material in a fixed volume.

3D electrode architectures can also be engineered at the nanoscale, as shown in Figure 1.3
(d). These 3D LIBs have periodic or aperiodic electrode porosity controlled at the nanometer scale,

which results in “sponge-like” electrodes.’*?® Nanoscale electrode structuring such as

27-30 31,32 25,32-36

nanowires, nanosheets, and 3D ordered porous electrodes provides additional
transport enhancements in the solid phase and higher kinetic activity over micron-scale 3D
electrodes.>***37-3 In some scenarios, nanoscale 3D electrodes can be combined with micrometer-
scale 3D electrodes to form hierarchically ordered 3D electrodes. Nanoscale 3D electrodes face a
different subset of challenges than micron-scale 3D electrodes, including extensive side reactions

due to enlarged surface area®®*

and electrolyte wetting issue due to the small feature sizes. The
difference in scale can also be shown by looking at their respective fabrication methods. Micron-

scale 3D electrodes can still leverage conventional slurry-based methods, while nanoscale 3D

electrodes are directly synthesized or electro- and vapor- deposited onto pre-manufactured
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substrates.>**#* From the perspective of the electrochemical modeling approach used in this
dissertation, nanoscale electrode architectures that engineer geometry and material on a scale
below 500 nm are considered intrinsic material property changes. The evaluation of nanoscale 3D
LIBs requires a different set of modeling tools than those used for micrometer-scale 3D LIBs.
Therefore, this dissertation focuses on the micron-scale 3D LIBs in Figure 1.3 (a) and Figure 1.3
(b): the IDEs and the SEs. From here on, the term 3D LIBs will be used to refer to both IDEs and

SEs.

1.2.1 3D Interdigitated Electrodes (IDEs) Design Challenges and Opportunities

IDEs were initially proposed to enhance the areal capacity of thin-film batteries in
microelectrochemical systems (MEMS). These designs often feature arrays of cathode and anode
plates or columns in various shapes — such as circles, squares, triangles, or crosses — assembled
into a full cell. In some configurations, the cathode and anode adopt different geometries: one
electrode consists of columns covered by a separator layer, while the other fills the remaining void
space. The interpenetrating configuration maintains a short Li-ion transport between the anode and
the cathode that is independent of the electrode length. As a result, a higher active material loading
can be achieved by increasing the electrode length without adding to the transport distance.

Another significant advantage of IDEs is their enlarged surface area between the electrodes
and the separator. In conventional planar LIB cells, intercalation reactions typically concentrate
near the separator-cathode interface toward the end of discharge. This trend in reactivity results
from slow ionic transport within the cathode, where reaction rates are greater at locations that have
more Li-ion availability. This is primarily near the separator since Li-ions are released from the
anode. IDEs provide more surface area for direct access to the high-concentration liquid electrolyte

in the separator, enhancing capacity at high discharge rates.
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Although the IDE approach in theory yields improved utilization of the active materials
and leads to higher cell capacity, it has been shown to negatively impact areal, gravimetric, and
volumetric energy density if the cell dimensions were not optimized. In 2007, Chamran et al.
fabricated Li-ion 3D electrode column arrays with mesocarbon microbeads (MCMB) and silicone
micromachining, demonstrating a ten-fold increase in areal capacity over planar electrodes.*
However, no significant improvement was observed in specific capacity per electrode weight
(mAh/g). Dokko et al. fabricated fully interdigitated electrodes with sol-gel methods using Lithium
titanate (Li4T15012, LTO) and Lithium Manganese Oxide (LiMn2O4, LMO), but their micro-battery
showed a lower areal capacity than its conventional planar counterpart.*® Subsequently, Teixidor
et al. fabricated circular and cross-shaped MCMB electrode arrays through epoxy resin pyrolysis,
achieving ten times more areal capacity, but the cell exhibited less than half of the gravimetric
capacity of the planar electrode.*’” Chamran et al., Dokko et al., and Teixidor et al. attributed the
low gravimetric or areal capacity performance to suboptimal 3D electrode dimensions. More
recently, Sun et al. employed 3D direct-ink writing to print interdigitated LTO and Lithium iron
phosphate (LiFeOs, LFP) electrodes. These electrodes demonstrated improved areal energy and
power density compared to equivalent planar counterparts, although only moderate energy density
improvements were realized.

Two factors may have contributed to the lower IDE performance noted above. First,
compared to conventional electrodes, IDEs have a higher volume fraction of separator within a
single-layer cell. Some authors also fabricated IDEs using a 3D current collector substrate coated

1;41:4348-52 in these cases, the volume fraction of

by a thin layer of conformal electrode materia
current collectors is greater than that found in conventional cells. The increased volume fractions

of inactive components within the IDE cell can lead to reduced energy and power density metrics
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in Wh/kg, Wh/L, W/kg, and W/L, when evaluating performance in the context of a fully packaged
cell, despite improvements in material utilization (mAh/cm? and mAh/gaciive). Second, the effects
of IDEs on cell performance are contingent upon the material system and cell configuration. For
instance, prior modeling research has focused on non-porous IDE electrodes.’®>¢ These non-
porous IDEs tend to be kinetic-limited because charge transfer reactions only occur at the contact
surface between the separator and the electrodes, and optimizing the electrode-separator contact
surface area became a key design goal for these configurations. In comparison, porous IDEs with
planar current collectors, as illustrated in Figure 1.3 (b), have intercalation reactions occur
throughout the porous electrode network, and their performance can be limited by a mix of kinetic
and transport processes within the cell. Depending on the intrinsic rate-limiting mechanisms of the
material system, enhancements in reaction kinetics and reductions in physical distances between
the electrodes may not significantly influence material utilization. The fundamental mechanisms
by which porous IDEs contribute to performance improvements, the specific length scales at which
these effects occur, and their correlation to both the material system and electrode architecture are
not yet fully understood.

Beyond the aforementioned design challenges, IDEs possess unique geometric features
that introduce complex and nonlinear performance characteristics. In the early 2000s, Hart et al.
modeled the equipotential lines within IDE designs, demonstrating how IDE electrode geometries
generate complex potential fields, in contrast to the uniform fields typical of planar electrodes. If
these heterogeneities are not properly managed, they can lead to significant non-uniformities in
potential and current distribution, ultimately resulting in diminished battery capacity.
Experimental evidence has indicated material underutilization due to spatial inhomogeneities, as

observed in the IDE LIB developed by Talin et al.** Computational studies by Zadin et al. have
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further illustrated that IDEs with larger electrode thicknesses, sharper edges, and mismatched
electrode conductivities exhibited less uniform current densities, subsequently lowering material
utilization.” 37 While it is widely recognized that non-uniformities in IDEs adversely impact
cell performance, further investigation is needed to understand the scale at which these non-
uniformities become significant and how they influence performance enhancements related to

improved transport and kinetics.

1.2.2 3D Structured Electrodes (SEs) Design Challenges and Opportunities

SEs reduce the electrode tortuosity in the liquid-phase by engineering straight macro-
porous channels as additional transport “highways” that contain only liquid electrolyte. While the
Li-ion transport distance remains the same, the total path length travelled by the Li-ions can be
greatly reduced. Similar to IDEs, the shape of the structured electrolyte channels can have various
geometry patterns, with the most commonly used patterns being the line and grid patterns shown
in Figure 1.4. Unlike IDEs, SE architectures are isolated to single electrodes. Therefore, SEs are
more adaptable to large-scale battery integration for applications like EVs and grid storage. SEs
have been fabricated using sol-gel phase-version, 3D printing, laser ablation, and acoustic focusing

21,58-62

techniques, and many computational studies have been conducted to optimize SE designs.

e Porous electrode with electrolyte infiltrated
All-electrolyte regions

(a) SE with a line pattern (b) SE with a grid pattern

Figure 1.4. Structured electrodes with “all-electrolyte” regions in (a) a line pattern and (b)
a grid pattern
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SEs, by design, are not constrained by the percolation limits found in planar electrodes and
can accommodate a larger electrolyte volume within the single-layer cell. This prompts a
fundamental question of whether the performance benefits of SEs stem primarily from the
additional electrolyte volume. If so, their advantages may be confined to systems where liquid-
phase transport is the rate-limiting factor. Moreover, it is important to analyze the potential benefits
of SEs in relation to existing design alternatives, such as increasing electrolyte formulation
concentration or implementing porosity grading in planar electrodes by casting electrode slurries
of different compositions layer-by-layer to reduce the transport tortuosity in electrode regions
closer to the separator interface.!**%*%4 Incorporating SE designs also significantly alters the volume
proportion of cathode, anode, electrolyte, and separator within a single-layer cell, which impacts
the overall weight and volume of the multi-layer stack. The performance improvements offered by
SEs, much like the IDEs, must justify the increased complexity of developing new manufacturing
technologies.

Both experimental and modeling studies have also indicated that SEs can help mitigate

21,59,60,65,66

lithium plating, an undesirable Lithium metal deposition reaction that occurs on a

graphite anode during the charging process. Modeling studies conducted by Habedank et al. and
Chen et al. reported reduced concentration gradients across the electrode thickness in SEs.?!¢
While some attributed the improvements in lithium plating to this diminished concentration
gradient, others have also highlighted the role of SEs in facilitating improved electrolyte wetting
within the electrodes, leading to a more uniform reaction current density in the electrode and less
lithium plating.>% In a post-mortem analysis, Dunlap et al. found a plated lithium pattern that

matched the geometry pattern of their SEs, indicating the SE geometry pattern can cause kinetic

non-uniformity across the electrode surface.’® This finding prompts an essential question: can SEs
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be intentionally designed to regulate the location of lithium plating, thereby enhancing overall

battery performance?

1.2.3  Designing 3D LIBs with Computational Models

As detailed in sections 1.2.1 and 1.2.2, 3D LIBs are designed with the goals of shortening
Li-ion transport pathways and increasing reaction kinetics, but they also introduce new design
complexities that can potentially lower battery performance. These complexities include spatial
nonuniformity in the electrochemical processes and the changes in the volume proportions of cell
components within the cell. The reasons 3D LIBs improve performance over planar cells are often
multi-faceted, and it is important to identify the sources of these performance improvements and
understand the fundamental contribution of 3D electrode architectures. To do so, comparative and
systematic studies must be conducted to holistically evaluate the impact of 3D LIBs across
multiple performance metrics. Physics-based computational modeling is an effective method to
evaluate the performance of 3D LIBs made with a series of electrode architectures and materials
and analyze the underlying physics. One major obstacle is the resource-intensive and time-
consuming nature of full 3D computational models.®® Consequently, reduced-order models are
often employed, but these models fall short in capturing the spatial distribution of current density,
potential, and concentration. This dissertation addresses these modeling gaps by leveraging VIBE-
AMPERES, a battery modeling program developed and distributed by Oak Ridge National
Laboratory, to enable 3D electrochemical modeling of 3D LIBs.

As discussed in section 1.1.3, the physics-based DFN model based on mass and charge
conservation equations are used to model conventional single-layer cells with planar electrodes.
Unlike conventional LIBs whose transport processes are predominantly one-dimensional (1D), 3D

LIBs have spatial variations that must be considered in all dimensions. As shown in Figure 1.5, a
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series of mathematical formulations have been developed over the years to aid in this effort,
including two-dimensional (2D) axisymmetric,*®* pseudo-2D (P2D),!*% volume-average 3D
models, 77! and 3D direct numerical simulation (DNS).%%>*>772 In Figure 1.5, models closer to
the bottom of the pyramid have a higher computational efficiency, while models at the top of the

pyramid have a higher model accuracy.

® Cathode © Electrolyte
® Anode ® Binders
O separator © Current Collector

A

. -
Higher (a) 3D Direct Numerical
Model Simulation (DNS)
Accuracy

0 (b) 3D Volume-Average

Formulation
(c) Pseudo-2D (P2D),

v 2D Axisymmetric
Higher
Computational | (q) 1D, Single Particle
Efficiency

Figure 1.5. Physics-based computational models for a single-layer battery cell at different levels
of resolution.

The 2D axisymmetric model in Figure 1.5 (c) is often used for concentric IDE designs with
a geometry that is symmetric around a central axis. Due to this boundary setup, the 2D
axisymmetric model does not capture transport in the angular direction around the central axis.

The P2D model in Figure 1.5 (¢) solves for Li-ion transport in the electrode thickness direction as
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a 1D model and calculates the solid-phase Li-ion concentration in the particle radius direction
based on Fick’s second law of diffusion. The P2D model works well for planar electrode
geometries, but due to its simplified view of electrode transport, this model does not enable multi-
dimensional transport investigation for 3D LIBs, which is critical for modeling the impact of
micrometer-scale 3D electrode geometry on Li-ion transport within the cell.

For higher resolution modeling, electrochemical equations can be solved in 3D on a
particle-resolved scale with DNS in Figure 1.5 (a) or on the continuum scale with porous electrode
theory using the volume-average formulation in Figure 1.5 (b). Fully-resolved 3D DNS models
capture the spatial heterogeneity in 3D LIBs by finely discretizing the electrode microstructures at
the solid-liquid interfaces. In DNS, mesh elements are smaller than the active material particles
and pores as shown in Figure 1.5 (e). Each element is assumed to be filled with non-porous solid
active material, binder, or electrolyte. The scale of this model allows for direct construction of
microstructural morphology in a porous electrode and is capable of solving concentration gradients
in the particles. Therefore, DNS is often used to analyze the effect of particle morphology and the
microstructural tortuosity on transport properties.”>’® However, using discretization smaller than
the electrode active material particles is computationally expensive for modeling 3D LIBs.

To balance solution accuracy and computational efficiency, volume-average 3D models
shown in Figure 1.5 (b) were created by researchers.”®”! Volume-average 3D models discretize
the battery cell on the scale of the electrode feature sizes as illustrated in Figure 1.5 (f), and they
account for the proportion of solid and liquid phases in each discretization to approximate porosity
and electrode spatial variation. The liquid and solid phases in the electrode are treated as
superimposed continua in each mesh element, which is called the representative volume element

(RVE) in the volume-average approach.”””® The RVEs are larger than the primary particles and
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smaller than the electrode geometry features. Physical quantities such as concentration, potential,
and current as well as their gradients are averaged over the RVE.”%

This dissertation utilizes the VIBE-AMPERES software developed by Allu et al. to generate
3D volume-averaged models for 3D LIBs.”"#! These models solve the 3D spatial gradients of
current density, potentials, and concentrations at a resolution that effectively reflects the impact of

micron-scale electrode architectures. According to the Allu et al.,”°

volume averages of the
physical quantity Y , represented by < 1) >, is calculated by the volume integral of the quantity
scaled by a weight function g(r), as expressed in Equation 1.13. By definition, the weight function

must satisfy Equation 1.14 and monotonically decreases with increasing parameter r, where 7 is

the radius of the RVE, such that the volume of the RVE is normalized across the model.

<P >= fv Yg(r)dV (1.13)
am [ g(rridr =1 (1.14)

Additionally, the transient and spatial gradient volume averages, assuming there is no
convection within the cell, are defined in Equations 1.15 and 1.16.

oy a<y>

< E >= ET (115)

<VY >=€eV<y > (1.16)
In VIBE-AMPERES, the models for intercalation kinetics, conductions, and liquid-phase

diffusion in Equations 1.1 — 1.7 are re-formulated and presented as Equations 1.17 — 1.22. In

addition, the same Bruggeman relationship from Equation 1.12 is reused in VIBE-AMPERES to
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capture transport tortuosity and effective transport properties. Equations 1.17 — 1.19 below
represent the volume-average form of the intercalation kinetics from Equation 1.1 — 1.4. It is worth
noting that the general equation structures remain the same between Equations 1.1 — 1.7 and
Equations 1.17 — 1.22, except that the Li-ion flux, concentrations, and potentials are in 3D volume-

average forms.

<M e (%L 9) —exp (=2Lq)) (1.17)

Qs

lp = k(< Ce >)aa(cs,max - Cs)aa(cs)ac (1.18)

<jli>
N=<@s>—<@> _Uocp _TRfilm (1.19)

Similarly, the electron and Li-ion conduction expressions from Equations 1.5 and 1.6, as
well as the Li-ion diffusion model in Equation 1.7 become Equations 1.20 — 1.22. Notably, the
gradients and divergences in these equations are now computed in the 3D Cartesian coordinate

system.

0_ .
V- (e, V< @, >)+ V- (eew#ffv< Inc, >) =—<jlt> (1.20)

V- (e,07TV< @y >) =< ji > (1.21)

—+0 .
— V- (D V<, >) === < jH > (122)

0(gp<ce>)
at

Under the 3D volume-average formulation, the solid-phase concentration diffusion model

in Equations 1.8 — 1.10, which are solved on the scale of electrode active material particles, are
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replaced with Equations 1.23 — 1.24. Equation 1.24 correlates the volume-averaged solid-phase
concentration at the particle surface, < ¢ 41,4 >, to the solid-phase Li-ion concentration in the
center of the particle, c,, which is used then used in Equation 1.18 to more accurately capture the

concentration-dependent reaction kinetics.

9(es<Cs,avg>) -<

eff —
~ — V- (eDV< €5 gpg >) =

jLi>
> (1.23)

<jLi>Rg

Cs =< Csqapg > T+ 5asFDs

(1.24)

1.3  RESEARCH OBJECTIVES AND DISSERTATION ORGANIZATION

Designing a 3D LIB to exceed conventional battery performance metrics such as capacity,
energy density, and power density poses significant challenges. Achieving optimal 3D structures
in each LIB material system requires a comprehensive understanding of how each 3D design
fundamentally alters Li-ion transport and kinetics, creating a need for LIB design evaluation
metrics and parameters. This dissertation investigates 3D LIBs through the lens of computational
design and analysis. The research findings in this dissertation will systematically guide scientists
and engineers on 3D LIB design. The scope of the research is framed by the following key

questions:

Research Question 1a. What are the critical design parameters for 3D LIBs that impact the

electrochemical performance of single-layer cells and multi-layer stacks?
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Research Question 1b. How do IDE designs fundamentally improve transport and kinetic
mechanisms at the single-layer cell level, and how does the material system impact IDE
performance?

Research Question 1c. How do SE designs fundamentally improve transport and kinetic
mechanisms at the single-layer cell level, and how does the material system impact SE
performance?

Research Question 2a. How to quantify and evaluate the impact of current density non-uniformity
on battery capacity in IDE designs?

Research Question 2b. How can SEs be designed to reduce and control the locations of lithium

plating in a LIB cell?

1.3.1 Dissertation Organization

This dissertation is structured to address the research questions introduced in section 1.3
above. Chapter 2 addresses Research Question 1a through an empirical analysis of historical 3D
LIB data, identifying performance patterns based on cell parameters across the existing 3D LIB
design landscape. Published 3D LIB performance data from literature is systematically reviewed
and quantitatively analyzed using an established empirical model.®? This chapter uncovers trends
in geometric design parameters and cell performance, providing a comprehensive overview and
highlighting the distinct features of each 3D electrode category analyzed.

Chapter 3 focuses on Research Question 1a, 1b, and 2a by modeling four different 3D IDE
architectures using a physics-based, 3D volume-averaged electrochemical model in VIBE-
AMPERES. Two material systems, LisTisO12|LiFePO4 and graphite|LiNiosMno.3C00.202, are

included to evaluate the impact of material selection. This comparative analysis examines the
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effects of IDE architecture and materials on specific capacity, lithiation profile, energy density,
and power density. Transport and kinetic behaviors in the cells are further analyzed through 3D
Li-ion concentration plots. A mathematical expression is developed to quantify non-uniformities
3D LIBs, creating a uniformity index that correlates with performance metrics such as capacity
and utilization.

In Chapter 4, a design analysis of 3D SE is performed to address Research Question 1a and
lc. This chapter investigates how SE cathodes can enhance discharge rate capability in ultra-thick
electrodes (>100 pm), evaluated in terms of gravimetric and volumetric energy density (Wh/kg,
Wh/L). A graphite|LiNiosMno.2Co0202 material system is used for modeling. Parametrically
designed SEs are modeled with a range of electrolyte volume fractions (EVFs) in the electrode
while holding active material mass loading constant. The analysis compares SE design with two
geometry patterns, a grid and a line as defined in Figure 1.4, against planar electrodes. Planar
electrodes with two layers of porosity are also modeled to compare the effects of porosity grading
versus electrode structuring in battery performance. This chapter assesses the impact of EVF as a
3D LIB design parameter and examines the impact of additional electrolyte volume and reduced
transport tortuosity on battery rate capability in single-layer cells. A pouch cell analysis is also
conducted to understand how single-layer cell capacity improvements translate to multi-layer cell
energy density by considering the weight of all cell components.

Chapter 5 continues the investigation of Research Question la and 1c and focuses on a line
pattern SE. A holistic design analysis that considers the charge and discharge performance of
graphite| LiNip.sMno.2C00.202 SE cathodes paired with planar anodes, SE anodes paired with planar
cathodes, and full cells with structuring in both electrodes is conducted. In contrast to Chapter 4,

which investigates ultra-thick cathodes >100 pm, this chapter models full cells with electrode
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thicknesses between 50 — 90 um. SEs with a line geometry pattern are modeled. The effects of
structuring the anode versus the cathode on charge and discharge capacity and Li-ion transport
within a single-layer cell are examined. The chapter also explores how SEs influences overall mass
density as well as volumetric and gravimetric active material mass loading in a multi-layer cell
stack. Metrics including the discharge energy density (Wh/kg and Wh/L) and charge capacity
(Ah/kg and Ah/L) per stack weight and volume were utilized to evaluate the advantages of
structuring either or both electrodes in cell stacks. Additionally, the impact of the spatial alignment
of SE line geometries in full cells with both electrodes structured on Li-ion concentration non-
uniformity and cell capacity is analyzed.

Chapter 6 addresses Research Question 2b by developing a new 3D volume-averaged
lithium plating model within the VIBE-AMPERES framework to analyze lithium deposition in 3D
SEs. Simulations explore how electrode spatial heterogeneity caused by difference SE
configurations affects lithium plating behavior in comparison to conventional planar cells. This
study identifies the onset and locations of lithium plating and investigates the potential causes

behind these effects through the lens of a computational model.
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Chapter 2. 3D BATTERY DESIGN LANDSCAPE: EMPIRICAL
ANALYSIS USING HISTORICAL DATA

*The content in Chapter 2 has been published in ACS Energy Letters and modified for this dissertation.?
Reprinted and adapted with permission from Hung, C.-H.; Huynh, P.; Teo, K.; Cobb, C. L. “Are Three-
Dimensional Batteries Beneficial? Analyzing Historical Data to Elucidate Performance Advantages.” ACS
Energy Lett. 2022, 296-305. Copyright 2023 American Chemical Society. Master’s student coauthors
Phong Huynh and Katrina Teo collected and extracted all 3D LIB data. Phong Huynh created the plotting
component of the curve-fitting Python code and made computer-aided design (CAD) images shown in

Figure 2.1.

Chapter 2 motivates Research Question la from section 1.1.2. To understand the current
design landscape of 3D LIBs to serve as a reference point for this dissertation, an explorative data
analysis study was conducted using experimental 3D LIB cases published in the 2007 — 2020
timeframe. Due to the wealth of experimental research conducted so far, we have come to a point
where it is possible to characterize and compare multiple 3D LIB designs using a quantitative
approach based on historical data. In this chapter, 3D LIB cases were extracted from literature
along with their geometric design parameters including electrode thickness, electrode surface area,
and cell footprint area. The extracted 3D LIBs were then categorized based on their 3D electrode
architectures. Using a previously developed empirical model,®> we obtained parameters that
quantify the rate capability performance and rate-limiting transport or kinetic mechanisms of 3D
LIBs. The impact of electrode thickness, surface area, and architecture on the rate capacity and
rate-limiting mechanism was analyzed. Finally, a discussion on the applicability of 3D LIBs at

different application scales based on the cell footprint area was included.
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2.1 METHODS

2.1.1 3D LIB Taxonomy Deduced from Historical 3D LIBs

To facilitate the data analysis, 3D LIB data were extracted from experimental publications.
A taxonomy structure was defined in Figure 2.1. For each 3D LIB category, two images are shown
for illustration purposes in Figure 2.1: (1) the battery cell fully assembled and (2) an exploded
view where the battery cell is separated for a clearer view of the individual components, wherein
the cathode is blue, the anode is red, the separator is yellow, and regions filled with only liquid,
gel, or solid-state electrolyte are green. The current collector is emphasized with a black dashed

outline, and the electrode thickness (L) is marked in pink.

e Cathode e Anode © Separator @ Electrolyte
-=-Boundary of Current Collector Contact Surface

3D Electrodes ]

/'—I—\ I /—Iﬁ
A B. Structured Electrodes ] C.
Interdigitated I T S ! - T 1 Hybrid
Electrodes B1. Column B2. Grid B3. Line B4. Micro- Electrodes

architected

Figure 2.1. Taxonomy for 3D LIBs separated into three primary categories based on electrode
design. Category A (Interdigitated Electrodes) has an interwoven cathode and anode. Category B
(Structured Electrodes) has individually structured and non-interwoven electrodes and can be
further divided into four subcategories based on the electrode geometry. Category C (Hybrid
Electrodes) is a design that combines facets of Category A and Category B, wherein the electrodes

are both interwoven and structured.
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Three core categories of 3D LIBs (Categories A, B, and C) are shown in Figure 2.1.
Category A represents ‘Interdigitated Electrodes’, and these 3D LIBs enable more efficient Li-ion
transport by interweaving the cathode and the anode to shorten Li-ion and electron transport
distances across the electrode thickness. These designs consist of alternating plates of cathode and
anode material, commonly referred to as ‘electrode fingers.” During fabrication, the region
between the electrode fingers is left as void space and filled with liquid or polymer-based
electrolyte.?>%346 It is important to note that for all categories in Figure 2.1, the red and blue
electrode regions can have randomized porosity infiltrated with additional electrolyte, while the
electrolyte regions (emphasized in green Figure 2.1) consist of pure electrolyte regions where no
active material is present.

Category B denotes ‘Structured Electrodes’ and has controlled macro-pores inserted into
the electrode for electrolyte to infiltrate and serve as additional transport ‘highways’ for Li-ions.
In Category B, the 3D architecture is confined to the anode or cathode electrode, and unlike
Category A (Interdigitated Electrodes), the anode and cathode are not interwoven with each
other,?384.60.65.85-87.61.88 For {[lustration purposes, Figure 2.1 only shows 3D architecture in the
cathode for Category B and its associated subcategories. Category B (Structured Electrodes) can
be further broken down into four subcategories based on how electrode material is structured with
electrolyte. The ‘Column’ design (Subcategory B1) has arrays of standing electrode pillars in its
cathode,?® while in the ‘Grid’ design (Subcategory B2), pillars of electrode material are removed

and replaced with electrolyte.5%6>8486 The

‘Line’ design (Subcategory B3) has an electrode
structure similar to the cathode of Category A (Interdigitated Electrode), but the void space

between the cathode electrode fingers is filled with electrolyte instead of being interwoven with
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the anode electrode fingers.®'8” Subcategory B4, called ‘Micro-architected,” has an ordered lattice-
like electrode architecture with open volume that is flooded with electrolyte.®

Category C (Hybrid Electrodes) has micron-scale interdigitated electrode fingers like
Category A (Interdigitated Electrodes) with additional porosity control via defined pore channels
that are 330 — 500 nm wide in the electrodes.*>***! Conceptually, Category C represents a hybrid
approach of Categories A and B, since the ordered porosity in Category C resembles the transport
‘highway’ topology in Subcategory B4. However, this porosity is controlled at a much smaller
length scale. Unlike Category C (Hybrid Electrodes), Category A (Interdigitated Electrodes) and
Category B (Structured Electrodes) have randomized porosity that is dependent on the material
and fabrication process.

Table 2.1 summarizes the specific 3D LIB cases extracted from literature, including their
associated 3D LIB category from Figure 2.1, active electrode materials, separator type (if used and
reported), and electrolyte composition. The cases identified in Table 2.1 must have sufficient
battery and electrochemical information available to enable the data analysis procedure detailed
section 2.2.2. Thus, it is important to acknowledge that the cases in Table 2.1 represent a selected

list of 3D LIBs that have been fabricated from 2007 to 2020.
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Table 2.1. 3D LIB cases analyzed in this chapter. Thirty-four 3D LIB cases were extracted

from a total of fifteen experimental publications, ?22341:42:46.60.61.6583-89 Fach case is a unique 3D

LIB design and is assigned a case number in the format of the category defined in Figure 2.1

followed by a numerical case number. For example, A:1 indicates the first case extracted from a

publication and assigned to Category A. Each row in Table 2.1 groups cases by their unique

publication source. A case-by-case table summarizing the materials and geometric properties can

be found in Appendix A.
# Of
Case cases Category | Cathode Anode Separator Electrolyte Reference
) . - . IM LiClO4in ”
A:l 1 A LiFePO4 | LisTisO12 Liquid electrolyte 1v:1v EC-DMC Sun et al.
) . i PMMA gel IM LiClO4in Yoshima et
A2 ! A LiCo0, | LisTisOn electrolyte 1v:1v EC:DEC al.®
) . - PMMA gel IM LiClOy4 in Dokko et
A3 ! A LiMn:0, | LisTis0n2 electrolyte 1v:1v EC:DEC al 4
o 0.5M LiTFSI
B1:1 1 Bl LiFePO4 Lithium Solid-state electrolyte [BMIM] TFSI Asth}; et
Metal . 90 al.
(ionogel)
) o Polypropylene films 1.3M LiPFgin a
BB?;; 3 B2 LiCoO» L;;[T;Iln (two layers of blend of alkyl Bae et al.3
' Celgard 2500) carbonates
1 M LiPFs
B2:4¢ 1 B2 NMCI111? | Graphite (Tmazsgétl’ervfgvrﬁ) in 3:7 EC:EMC HabZ?i‘é‘k ct
ype oL (2% VC) '
B2:57 - b . Glass fiber film 1 M LiPFg 65
Bo-ga 4 B2 NMCI111 Graphite (Type 691, VWR) in 3w-Tw EC:-EMC Kraft et al.
) . 1 M LiPF¢
]]332291 (; 2 B2 LiCoO» L;/t{l;l;rln Po(lé]ealr osrydlezr;g)lm in lw:1w:1w Luetal®
' g EC:DMC:EMC
B2 | 5 Licen, | Lithium | 01({‘1;2011’3;2?8"0?“‘ 1.3 M LiPFs Sander et
. 2 : . 86
B2:16 Metal Celgard 305) in EC:DMC al.
oy Polypropylene film . .
) R Lithium 1 M LiPFs Izumi et
B3:1 1 B3 LisTi5012 Metal (manufacturer not in 1v:1v EC:EMC al ¥
reported)
B3:2 - R Lithium Film, material not IM LiPF¢ in . 61
B3:4 3 B3 LiaTisOn Metal reported 1v:1v EC:DEC Liuetal
. e PP/PE/PP film 1M LiPFs
B};l41 47 4 B4 Silver L]l;::tl;n (Celgard, part in1:1:3 Saleh et al.®
) number not reported) EC:PC.EMC
) . . L IM LiClO4 . %
C:1 1 C LiMnO, NiSn Liquid electrolyte in 1:1 EC-DMC Pikul et al.

) . . L IM LiClO4 . 0
C:2 1 C LiMnO, NiSn Liquid electrolyte in lw:1w EC:-DMC Ning et al.
C3- . . - IM LiClO4 . al
C6 4 C LiMnO, NiSn Liquid electrolyte in 1:1 EC-DMC Pikul et al.

3D LIBs in Category B with 3D architecture in the anode rather than the cathode.
b For brevity, NMC111 is used for LiNig33Mng33C003302.
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To further clarify the information presented in Table 2.1 and Figure 2.1, Figure 2.2 includes
an example experimental image from literature for each category defined in Figure 2.1. We can
see an example of Category A (Interdigitated Electrodes) in Figure 2.2 (a), which was created with
3D printing technology to generate electrode finger widths around 60 um. Anodes and cathodes
structured in the shapes of columns, grid, lines, and lattices, representing Subcategories B1 — B4,
are shown in Figure 2.2 (b) — (e). These electrodes were manufactured via silicon mold infiltration
in Figure 2.2 (b), laser structuring in Figure 2.2 (c), and 3D printing in Figure 2.2 (d) and Figure
2.2 (e), demonstrating electrolyte ‘highways’ that are 30 — 500 um wide. Figure 2.2 (f) shows the
interdigitated cathodes and anodes for Category C, along with their ordered porosity and features
down to ~0.5 um in the inset images. The 3D LIB in Figure 2.2 (f) is made by electrodepositing

active materials onto 3D nickel current collectors.

Figure 2.2. Example 3D LIB experimental images for each category in Figure 2.1. (a) Category A
(Interdigitated Electrodes); reprinted with permission from ref 2. © Copyright 2013 John Wiley
and Sons. (b) Subcategory B1 (Column); reprinted with permission from ref 3. © Copyright 2020
American Chemical Society. (c) Subcategory B2 (Grid); reprinted with permission from ref
under CC BY 4.0 (https://creativecommons.org/ licenses/by/4.0/). © Copyright 2019 Kraft et al.
(d) Subcategory B3 (Line), where the average printed electrode finger width is 500 pm; reprinted
with permission from ref ¢!, © Copyright 2019 Elsevier. (e) Subcategory B4 (Micro-architected);
reprinted with permission from ref *® © Copyright 2018 Elsevier. (f) Category C (Hybrid), where
the scale bars are 50 um in the main image and 1pm in the insets; reprinted with permission from

ref ¥, © Copyright 2013 Springer Nature.
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2.1.2  Empirical Model for Capacity-Rate Analysis

Rate capability is a battery’s ability to maintain its nominal capacity with increasing rates
of charging and discharging, commonly referred to as the C-rate.”! Battery engineers often evaluate
a LIB’s effectiveness in Li-ion and electron transport through the electrode thickness based on its
rate capability. As the C-rate increases, LIBs inevitably lose capacity due to Li-ion concentration
and ohmic polarization (see black markers in Figure 2.3). Therefore, rate capability can be gauged
by how soon a LIB loses its capacity to increasing C-rates on a capacity-rate plot, where battery
capacity (mAh, mAh/gacive, mAh/cm?, or mAh/cm?®) is on the y-axis and C-rate (1/hour) is on the

X-axis.
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10!

specific capacity (mAh/gactive)
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Figure 2.3. An example of a generalized capacity-rate plot where black markers represent data
that may be extracted from literature by WebPlotDigitizer.*> The blue curve shows the result of

the curve fitting process, and the fitting parameters Onax, 7, and n are annotated on the curve.
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Conventional LIBs possess a trade-off between rate capability (better for thin electrodes)
and capacity (better for thick electrodes) at the cell level due to the planar formfactor of their
electrodes. Similar to the energy and power trade-off discussed in Chapter 1, conventional planar
LIBs achieve higher capacity (mAh or mAh/cm?) by increasing the electrode thickness to add more
active material mass (gaciive) to the cell. Nonetheless, thick electrodes also elongate Li-ion and
electron transport pathways, which leads to underutilization of the active material at high C-rates
and poor rate capability.

An empirical model previously developed by Tian et al.®?, displayed in Equation 2.1(2.1),
is used to quantify the properties of capacity-rate plots for analyzing 3D LIB rate capability. Tian
et al.’s approach was chosen for this analysis because it is applicable to electrodes spanning
multiple compositions and material chemistries and provides a wholistic view. Following their
approach, Equation 2.1 was fit to the extracted 3D LIB capacity-rate data from literature via a
least-square regression method. The fitting method returns a best-fit curve, where the sum of
squares for the deviation between the experimental data and the curve is minimized. This best-fit
curve is defined by Equation 2.1, where any combination of fitting parameters Qumax, 7, and n returns

a unique curve. An example of the best-fit curve is illustrated in blue in Figure 2.3.

Q = Quax[1 — ROM(1 — e ®D™)] (2.1)

In Equation 2.1, capacity and C-rate (denoted as O and R, respectively) are input
experimental data, while Quax, 1, and 7 are output fitting parameters. Qmax represents the maximum
reversible capacity of a LIB and matches the units of O (mAh, mAh/gaciive, mAh/cm?, or mAh/cm?),
which is determined by the material chemistry and electrode active material loading. Exponent n

regulates how quickly a LIB loses its capacity once it enters the high-rate regime (typically > 1C).
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In previous studies, it has been asserted that exponent z can be used to indicate the dominant rate-
limiting transport mechanism in supercapacitors and planar batteries.®>*** Characteristic time (7)
is in units of seconds, and it represents minimum time needed to charge or discharge a LIB to its
full capacity, where smaller characteristic time values mean better rate capability. Planar LIBs
have characteristic time (z) values in the range of 5 — 10* seconds as previously calculated by Tian

et al.®?

2.13 Curve-Fitting Method Setup

The curve-fitting results and output fitting parameters for all cases are shown in Appendix
A. To find the best-fit curve, a trust region reflective optimization algorithm was used to minimize
the sum of squares between blue model curve and the experimental data points.”> Constrained by
the nature of this curve-fitting approach, extracted cases from literature must have capacity-rate
data with four or more data points at different C-rates. The 3D LIBs considered in this analysis
had C-rates ranging from C/30 to 1000C. To ensure the data fitted captures both high-power and
high-energy performance regimes, 3D LIB cases that are only tested at slow C-rates (< 1C) or
cases did not show a capacity drop >10% with respect to their lowest-rate (< 1C) capacity were
not considered in the analysis.

On a capacity-rate curve, Omax controls the y-axis position as shown by the red dashed line
in Figure 2.3. It is worth noting that 7 and » are independent of Quux and Q. In other words, Onax
only affects the position of the curve and does not control the shape of the curve. As a result, using
total capacity (mAh) or a capacity metric that is a function of mass (mAh/gaciive), area (mAh/cm?),
or volume (mAh/cm?) for Omar and QO does not impact 7 and n. Thus, although the 3D LIB cases
examined in this chapter may use different capacity units, this does not affect the conclusions

drawn in this comparative analysis.
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Fitting parameter QOnqx generally represents the maximum practical capacity of a battery,
which should never exceed the theoretical capacity of the material. Furthermore, Onax must be as
large as the maximum capacity value reported in the experimental capacity-rate data extracted
from the publications. To ensure a realistic solution for Qe Was found in the curve-fitting scheme,
an upper-bound and a lower-bound for QOn..x are defined for each 3D LIB. That is, Qme Was upper-
bounded by the maximum theoretical capacity reported by the authors or in additional literature”®
and lower-bounded the maximum capacity value reported by the authors in the experimental
capacity-rate data for each case. In Appendix A, we report the upper-bound values defined for
each 3D LIB case in our analysis and their reference sources. Note that for cases C:3 — C:6 and
B2:11 — B2:16, the Onax was left unbounded because their theoretical capacity was not reported
by the authors and could not be found in literature. With these cases specifically, it is observed
that the curve-fitting result of Onax 1s not affected by the presence of an upper-bound.

Next, characteristic time (7) marks the transition C-rate (R) where a capacity-rate curve
begins to show a drastic loss in capacity. If ‘transition C-rate’, Ryansisiton, 1S defined as the C-rate
(R) where some percentage (x) of capacity loss from O,.ax is observed, then the conversion between
7 and Ryansision can be described by Equation 2.2.8%%* As an example, the red arrow in Figure 2.3
points to a Reyansirion at 10% capacity loss (x = 0.1) based on the characteristic time (7) found by the
least square method. Characteristic time (7) must be greater than zero to provide meaningful results

for the rate capability analysis, and therefore, 7 is lower bounded by zero in this analysis.

i

Riransition = T (2.2)
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Finally, exponent n controls the slope of the capacity loss curve at higher rates, which is
illustrated by the green triangle in Figure 2.3. When 7 increases, the best-fit curve becomes steeper

at high rates and vice versa. For the purpose of this analysis, 7 is left unbounded.

2.1.4  Data Extraction from Literature

The extraction of capacity-rate data from literature was done in WebPlotDigitizer, an
opensource software tool designed to reverse-engineer images and plots to numerical data.”? In
addition to capacity-rate data, this analysis also considered the geometric parameters of 3D
electrodes, including electrode thickness (L), cell footprint area, electrode surface area (S4), and
cathode volume (V). The cell footprint area is the rectangular footprint area that bounds the area
occupied by the entire battery cell, with a surface normal vector pointing in the direction of the
electrode thickness (L). The electrode surface area (SA) is the sum of the anode and cathode surface
area that are directly in contact with the separator or the regions that only contain electrolyte. The
cathode volume (V) is the volume of the bounding box that encloses the entire cathode. The
cathode volume is used instead of the full 3D LIB cell volume because some papers did not report
the anode thickness for their 3D LIBs, particularly those that used Lithium metal anodes. All
feature sizes needed to calculate the aforementioned geometric parameters were either extracted

from the text or measured from an experimental image in the associated references in Table 2.1.
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2.2 RESULTS AND DISCUSSION

2.2.1 3D LIB Rate Capability Compared to Planar LIBs

In Figure 2.4, the 3D LIBs from Table 2.1 are plotted with electrode thickness (L) on the
x-axis and characteristic time (1) on the y-axis; cases that map to Table 2.1 are labeled accordingly.
The black diamond markers represent planar LIB data previously collected and analyzed by Tian
et al.®2 and were used to facilitate a general comparison between planar LIBs and 3D LIBs. Planar
LIBs have characteristic time (7) values in the range of 5 — 10* seconds,*? while 3D LIBs in this
analysis have 7 values ranging from 0.003 — 12 seconds. 3D LIBs share similar z values across
design categories, and there is no clear ranking in rate capability among Categories A — C. These
t values, however, are significantly lower than planar LIBs across all thicknesses, confirming that
3D LIBs, in general, have better rate capability. Although this performance advantage was
expected of 3D LIBs based on prior work in the field,?*7 this analysis provides a more systematic
quantification of this benefit across materials and design variants of micron-scale 3D LIBs

fabricated to date.
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Figure 2.4. Characteristic time (7) as a function of electrode thickness (marked as L in Figure 2.1)
for 3D and planar LIBs. A smaller characteristic time value indicates better rate capability, and the

data shows that in general, 3D LIBs outperform planar LIBs.
2.2.2  Impact of Electrode Thickness on Rate Capability

In Figure 2.4, both 3D and planar LIBs demonstrate a performance dependency based on
electrode thickness (L), where increasing thickness leads to poorer high-rate performance.
Thickness dependency is common in planar LIBs, where rate capability decays with increasing
electrode thickness at high charge and discharge rates. This decay is attributed to slower Li-ion
and electron transport behavior that occurs as distances between the anode and cathode are
increased in thicker electrodes.”® % Thus, micron-scale 3D LIBs with electrode thicknesses
between 1 — 1000 pm are still significantly affected by transport in the thickness direction.

It is observed that Category A (Interdigitated Electrodes) historically has the widest-spread
electrode thickness, ranging from 1 — 250 um. Category B has thicker electrodes from 70 — 1000
um, indicating Category B have been mostly investigated for high-capacity cells. Category C, on

the other hand, are limited to 10 — 20 pm thick. Note that the electrode thickness (L) of 3D LIBs
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is defined according to current collector orientation as shown by the pink arrows in Figure 2.1.
Category A (Interdigitated Electrodes) and Subcategories B1 — B3 (Column, Grid, and Line) have
current collectors that are planar relative to the electrodes. For these 3D LIBs, electrode thickness
(L) was the thickness normal to the planar current collectors. Subcategory B4 (Micro-architected)
and Category C (Hybrid Electrodes) have 3D current collectors integrated into the electrode
volume, but their L is defined by the same high-level definition used for the other categories to

help facilitate a consistent analysis.

2.2.3  Electrode Surface Area

Another geometric metric used for evaluating 3D LIBs is the surface area (S4) to volume
(V) ratio defined as SA/V.">#8 In physical terms, S4 is the apparent electrode surface area in contact
with the separator or the regions that only contain electrolyte. SA does not capture the interfacial
pore boundaries for porous electrodes infiltrated with electrolyte, regardless of whether the
porosity is randomized or controlled. S4 is used to quantify the increased reaction phase boundary
for the Li-ion insertion process between different 3D LIBs. Trembacki et al. explain that the
increased reaction phase boundary is favorable to LIB performance because a larger SA4 contributes
to a smaller current density gradient in the electrode, which facilitates more uniform reactions and
in turn higher capacity.”” Since large SA values can lead to a larger cell foot print area and cell
volume by design (and in turn lower power and energy densities), SA was further divided by the
cathode volume (V) to normalize the cell size for more consistent comparisons between Categories
A-C in this analysis.

In Figure 2.5, characteristic time (t) is plotted versus SA/V for 3D LIBs. In theory, a higher
SA/V value should lead to better rate capability and thus lower characteristic time (7). However,

this trend is not observed in Figure 2.5, and no cross-category relationships can be seen based on
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the data presented. Nonetheless, it is observed that 3D LIBs from the same publication exhibit a
somewhat linear relationship between S4/V and characteristic time (t) when 3D LIB cases are
isolated by publication, as shown by the three 3D LIB groups boxed and shaded in Figure 2.5.
These results suggest that S4// may only be useful for local design comparisons when confined to
the same 3D LIB architecture with the same material composition and porosity. The limitation of
SA/V as a comparative metric for 3D LIBs can be partially explained by comparing Category C
(Hybrid) to Category A (Interdigitated Electrodes). Both categories have a similar 3D LIB
architecture on the micron-scale, which results in similar SA/V values. However, S4/V by design
does not capture the highly ordered sub-micron porosity in Category C (Hybrid); thus S4/V does

not accurately reflect any performance benefits in this scenario.
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Figure 2.5. Characteristic time (7) versus SA/V for 3D LIBs. Planar cases are not included as their
SA/V information was not reported by Tian et al.®? 3D LIB cases B2:9 — B2:16 and B4:1 — B4:4
were not plotted because their SA/V values cannot be calculated with the information available in

the associated literature.
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2.2.4 Cell footprint Area

Cell footprint area is defined as the smallest rectangular footprint that contains the entire
battery cell, with a surface normal vector pointing in the direction of the electrode thickness (L) as
shown in Figure 2.1. Cell footprint area drives the areal and volumetric capacity metrics of 3D
LIBs and defines potential end applications. In Table 2.2, the demonstrated footprint area range
for each 3D LIB category from Figure 2.1 is summarized and color coded with personal viewpoints
on potential manufacturability and application scale. Focusing on large scale applications such as
EVs, Subcategories B2 (Grid) and B3 (Line) are the most promising 3D LIBs as they have the
largest reduced-to-practice footprint on a cm? scale with low characteristic time values of 0.004 —

1 s to facilitate good rate capability. While functional cells have been tested over a cm?

area, Chen
et al.>! recently demonstrated the ability to scale these types of 3D LIBs to even larger areas with
laser patterning techniques.

For 3D LIBs with electrodes thicker than 100 um in Table 2.2, similar rate capabilities
between Categories A and B are observed based on their characteristic time values. However, the
thick electrode case in Category A (case A:1)*? was fabricated with low-voltage materials that
have low transport properties. Conversely, most cases in Category B used higher-voltage cathode
materials combined with more conductive LiPFs-based liquid electrolytes.!®' Although thick
electrode data in Category A is limited, Category A might have the potential to outperform
Category B if high-conductivity electrolyte and high-voltage electrode materials are used.'%? It is
important to note that the intricate architecture of Category A has been mainly fabricated by micro-

scale 3D printing®? and semiconductor processing.*® These manufacturing processes are adaptable

to microbatteries but are not compatible with the larger meter-scale areas needed for EV-type
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applications. Thus, outside of higher capacity material systems, rapid large-area manufacturing
techniques and more robust assembly processes for Category A must be concurrently developed.

Taking a closer look at Category B, Subcategory B4 (Micro-architected) stands out from
the rest of the subcategories with its high characteristic time (7) values of 2 — 12 s, which translates
to poorer rate performance. Given these high values, Subcategory B4 (Micro-architected) is not
recommended for high-power applications. The lower rate capability of Subcategory B4 relative
to B1 — B3 is likely a result of the use of high-capacity alloy materials which experience high
volume expansion during charge and discharge due to their lack of intercalation sites.”® However,
the layout of Subcategory B4 contains a large amount of volume occupied by electrolyte and
current collectors, and this design currently still requires the use high-capacity alloy materials to
achieve comparable volumetric and gravimetric energy density relative to other 3D LIBs.

The volume expansion issue in Subcategory B4 is better controlled by Category C (Hybrid
Electrodes) through its additional sub-micron ordered porosity control. Category C used alloy
materials with 3D current collectors and demonstrates the best rate performance over all 3D LIBs.
In particular, cases C:1 — C:6 have been discharged at 200C — 1000C without immediate cell

failure, 428

showing promise for applications that require ultra-high-power rate capability.
Category C is recommended for high power microbatteries over pm? — mm? footprint areas. In
comparison, 3D LIBs in Category A, with a um? footprint scale, maintained 63% (case A:2) and
78% (case A:3) of their maximum capacity when discharged at 20C, showing good rate capability
although not as strong as Category C.

Despite excellent rate capability at smaller scales, Category C is expected to exhibit no

significant benefit over Categories A and B at larger scales given the thickness dependency trend

observed Figure 2.4. Based on publicly available research literature, 3D LIBs in Category C have
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not yet been fabricated at electrode thicknesses greater than 20 um, limiting what can currently be
concluded about its potential for large-area applications and future manufacturing scale-up. At
larger footprint scales, the selection and optimization of designs between Categories A, B and C
will be determined by the efficiency and reliability of the manufacturing process required for the

end application.

Table 2.2. Summary of demonstrated cell footprint areas and characteristic time (t) for the 3D
LIBs defined in Figure 2.1 based on the data from cases in Table 2.1. Black circles represent
cell footprint areas reduced to practice based on the publications shown in Table 2.1. Red and
green color coding represents the design recommendations in this study; green indicates high
potential for applications at the given area scale, and red indicates limitations to the area scale

given the demonstrated footprint area and fabrication process.

3D LIB Categories

Cell
footprint A
area scale

0.01-0.03 0.004 - 0.2 0.003 — 0.06

7 (seconds)

2.2.5  Rate-limiting Mechanisms

Moving back to Equation 2.1, the relevance of exponent n on 3D LIBs and their rate-
limiting mechanisms is explored. Exponent n was first developed by Higgins et al.” as an indicator

for rate-limiting mechanisms in supercapacitors and later used by Tian et al.%?

on planar LIBs.
Unlike the original » metric that focused on the distinction of diffusion and conduction limitations,
a modified n value range is proposed for studying the relative divergence between solid-phase

diffusion and liquid-phase diffusion in 3D LIBs (see Table 2.3). Based on observations, as n

approaches 3, 3D LIBs are more limited by solid-phase diffusion because higher n values lead to
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more rapid capacity loss with increasing C-rates, and it is believed this reflects short transport
lengths and time scales in the active material particles. In contrast, a liquid-phase diffusion
limitation arises as n goes to 0.5. This limitation arises when a non-uniform Li-ion concentration
build up occurs across the separator and electrode thickness, which is orders of magnitude larger
than the active material particle size. Additionally, the proposed n range aligns with Tian et al.’s
and states a conduction dominant 3D LIB has n = 1. The transitional region (0.5 <7 < 3) in Table
2.3 represents a continuum among all rate-limiting mechanisms, making it difficult to isolate and

distinguish the impact of conduction versus diffusion.

Table 2.3. Summary of the n metric developed by Tian et al.3? and the proposed n range for 3D

LIBs to better define the transition between liquid-phase and solid-phase diffusion limitations.

Rate-lmfltmg From Tian et al.®? Proposed 3D LIB Range
Mechanism
Undefined »n region n>1andn<0.5 n>3and n<0.5
Conduction n=1 n=1

e e n = 0.5 (no distinction between liquid and n=20.5 (liquid
Diffusion solid ph(ases) ! n=3 (sglic(li) :
Transition region 0.5<n<1 0.5<n<3

In Figure 2.6, characteristic time (7) is plotted on the x-axis and exponent n on the y-axis
to evaluate diffusion trends. No correlation between rate capability and rate-limiting mechanism
is found in Figure 2.6. The majority of Category A (Interdigitated Electrodes) and Category B
(Structured Electrodes) exhibit large n values, indicating a dominant solid-phase diffusion
mechanism due to significantly improved liquid-phase diffusion over planar LIBs. This trend
agrees with the earlier observation — Categories A and B perform well at larger thicknesses and
footprint areas relative to the other categories because their rate capability is limited by active

material particle size. In contrast, Category C (Hybrid Electrodes) is mainly limited by liquid-
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phase diffusion. This means increasing electrode thickness will likely lead to rapid deterioration
of rate capability. From a practical design perspective, n values can help battery engineers decide
which design parameters to adjust for better rate performance. Specifically, 3D LIBs with high n
values will benefit from a smaller active material particle size or a material with higher bulk
diffusivity values,'®® while designs with low » values can be improved with additional topology

optimization or smaller feature sizes.*
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Figure 2.6. Exponent n versus characteristic time (7) for 3D and planar LIBs. The proposed 3D

LIB 7 value range from Table 2.3 is annotated to define Li-ion (Li") solid-phase and liquid-phase

diffusion transition regimes for 3D LIBs.
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2.3  CONCLUSIONS

This data analysis demonstrated that 3D LIBs in general have better rate capability than
planar LIBs with the same electrode thicknesses. It was found that while 3D LIBs have improved
rate capability over planar LIBs, they experience the same thickness dependency observed in
planar LIBs, where rate capability decreases with increasing electrode thickness, regardless of the
3D electrode architecture. The results quantitatively showed that the SA/V ratio serves as a good
rate capability performance indicator when parametrically designing 3D LIBs using fixed
materials, porosity, and electrode architecture, reaffirming the heuristic used in literature.
However, SA/V cannot be used across 3D LIBs made with different materials or electrode
architectures. Whether or not S4/V is a good performance indicator for 3D LIBs with fixed
materials and porosity and varying electrode architectures remains inconclusive.

This study also showed that within the same 3D LIB category, the rate-limiting mechanism
can swing between solid-phase diffusion, liquid-phase diffusion, and conduction. This indicates
the rate-limiting mechanism is not dominated by the 3D electrode architecture but likely impacted
by several other factors including the materials and feature sizes. In theory, the correlation between
3D LIB rate capability and their geometric design parameters will change based on the rate-
limiting mechanism of the cell. For example, if a 3D LIB is rate-limited by liquid-phase diffusion,
it is more likely to benefit from reducing electrode thickness than from increasing the SA/V. The
interplay between 3D architecture, materials, electrochemistry, and manufacturing is complex, and
more fundamental studies on these interactions are needed to enable a more efficient and integrated
design and manufacturing workflow for 3D LIBs.

Lastly, the end application scale was summarized for each 3D LIB category in a cell

footprint area analysis. It was found that 3D interdigitated electrodes (Category A) and 3D
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structured electrodes (Category B) are equally effective in enabling fast transport in millimeter-
scale to meter-scale batteries, with the ‘Line’ and ‘Grid’ designs displaying the most promise for
large-scale applications like EVs if associated manufacturing and materials challenges can be
addressed. Microbatteries with a size scale below a centimeter and above a millimeter
demonstrated good high-rate capability in all 3D LIB categories except for the ‘Micro-architected’
design (Subcategory B4). 3D LIBs using a hybrid approach (Category C), with micrometer-scale
interdigitated electrodes and sub-micron ordered porosity, are greatly beneficial for high-power
microbatteries down to a micron scale. However, this design scenario has manufacturing

limitations that require further investigation at footprint scales larger than 1 cm?.
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Chapter 3. INTERDIGITATED ELECTRODES: MODELING HIGH-
RATE SPECIFIC CAPACITY AND NON-UNIFORMITIES

*The content in Chapter 3 is adapted from Hung, C.-H.; Allu, S.; Cobb, C. L. “Modeling Current Density
Non-Uniformities to Understand High-Rate Limitations in 3D Interdigitated Lithium-Ion Batteries.” J.
Electrochem. Soc. 2021, 168 (10), 100512. under CC BY 4.0 (https:/creativecommons.org/

licenses/by/4.0/).!

This chapter investigates how IDE architectures and materials influence high-rate
discharge performance, addressing Research Questions la and 1b from Chapter 1. As noted in
section 1.2, prior research has primarily focused on the dimensional optimization of predetermined
IDE architectures, leaving unanswered questions around the impact of varying the spatial
arrangement of LIB active materials. Physics-based electrochemical models were developed for
four 3D IDE designs across two distinct material systems: LisTisO12 (LTO)|LiFePO4 (LFP) and
graphite|LiNio.sMnp 3C00.202 (NMC-532). In this study, we modeled four unique IDE architectures
with controlled active material loading (mgacive/cm?) and a fixed distance between current
collectors. Building on the analysis in section 2.2.3, the relationship between the electrode surface
area to cell volume ratio (SA4/V ratio) and the cell's specific capacity at a high C-rate was evaluated.
Furthermore, we investigated the effects of both material system and IDE architecture by
comparing the solid-phase Li-ion concentration at both the beginning and the end of the discharge.
In response to Research Question 2a, we developed a uniformity index to quantify the non-
uniformity of current density within the IDE models. The uniformity index served as a metric to
evaluate the non-uniformity of the intercalation reaction caused by different active material spatial

arrangements. The correlation between discharge specific capacity and the uniformity index was
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analyzed. To further explore current density non-uniformity within an IDE architecture, we
visualized the Li-ion transport pathways within the porous electrodes using current density

streamlines, plotted using the modeling data generated by VIBE-AMPERES.

3.1 METHODS

3.1.1 3D IDE Architecture and Design Parameterization

To investigate the impact of 3D electrode architecture and material selection, four 3D IDE
LIB designs were modeled as part of a comparative computational analysis. The selected designs
and their respective cross-sections are shown in the first and second columns of Figure 3.1. Each
IDE design can be modeled as a representative model unit, as shown in the third column of Figure
3.1, by taking advantage of symmetry and repeating geometrical patterns. This reduces the
computational runtime of the models and more efficiently screens IDE designs for the purpose of
this analysis. In the second column in Figure 3.1, boundaries perpendicular to the isopotential lines
are outlined with solid green lines. Isopotential lines in 3D LIBs were first modeled by Hart et
al.'™ to represent regions that share the same liquid-phase potential. Since current moves
perpendicular to the isopotential lines, Li-ions move along but never across the outlined green
boundaries. Thus, these green boundaries are assigned a zero-flux boundary condition, and the
models are implemented such that model unit geometry follows these green boundaries. For
Design 2, an additional symmetry condition is added and represented by the green dashed line in
the second column of Figure 3.1 to further decrease computational runtime. This symmetry
condition has been validated previously by a study conducted by Zadin et al.,>> where a similar
interdigitated battery design is modeled. The dimensions of all IDE designs are labeled in the third

and fourth column of Figure 3.1, and their values are reported in Table 3.1.
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3D Design Cross-section Unit Cross-section
N
Design 1 b w
AN
Design 2 | B
&2
— h
Design 3
d;

Q
by

® Anode ® Cathode © Separator

Design 4

Figure 3.1. Four 3D IDE designs are modeled as shown. The total mass of the cathode electrode

is conserved across all designs. The volume varies as needed in each design to ensure the total

mass of cathode material is constant.

Design 1 is a concentric column design consisting of multiple arrays of cathode columns

coated by a layer of separator. The separator is conformal to the cathode columns, and the

remaining space is then filled with anode material. Prior experimental demonstrations of Design 1
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have employed 3D current collectors.***® Since manufacturing concentric designs requires the
columnar electrodes to serve as the mold for the counter electrode, the fabrication process usually
involves silicon micromachining and vacuum infiltration.?>*®%19 If 3D columnar current
collectors are used as substrates, the deposition thickness of electrode materials can be 40 nm —
300 nm.***® To enable a fair comparison to Designs 2 — 4, a planar current collector design is
employed in the analysis for Design 1 to obviate any unfair advantages due to current collector
geometry when comparing the impact of electrode architecture across all design cases.

Design 2 is an interdigitated plate design with an alternating cathode and anode plate
geometry and is one of the most studied IDE designs using computational modeling.3457:70:72:89
Experimental research for fabrication of Design 2 has focused on polymer casting®® and 3D
printing approaches.?>**!% Design 3 has the same geometry as Design 1, but the anode and
cathode orientations are inverted such that the anode forms the columnar geometry, and the
cathode fills in the remaining space. Most recently, Design 3 was fabricated using silicon anode
materials with a column diameter of 100 pm, and the cathode region was vacuum-infiltrated with
LiNio$C00.15A10.0502.1% Design 3 is included to understand its relative performance to Design 1.
Lastly, Design 4 is an interdigitated column design where both electrodes are circular in cross-
section, and they are placed in a checkerboard-style arrangement. Design 4 has been fabricated

previously by Kotobuki et al. where a LiCoO> cathode and a Li4MnsO12 anode are sol-gel materials

molded into a honeycomb spatial arrangement.'%’
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Table 3.1. Dimensions for IDE designs shown in

Figure 3.1
Graphite] NMC-532

LTO|LFP (um) (um)
a1 50 50
az 65 63
b1 22 23
b2 78 75
b3 54 54
c1 11 11
c2 67 65
di 50 50
d2 148 142
ds 74 71
h 225 180

3.1.2 Full Cell Model Constraints and Considerations

This study investigates the distribution of a fixed amount of electrode mass in space while
holding the distance between current collectors fixed and considering practical manufacturing
limitations. To explore the impact of electrode design and the overall spatial arrangement of anode,
cathode, and separator material, the total cathode mass and associated composition of cathode
active material, binder, and carbon black is fixed across all model units. The anode and cathode
mass are then matched such that the anode to cathode capacity ratio, referred to as the N/P ratio,
is between 1.00 — 1.10. In most Li-ion cells, a N/P ratio of 1.0 — 1.2 is ideal to ensure safety and
effective material lithiation.!”® Moreover, to ensure a reasonable mesh quality, dimensional
changes of electrode features are restricted to increments of 1 um for the purposes of achieving a
N/P ratio of at least 1.0 or more for each battery design. Due to this approach, there are minor 0.0
— 3.0% fluctuations in active material mass (gactive) across the four IDE designs. These small

fluctuations in mass are within the allowable error tolerance of the models and allow for fair
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comparisons across Designs 1 —4 for the purposes of examining cell capacity and overall lithiation
profile.

In addition to electrode design, the impact of material selection on IDE design is examined.
To support this, Designs 1 — 4 are each modeled with the two different material models mentioned
previously — LTO|LFP and graphite|]NMC-532. LTOI|LFP is chosen because it has previously been
used to print Design 2.2 LTO|LFP is a low voltage material system but is often used to prototype
IDE s due to its lack of volume expansion and solid-electrolyte interface (SEI) formation,!410%110
Thus, it is a good initial material system to examine for a relative comparison to IDEs fabricated
previously in literature. graphiteNMC-532 is a high voltage material system that is being

investigated heavily for EV applications.'0-111-114

graphite NMC-532 is used as a secondary
material case study to help provide additional insight into IDE behavior with the goal of
understanding how material selection from a computational standpoint impacts the relative
performance of the LIB designs studied.

A minimum electrode feature size of 20 pm is imposed as a manufacturing constraint in

1,22 which has an identical

this analysis. This constraint is based on a battery 3D printed by Sun et a
electrode architecture to Design 2 in Figure 3.1. This electrode feature size restriction is enforced
when matching mass and N/P ratios across the IDE designs to ensure all batteries presented in this
study have the potential to be fabricated with 3D printing or similar additive manufacturing
techniques. As shown in Figure 3.1, the total height (/) of all 3D IDE designs is kept constant for
each material system. LTO|LFP models has fixed / at 225 um based on previous work'!® since this

is the electrode thickness range where a significant capacity degradation begins to occur at high

discharge rates.
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For the LTO|LFP material model, the diameter of the cathode column, a;, in Design 1 is
set to 50 um as this is the electrode thickness where LTO|LFP conventional planar cells start to
show 20% or greater capacity fade at high discharge rates based on prior experimental results.?>!!>
The dimensions for Designs 2 — 4 are adjusted such that the cathode active material mass for the
model units is fixed at 1.02 — 1.05 pgactive, Which corresponds to a volumetric cathode loading of
0.33 — 0.47 gaciive/cm’®. As mentioned previously, Design 2 has an additional symmetry condition,
thus the total mass in the model unit for this design is half of that observed for Designs 1, 3 and 4.
This does not affect the consistency of the model predictions based on the boundary and symmetry
conditions selected for the model. Similarly, for the graphite]NMC-532 cases, feature a; is set to
50 pm and the cell height is 180 um based on a previous dimensional analysis done by Cobb and
Solberg.!® Using these values results in a cathode active material mass of 1.24 — 1.26 pgactive for
the model units and a volumetric cathode loading of 0.52 — 0.71 gactive/cm’.

The separator thickness and porosity in the IDE designs are assumed to be the same as a
monolayer Celgard 2400 separator for LTO|LFP and a monolayer Celgard 2325 for
Graphiate[NMC.!'¢!!7 It is important to acknowledge that existing commercial grade separators
cannot be placed in IDEs, and a new separator or polymer electrolyte material formulation must
be developed to help facilitate these designs experimentally.'!® However, for the purposes of this
computational analysis, the separator properties outlined in Table 3.3 are assumed as a starting
point to help facilitate a more fundamental understanding around how the selected IDE design
cases perform relative to a conventional planar battery LIB. The separators in Designs 1 — 3 are
conformal layers, and their thickness is held constant at 25 pm. For Design 4, the separator

thickness is not uniform by the nature of its design, so the average separator thickness around the
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cathode is calculated and set to 25 um. Keeping these parameters in mind, the material selection
and dimensions will allow us to properly evaluate the relative performance of Designs 1 — 4.

In addition to the IDEs, planar LIBs for both material systems were modeled and analyzed
to give a reference baseline for comparison purposes. As previously discussed in section 1.1.2,
conventional planar cells can only be designed for high power (thin electrodes) or high energy
(thick electrodes). IDEs enable concurrent high power and high energy performance relative to
conventional planar cells. Typical electrode thicknesses reported for high-power applications are
around 34 — 57 um?*!"%12% for LTO|LFP and 23 — 69 um!®'?! for graphite]NMC-532. Based on
this, the LTO|LFP planar reference cell is modeled with a 53 pum thick cathode and 66 pm thick
anode, and the graphiteNMC-532 planar reference cell is modeled with a 47 pm thick cathode and
a 51 um thick anode. These high-power planar reference cells have similar loadings to their
respective IDE counterparts, enabling us to understand how 3D architecture truly impacts LIB
performance at high discharge rates.

The goal of this modeling study is to analyze the impact of 3D electrode spatial
arrangement and materials on IDE lithiation profiles and specific capacity. As discussed previously
in section 1.2.3, the 3D volume-average battery modeling software VIBE-AMPERES™"?! was used
to model the IDEs. The boundary conditions used for the 3D models are shown in Figure 3.2 (a)
and Figure 3.2 (b) using Design 2’s model unit as an example to illustrate the model’s boundary
surfaces. The surfaces in contact with the current collectors are assigned as current collector
boundary conditions, while all other boundary surfaces are herein referred to as the model unit
boundary conditions. The Li-ion flux is assumed zero at both types of boundary conditions as
shown in Equations 3.1 and 3.2, where 7 is the normal vector of boundary surfaces. Additionally,

the voltage at the anode current collector boundary is kept constant at the plateau voltage of the
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anode open circuit potential, Uy.r. A constant current density, /qpp, 1s applied to the cathode current
collector boundary to enable a galvanostatic discharge cycle.

n-Veg=0 (3.1
Ve, =0 (3.2)

S

(a) Generic 2D Model Setup Diagram

Anode Cathode

Current « Current

Collector Collector

Boundary Boundary
= i =1

gs VCsrifO ll/lode! UnfEBoundary 1—:: Vcippz 0

R-VC =0 n-Vlg=n-VC =0 A-VC =0

(b) Example 3D Model With Boundaries

Same Design 2 model unit,
- oriented to show
all boundary surfaces

' Model Unit Boundary }

@ Anode ® Cathode C Separator
@ Current Collector Boundary © Model Unit Boundary

Figure 3.2. Model setup and boundary conditions used in VIBE-AMPERES.

3.13 Material Models

Transport properties for the LTO|LFP and graphiteNMC-532 material models were
extracted from literature and validated against published experimental data. The LTO|LFP material
model is a lower voltage system with a specific capacity of 150 mAh/gactive. The LTO|LFP system

follows an 80:12:8 weight ratio composition of active material:carbon:binder based on the work
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done by Jaiswal et al.!'> The open-circuit potentials for LTO (U;ro) and LFP (U,gp) at each state

122,123

of charge, x, are taken from literature and shown in Equations 3.3 and 3.4.

Uppp = 3.382 + 0.0047x + 1.627e 81163 4 7 6445 x 10-8¢2536x** _
8.441 x 1078¢25262x*%7° (3 3y

Upro = 2.73577 — 2.55862x + 0.773926e~2+5394% 4 (1.15846 —
1.53876x)tanh(26.4455(x — 1.00134)) (3.4)

All other material properties are summarized in Table 3.2 and Table 3.3. As shown in Table
3.3,a 1M LiPF¢ in 10:27:63 PC:EC:DMC electrolyte is used based on its prior use in literature for
LTO|LFP cells'!’® and the availability of its properties for modeling.!”* The concentration-
dependent ionic conductivity of the electrolyte is shown in Equation 3.5, where the temperature T

is assumed to be fixed at 300K for the purposes of the model.

k(c,, T) = (1;;0) (=10.5 + 0.0740T — 6.96 * 10~5T2 + 0.668¢, — 0.0178¢,T + 2.8 *

1075¢,T? + 0.494c,? — 8.86 * 10™4¢,2T)? (3.5)

The graphiteNMC-532 material model has a higher capacity due to its larger operating
voltage window relative to LTO|LFP. This material system is considered one of the most
promising for EVs and has a theoretical specific capacity near 177 mAh/gactive.®!'* Standard
weight ratio compositions of 90:5:5 (active:carbon:binder) for the NMC cathode and 92:2:6
(active:carbon:binder) for the graphite anode are employed. 2M LiPFe in 3:7 EC:EMC!!!:112:125.126

electrolyte is used, and its conductivity is defined with Equation 3.6.
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K(c,) = (ﬁ) (2.184c, — 1.559¢,2 + 0.3869¢,3 — 0.0333¢,%) (3.6)

Because prior research has shown that 3D LIBs demonstrate performance improvements

10227289 each material system in this analysis is

over conventional planar cells at high rates,
examined at a discharge rate that typically has a 20% — 50% capacity fade in conventional planar
cells. This corresponds to 10C for LTO|LFP and 4C for graphiteNMC-532.!1:115 Based on this
information, the applied current for each material system at their respective discharge rate is
calculated based on the cathode active material mass which is constrained by the defined N/P
ratios, total height, separator thickness, electrode composition and manufacturing constraints. The
applied current for the LTO|LFP designs at 10C is 0.002 mA and for the graphiteNMC-532
designs at 4C is 0.001 mA. For the model implementation, the current value is halved for Design

2 because of the additional symmetry boundary condition discussed earlier. Table 3.3 shows the

porosity and additional parameters used for each electrode.
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Table 3.2. Model parameters for the electrode materials

Parameter | Description Unit LFP NMC-532 LTO Graphite
D Diffusion /s 8-10-18(109) | 3.10°15127) | 3.25.10-17(110) | 5.7(-14(113)
’ coefficient ‘

o Electric S/m | 0591029 | 0.0402D 1(110) 100
conductivity

gax | Maximum s 2005000 | 49500013 | 22852010 | 30000011
concentration

0 Initial 3 119 129 110 129

Cs . mol/m 419119 17820129 21700119 2967012
concentration
Anodic

Oa transfer N/A 0.502% 0.5 0.5(19 0.5
coefficient
Cathodic

Oc transfer N/A 0.502% 0.5 0.5110) 0.5
coefficient

: 25

| Reactionrate | Acm o1 1pg030 | 023327 | 0482010 | 0.4854
constant /mol

. Transference |, 0363 | 0462012 0.363 0.462(112
number

Rum | FIM om? | 00 | 0014012 00110 0.0250112

- resistance
Volume

&e fraction of N/A 0.263 0.331 0.383 0.351
liquid
Volume

&s fraction of N/A 0.500 0.560 0.421 0.521
solid
Volume

e fraction of N/A 0.237 0.108 0.196 0.128
filler
Particle ) ) ) 2.5:10°

RS radius m 5107 1'106(114) 5107 (114)

p Bruggeman N/A 2.7 2.0013 2.7 2.7013)
constant
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Table 3.3. Material parameters the electrolyte and separator

Parameter Description Unit LTO|LFP Graphite]NMC-532
IM LiPF¢ in ) )
N/A Electrolyte N/A 10:27:63 2MEL(131,)£16\A‘E3'7
PC:EC:DMC '
D, Diffusion coefficient m/s 3-10710.(124) 1-10°10 (12)
¢’ Initial concentration | mol/m’ 1000 19 2000 (129
t0 Transference number | N/A 0.363 0.462(112)

Separator volume

be fraction of liquid N/4 0.41 0.39
Separator volume

b fraction of solid N/4 0.59 0.61

p Bruggeman constant N/A 2 g131) 2.00112)

3.14 Uniformity Index, Model Cross-sections, and Column Shapes

3D LIBs are heterogeneous by design, and it is critical to better quantify and understand
how heterogeneities impact the performance of a 3D LIB. A uniformity index (Ul) was created in
this study to leverage work developed by Grazioli et al.,>® where a 2D interdigitated battery
geometry is modeled using non-porous electrodes to investigate the current density uniformity at
the electrode-electrolyte interface. Grazioli et al.’s equation is shown in Equation 3.7, where J is
the mean current density transferred through the electrode-electrolyte interface, S is the area of the

electrode-electrolyte interface, and j.; is the local current density along the profile of the electrode-

electrolyte interface.

fg jglds -2
s
Ul =X——r ()

Equation 3.7 captures the variability of current density for an electrode-electrolyte interface

in 2D. Due to the nature of IDEs, it is critical to examine and visualize current density variation in
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all dimensions to gain better insight into possible designs flaws that may lead to premature failure
during battery operation. For the 3D models, Equation 3.8 was used to capture current density at
each finite element node across any surface or volume. For a galvanostatic discharge cycle, VIBE-
AMPERES outputs the local current densities in the electrode regions in Designs 1 — 4 at each
model time step. Leveraging this data, the numerator in Equation 3.8 was generalized with the
standard deviation of current density across any number of nodes, #, in the mesh to quantify current
density variability among any designated group of finite element nodes. Equation 3.8 is the
generalized Ulsp equation for 3D analysis where ji is the scalar current density at node %, n is the

number of nodes, and j is the mean of the current density.

o2 Crlk-1)?
i)’ - LI
n-1

As opposed to Grazioli et al.’s work where the electrodes are non-porous and solid, VIBE-
AMPERES accounts for electrode porosity, and interfacial current densities are calculated at all
finite element nodes in the porous electrode volume. These modeled current densities are negative
in the cathode and positive in the anode to represent the direction of the Li-ion intercalation
reaction during a discharge cycle. Ulsp is calculated in the cathode region during discharge to
ensure the opposite signs of the current density in the anode and cathode do not result in negligible
magnitude values for Ulsp.

Cross-sections A and B in Figure 3.3 are analyzed to examine the impact of current density
uniformity across both the length and width of the cathode. Additionally, the rate of change in
Ulsp with respect to specific capacity (Q), denoted by dUI3p/dQ, is investigated as another metric

for evaluating IDEs based on the designs shown in Figure 3.1. As shown in Figure 3.3 (a), cross-
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section A is the projection of a horizontal slice in the middle of the IDE model unit, and cross-
section B is formed from a vertical slice at the center of the IDE model unit. An additional analysis
on the impact of IDE feature geometry was conducted by changing the column shape of Design 1,
as shown in Figure 3.3 (b). All models were run on a Linux server with eight Intel(R) Xeon(R)
E5-2698 v3 central processing units with up to 32GB RAM and took anywhere from one to thirty

hours to complete.

(a) Cross-sections Examined for Ul

!

Design 1
Model Unit

Cross-section A

o

glice

f?‘p'c
Sl

Cross-section B

—7 ((9

(b) Cross-section Examined for Column Shape Variation

cotmp shape @ E A
Ivan’ation

Circular Square  Triangular

Figure 3.3. Cross-sections examined for current density uniformity and column shape variation.
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3.2 RESULTS AND DISCUSSION

3.2.1 Discharge Specific Capacity

Table 3.4 shows the discharge specific capacity of the IDEs and planar reference cells. For
LTOILFP, the planar reference cell yields a 10C capacity of 45 mAh/gactive. LTO|LFP Designs 1 —
4 have a capacity of 96, 63, 109, and 89 mAh/gactive, respectively. These values all demonstrate a
113%, 40%, 141%, and 98% improvement relative to the planar reference cell for Designs 1 — 4,
respectively. Among the LTO|LFP IDEs, Design 2 has a lower specific capacity than the other
designs with equal mass and similar dimensions. The graphite NMC-532 planar reference cell has
a 4C discharge specific capacity of 120 mAh/gacive. In comparison, the capacities for
graphite NMC-532 Designs 1 —4 are 122, 78, 132, and 99 mAh/gactive, Wwhich corresponds to a 2%,
-34%, 10%, and -17% deviation from the planar reference cell. With the graphite]NMC-532
material model, Designs 2 and 4 have a lower capacity than the planar reference cell relative to the

results observed with LTO|LFP.

Table 3.4. Summary of specific capacity performance for the IDEs and planar reference cells.
For the LTO|LFP cells, the discharge specific capacity at 10C was modeled. For the
graphite|NMC-532 cells, the discharge specific capacity at 4C was modeled.

LTO | LFP Graphite | NMC-532
Design Specific Capacity (gr.:l:;e Specific Capacity (g:l:ze
planar 45 120
1 96 122
2 63 78
3 109 132
4 89 99

Based on the modeling results, all LTO|LFP IDEs show improvements in specific capacity

over the planar reference cell. On the other hand, among the graphiteNMC-532 designs, only
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Designs 1 and 3 have improved specific capacity over the planar reference cell. Despite this
difference, in both material systems the specific capacity ranking among Designs 1 —4 follows the
same high to low order; Design 3 is the best performing design and Design 1, Design 4, and Design
2 subsequently experience a degradation in specific capacity performance relative to Design 3 with
Design 2 being the worst performing design in each scenario. The analysis shows that IDEs share
the same relative specific capacity performance gains across different material systems, but their
absolute performance gains relative to a conventional planar cell change with each material

system.

3.2.1.1 Electrode Surface Area in IDEs

Figure 3.4 demonstrates the impact of electrode surface area on the specific capacity
performance of 3D IDEs. The SA/V ratio was defined as the ratio between the electrode surface
area that interface with the separator in both electrodes to the full-cell volume, which included the
volumes of the cathode, the anode, the separator, and the electrolyte. As shown in Figure 3.4, the
specific capacity results for the LTO|LFP IDE models and the graphite]NMC-532 IDE models both
exhibit a positive correlation to the SA/V ratio. The data analysis conducted in section 2.2.3 of
Chapter 2 showed that increasing the SA/V ratio leads to a higher rate capability for 3D IDEs made
with the same material and same architecture, but whether or not the SA4/V ratio can be used as a
performance indicator across different electrode architectures was inconclusive. Here, for the four
IDE designs examined, it is found that the SA/V ratio serves as a good performance indicator across

different architectures made with the same material system.
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Figure 3.4. Specific capacity of 3D IDEs as a function of the S4/V ratio, defined as the ratio of
separator surface area in contact with the anode and the cathode to the cell volume. For LTO|LFP
IDEs, the discharge specific capacity at 10C was modeled. For graphiteNMC-532 IDEs, the

discharge specific capacity at 4C was modeled.
3.2.2  Lithiation Profile

Here the lithiation profile and progression in each material system is analyzed. Figure 3.5
and Figure 3.6 show the solid-phase Li-ion concentration profiles in all IDE designs and the planar
reference cells. The depth of discharge (DoD) is calculated as the specific capacity (mAh/gactive)
delivered by a LIB at a given time divided by the maximum theoretical specific capacity defined
in the cathode material model. DoD at 10% and 50% is examined for the behavior at the beginning
and toward the end of discharge. For the planar reference cell and Design 2, the end of discharge
does not reach 50% of the total discharge capacity, and therefore the maximum DoD is used. A
LIB reaches 100% DoD when the active material in the cell is fully utilized. In these contour plots
blue and red signify the minimum and maximum Li-ion concentration for the electrode materials

as reported in Table 3.2. In the LTO|LFP models, the initial colors of the cathode and the anode
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are dark blue and orange, respectively. Over the discharge cycle, the electrode colors change
following the color bar in Figure 3.5 and Figure 3.6, indicating the amount lithiation progression
in each design. Figure 3.3 (a) shows the 3D model units sliced at cross-section A, and Figure 3.3
(b) shows the model units sliced at cross-section B. All planar reference cells in Figure 3.5 and
Figure 3.6 are unsliced so the concentration profiles can be more easily seen.

At 10% DoD in Figure 3.5 (a), the dark blue cathode regions in Designs 1 — 4 transition to
light blue around the cathode surfaces facing the anode. This phenomenon is most pronounced in
Designs 2 and 4 where we can see light blue outlines tracing the profile of the cathode region.
Looking closer at Designs 1 — 4 at 10% DoD in Figure 3.5 (b), the initial lithiation profile is
uniform along the length of the cathode column, with slightly more solid-phase Li-ion
concentration on the top of the cathode columns. At 50% DoD, all designs in Figure 3.5 show only
a partially red cathode, which indicates underutilization of the Li-ion cathode material. At the same
time, the anodes in the IDE designs are uniformly green, which means uniform extraction of Li-
ions from the anode. In contrast, the anode in the planar reference cell shows disparate green,
yellow, and orange regions, signifying more non-uniform material utilization in the anode region

at high discharge rates.
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Figure 3.5. LTOJ|LFP solid-phase concentration plots at cross-section A and cross-section B based

on Figure 3.3.
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The Li-ion material utilization in each design can be observed in the concentration profiles
at 50% DoD. At 50% DoD in Figure 3.5 (a), Design 1 shows a uniform yellow region of high Li-
ion concentration around 15,000 mol/m? in the cathode in cross-section A. However, in Design 4
there are segmented clusters of high Li-ion concentration in the cathode. At 50% DoD in Figure
3.5 (b), red regions which represent zones of high Li-ion concentration can be seen on the top of
the cathode column, indicating full lithiation of the cathode material. For Designs 1, 3, and 4, the
lithiation front progresses from the top of the cathode to the bottom of the cathode near the current
collectors. Looking at Design 1 in Figure 3.5 (b), a high Li-ion concentration profile (shown in
yellow and red) is located at the top and outer perimeter of the cathode column. Design 2 is the
only IDE design that does not reach 50% DoD at the end of discharge. Comparing Design 2 to
other the other cases in Figure 3.5 (b), an additional high concentration region at the bottom of the
cathode facing the top of the anode column is seen. Design 4 demonstrates similar behavior, but
less pronounced, at 50% DoD.

Figure 3.6 shows the concentration plots for the graphite]NMC-532 material system. Since
graphite]NMC-532 has a different initial concentration from LTO|LFP, the initial cathode and
anode colors in the contour plots are dark blue (17,820 mol/m?) and light green (30,000 mol/m?).
In Figure 3.6 (a), unlike the LTO|LFP models, there is no concentration regions on cross-section
A in the graphite]NMC-532 models, indicating a more uniform current density distribution on
cross-section A. In Figure 3.6 (b), a concentration gradient in the IDEs along the vertical direction
is seen. Lithiation in the graphiteNMC-532 models starts from the bottom of the cathode
electrodes near the current collectors and moves to the top of the cathode columns. Designs 2 and
4 both have high localized Li-ion concentration at 50% DoD, which explains their low specific

capacity values relative to Designs 1 and 3 in Figure 3.6.
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Figure 3.6. GraphiteNMC-532 solid-phase concentration plots at cross-section A and cross-

section B based on Figure 3.3.

Li-ion concentration in solid (Tn—?) 49500

44% DoD

¢

Design 2
10% DoD

44% DoD

—
Design3  Design 4
10% DoD  10% DoD
50% DoD 50% DoD
Design 3  Design 4
10% DoD  10% DoD

m

50% DoD 50% DoD

&9



3.2.2.1 Impact of Material Selection and IDE Architecture on Lithiation Profile

Material selection has a significant impact on the lithiation profile in IDEs. From the solid-
phase concentration plots in Figure 3.5 and Figure 3.6, different lithiation processes in the
LTOI|LFP and graphiteNMC-532 models are observed. The concentration gradient seen in cross-
section A in Figure 3.5 (a) for LTO|LFP is not observed in the graphite]NMC-532 designs in Figure
3.6 (a). Comparing the plots at 10% DoD on cross-section B in Figure 3.5 (b) to Figure 3.6 (b), we
see in LTO|LFP IDEs have a uniform lithiation profile, shown in light blue which corresponds to
a constant 500 mol/m?, while in the graphite]NMC-532 IDEs, the lithiation starts unevenly at the
bottom of the cathode.

We can explain these lithiation profiles using a basic resistance analysis. At the beginning
of discharge — before significant concentration gradients have developed, there is little diffusion,
and transport within the cell is predominantly driven by conduction. Equation 3.9 defines the
electric and ionic transport resistances, which are inversely proportional to the material
conductivity, g, and increase with a longer transport distance, L, and a smaller transport pathway
cross-sectional area, 4. In a porous medium, the resistance scales with the volume fraction of the

conducting phase, €.

R=e—[Q] (3.9)

Three resistances correlated to three conduction mechanisms within an LIB can be
calculated using Equation 3.9: (1) the ohmic resistance in the cathode, Ronmc, (2) the ionic
resistance in the electrolyte, Rionic, and (3) the ohmic resistance in the anode, Ronm,q. Furthermore,

the lithiation profile is impacted by the speed of intercalation kinetics at the phase boundary
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between the active materials and the liquid electrolyte. These effects can be evaluated as charge
transfer resistances in the cathode and the anode, Rcrc and Rcr.. using Equation 3.10, which is a
linearized form of the Butler-Volmer relationship defined by Equations 1.3 and 1.4 from Chapter

1. In Equation 3.10, Veiecirode, represents the volume of the electrode.

RT 1
Rer[Q] = —=

F io*as*Velectrode

(3.10)

The calculated resistances are summarized in Table 3.5. It is found that for the LTO|LFP
models, the largest resistance resides in charge transfer in the cathode. While there are active phase
boundaries throughout the porous cathode, the reaction rate is the highest at the cathode surface
directly in contact with the separator due to Li-ions conducted from the separator interface. As a
result, the initial lithiation profile in LTO|LFP models traced the outline of the IDE cathodes, as
shown by the red regions on cross-section B in Figure 3.5 (b). For the graphite]NMC-532 models,
the highest resistance is the ohmic conduction in the cathode, indicating electronic transport in the
cathode thickness is the rate-limiting mechanism. As a result, in Figure 3.6 (b), lithiation started
at the bottom of the NMC cathode because it is thermodynamically more favorable for the
electrons entering into the cell via the positive current collector to participate in the charge transfer
reaction at the porous phase boundary close to the current collector than to conduct to the top of

the cathode.
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Table 3.5. Summary of resistances in the electrodes, electrolyte, and at the phase boundary in

IDE models.

LTOILFP ROhm,c (ﬂ) ROhm,c (Q) Rionic (ﬂ) RCT,c (ﬂ) RCT,a (.Q)
Design A 1.11E+05 3.45E+04 6.53E+03 1.44E+06 1.79E+04
Design B 2.08E+04 8.28E+03 1.22E+03 1.45E+06 1.89E+04
Design C 7.23E+04 5.96E+04 4.24E+03 1.30E+06 1.99E+04
Design D 1.16E+05 3.72E+04 6.53E+03 1.41E+06 1.78E+04
Graphite|NMC- ROhm,c (ﬂ) ROhm,c (Q) Rionic (ﬂ) RCT,c (ﬂ) RCT,a (.Q)
532

Design A 1.11E+06 3.43E+02 6.53E+03 1.33E+04 1.17E+05
Design B 2.53E+05 8.96E+01 1.49E+03 1.33E+04 1.19E+05
Design C 8.23E+05 4.65E+02 4.85E+03 1.20E+04 1.21E+05
Design D 1.28E+05 3.97E+01 6.53E+03 1.31E+04 1.15E+05

Electrode architecture has a smaller and more localized impact on the lithiation profile in
the cell compared to the choice of material system. Comparing Design 1 to Design 4 in Figure 3.5
(a), we can see that although both designs have cathodes with the same diameter, the lithiation
front is uniformly distributed on cross-section A in Design 1 but more clustered in Design 4.
According to past model predictions by Hart et al.,'® the highest current density in the cathode
region of Design 4 will be located at the point closest to the anode. Instead, the results in Figure
3.5 (a) show that the Li-ion concentration in Design 4’s cathode gathers at an angle between the
two adjacent anodes. In Design 1, where the cathode is uniformly surrounded by anode material,
the Li-ion concentration does not accumulate at any particular angle. Therefore, the Li-ion
concentration clusters in Design 4 are likely the result of counteracting potentials from the adjacent

anode electrodes and are primarily driven by physical distance between the anode and cathode.

323 Energy Density and Power Density

Beyond specific capacity, the gravimetric, volumetric, and areal energy and power
densities for a single-layer cell are calculated and summarized in Table 3.6 to give further insight

into overall battery performance. The volume and weight of the electrodes (active, binder, carbon),
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separator, electrolyte, and current collectors are included in all calculations. A 20 um thick
aluminum current collector with a density of 2.70 g/cm? on the cathode and a 15 um thick copper
current collector with a density of 8.96 g/cm? on the anode are assumed for the purposes of this
analysis. The density of the separator is assumed to be 0.90 g/cm® and the density of the liquid

electrolyte is set to 1.23 g/cm?.

Table 3.6. Summary of energy and power densities for the IDEs. All weight (active, binder,
carbon) and volume of the electrodes, separator, electrolyte, and current collectors are included.

IDE results that show improvements over the planar reference cell are highlighted in green.

Gravimetric | Gravimetric | Volumetric | Volumetric Areal Areal

Energy Power Energy Power Energy | Power

Design Density Density Density Density Density | Density
mWh mWw. mWh mw mw mw.
(T) (7) ( cm3 ) cm3 ( cm? (W

LTO | LFP
planar 11 362 32 1019 0.57 18
1 19 290 43 657 1.12 17
2 15 340 37 828 0.97 22
3 20 277 43 615 1.13 16
4 18 295 40 670 1.05 17
Graphite | NMC

planar 118 684 340 1970 5.38 31
1 101 579 241 1382 5.17 30
2 78 692 199 1771 4.28 38
3 103 551 242 1301 5.21 28
4 84 579 204 1397 4.38 30

Examining the LTO|LFP designs in Table 3.6, the gravimetric energy densities of Designs
1 —4are 19, 15, 20, and 18 mWh/g and the areal energy densities are 1.12, 0.97, 1.13, and 1.05
mWh/cm?, respectively. Based on this, Design 3 has the highest energy density, and Design 2 has
the lowest energy density. The volumetric energy density follows a slightly different trend with
Designs 1 and 3 both having the highest volumetric energy density at 43 mWh/cm®. Looking at

gravimetric, volumetric, and areal power densities, Design 2 has the highest power densities at 340
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mW/g, 828 mW/cm?, and 22 mW/cm? while Design 3 has the lowest power densities at 277 mW/g,
615 mW/cm?, and 16 mW/cm?. Overall, the LTO|LFP IDE designs have 36 — 73% higher
gravimetric, 18 — 36 % higher volumetric, and 71 — 98% higher areal energy densities than the
selected planar reference cell. Lower power densities relative to the planar reference cell are
observed in all the designs with the exception of Design 2’s areal power density which is 18%
greater than the planar reference cell in Table 3.6.

The graphiteNMC-532 IDE designs also have the same high-to-low rank order of energy
densities as the high-to-low rank order of their specific capacity values. Design 3 has the highest
energy densities (103 mWh/g, 242 mWh/cm®, and 5.21 mWh/cm?), while Design 2 has the lowest
energy densities (78 mWh/g, 199 mWh/cm?, and 4.28 mWh/cm?). With respect to power densities,
Design 2 has the highest power densities (692 mW/g, 1771 mW/cm?®, and 38 mW/cm?) while
Design 3 has the lowest power densities (551 mW/g, 1301 mW/cm?, and 28 mW/cm?). For
graphiteNMC-532, the planar reference cell outperforms all IDE designs except for Design 2
which has a 1% improvement in gravimetric power density and a 22% improvement in areal power
density over the planar reference cell in Table 3.6.

It is worth noting that the power density here was calculated simplistically by dividing the
energy density by the total discharge time. As a result, models that have a lower specific capacity
and a shorter discharge time will have a higher power density. However, their low capacities mean
that these models do not have good rate capability. As a result, the power density presented in
Table 3.6 is only meaningful when comparing two cells with similar a discharge capacity. Thus,
the higher power densities of Design 2 are not significant improvements.

Looking at specific capacity again, Design 3 is the best performing design followed by

Design 1, Design 4, and Design 2. This same trend is observed in the gravimetric and areal energy
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densities for the LTO|LFP designs and all energy density values for the graphite NMC-532
designs. This suggests that the four IDE architectures have similar volume ratios of cathode, anode,
separator, and electrolyte. Although a multi-layer battery stack analysis is required to understand
the true energy and power impact with reduced inactive components,!® the energy and power
values for the single-layer 3D IDE designs provide insight into the relative energy and power gains
that may be observed at larger scales.

While the LTO|LFP IDEs all demonstrated improvements in energy densities over the
planar reference cell, the graphiteNMC-532 designs demonstrated reduced energy densities
despite exhibiting improvements in specific capacity. These results emphasize that IDE
architectures can change the overall mass density of the battery cell, and depending on the material
system, the effects can be detrimental to energy density. Therefore, it is imperative to consider the
overall mass density of IDEs and the weight and volume percentage of active materials in the cell

at early design stage to ensure high energy and power densities.

3.24  Impact of IDE Column Geometry

Design 1 in LTO|LFP was modeled under different geometric conditions, where the
cathode columns are a circle, square or triangular shape in cross-section as shown in Figure 3.3 (b)
to better understand the impact of electrode column shape on IDE design. The cathode mass is
fixed across the three designs, and the N/P ratios are between 1.05 — 1.06. The fluctuation in IDE
volume is shown in Table 3.7 and is the result of varying separator volumes, which by design must
vary based on the geometry of the electrodes to keep the average separator thicknesses constant at
25 um. All designs were run at a 10C (0.002 mA) discharge current. The specific capacity for each
column shape is reported in Table 3.7. The original Design 1 with circular columns and has a

discharge capacity of 96 mAh/gacive. Changing the column shape from circular to square
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demonstrates a 95 mAh/gacive specific capacity. The triangular column Design 1 has a specific
capacity of 90 mAh/gacive, corresponding to a 5% drop in specific capacity relative to the circular
columns. The specific capacity does not deviate substantially among the different column shapes
at high discharge rates. Examining the volume of each design, it is found that by the nature of the
geometry, the square and triangular columns take up 6% and 13% more volume than the original
circular column shape, indicating the choice of column shape can have a negative impact on

performance.

Table 3.7. Specific capacities at 10C for Design 1 with different column shapes as shown in

Figure 3.3 (b)

Specific Model
Column Capacity Unit Volume
Shape mAh (mm?)
Yactive
Square 95 2.62-107
Circular 96 2.47-10°
Triangular 90 2.81-10°

The column shape analysis gives insight into the impact of feature geometry in IDEs. As
seen in Table 3.7, Design 1 was modeled with three shapes: a circle, square, and triangle. All
results demonstrated less than a 5% deviation in specific capacity with the volume-averaged
modeling approach. This number is within precision of the modeling setup, and these three designs
can be deemed nearly identical from a specific capacity standpoint in the models. In practicality,
fabricating electrodes with sharp corners presents other issues such as stress concentration points
or sharp heterogeneities that can lead to electrode cracking or adverse lithium plating effects. These
are critical issues to consider when fabricating a 3D LIB but are beyond the scope of what the

models in this study can predict.
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3.2.5 Uniformity Index Ulzp

To investigate the relationship between specific capacity and the Ul3p metric, the evolution
of Ulzp over the full discharge cycle for the LTO|LFP designs on cross-sections A and B are plotted
in Figure 3.7 and Figure 3.8. On the horizontal cross-section A, the Ulsp of the planar reference
cell is close to zero at all time steps. The end of discharge in the planar reference cell is not a
continuous line (see black line in Figure 3.7) because the average current density is zero, which
leads to division by zero in Equation 3.8. On the other hand, the IDEs have a much higher average
Ulsp, ranging approximately between 1 — 3, and higher Ulsp variability over the course of the
discharge cycle. Design 4 has the highest Ul3p on cross-section A, and this high Ulsp value appears

to not necessarily be correlated to low specific capacity performance.
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Figure 3.7. Ul3p on cross-section A in Figure 3.3 compared to specific capacity for the LTO|LFP

designs. The applied current used in all cases is 0.002 mA which is equivalent to a 10C rate.



The profile of the Ulsp curves in Figure 3.7 shows that all IDEs experience an initial drop
in Ul3p followed by a quick rise before 10% DoD or 15 mAh/gaciive. In Designs 1, 3, 4, the Ulsp
plateaus after 10% DoD, but in Design 2, the Ul3p continues to increase after 10% DoD. Design 2
eventually reaches its end of discharge at 63 mAh/gaciive, Which is 35 — 57% less than the other
IDE design cases. In contrast, Designs 1, 3, and 4 sustain a longer discharge cycle after the Ulzp
stabilizes. Near the end of discharge, all IDEs undergo a significant increase in Uls;p, which
eventually leads to cell failure.

Similarly, in Figure 3.8 the evolution of Ul3p over time is examined on the vertical cross-
section B. Compared to Figure 3.7, Ulsp on cross-section B in Figure 3.8 has shorter plateau
regions, and the planar reference cell has a Ul;p that is on the same order of magnitude as the IDEs.
Focusing on the data between 0 — 20 mAh/gactive, it is seen that the planar reference cell and Design
2 have the highest Ulsp line slopes, and Design 3 has the lowest Ul3p slope among all designs.
Coincidentally, the designs with higher slopes have much lower specific capacities in the range of
45 — 70 mAh/gaciive, while Design 3 (with the lowest slope) has the highest specific capacity.
Comparing Ulsp in the specific capacity range of 40 — 60 mAh/gactive, it 1s seen that the LTO|LFP

designs with higher plateau Ulsp values on cross-section B also have lower specific capacities.
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Figure 3.8. Ulsp for cross-section B in Figure 3.3 compared to specific capacity for LTO|LFP

designs. The applied current used in all cases is 0.002 mA which is equivalent to a 10C rate.

In Figure 3.9 and Figure 3.10, Ul;p versus specific capacity is plotted for the
graphite|]NMC-532 designs on the same cross-sections used for LTO|LFP. In Figure 3.9, Ulzp
remains mostly flat during discharge in cross-section A. In addition, a relatively high Ul3p value
is observed in Design 4, similar to the LTO|LFP designs in Figure 3.7. In Figure 3.10, on the
vertical cross-section B, the Ul;p demonstrates a different trend from that seen for LTO|LFP in
Figure 3.8. The Ulsp starts at a high value at the beginning of the discharge, quickly drops until a

temporary plateau is reached and then rises again at the end of discharge.
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Figure 3.9. Ul;p for cross-section A in Figure 3.3 compared to specific capacity for graphite]NMC-

532 designs. The applied current used in all cases is 0.001 mA which is equivalent to a 4C rate.
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Figure 3.10. Ul;p for cross-section B in Figure 3.3 compared to specific capacity for

graphite|NMC-532 designs. The applied current used in all cases is 0.001 mA which is equivalent

to a 4C rate.
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Based on the analysis in Figure 3.7 — Figure 3.10, the slopes of the Ulzp versus specific
capacity plots around 10% DoD show an interesting trend that can give better insight into IDE
performance instead of the absolute value of Ulsp. As a result, the slopes of Ulzp versus specific
capacity were calculated and denoted as dUI3p/dQ. Table 3.8 summarizes dUI3p/dQ at 10% DoD
for all IDE designs and the planar reference cells on cross-sections A and B along with the specific
capacity values. For the planar reference cells, cross-section A is the horizontal slice which is the
cross-sectional surface parallel to the current collectors. On cross-section A, dUI3p/dQ is zero for
both LTOILFP and graphite]NMC-532 planar reference cells. Cross-section B for the planar
reference cells is the vertical slice that runs perpendicular to the current collectors. On cross-
section B, dUI3p/dQ for the planar reference cells is higher at 0.04755 for LTO|LFP and 0.00011

for graphite]NMC-532.

Table 3.8. Summary of dUI3p/dQ and specific capacity performance for IDEs.

LTO | LFP Graphite | NMC-532
Specific Specific
Slice dUI3p/dQ at Capacity dUI3p/dQ at Capacity
Orientation | Design 10% DoD mAh ) 10% DoD ( mAh
(gactive Yactive
planar 0.00000 45 0.00000 120
Cross- 1 0.00473 96 0.00008 122
section A 2 0.00987 63 0.00001 78
3 0.00426 109 -0.00009 132
4 0.00476 89 0.00013 99
planar 0.04755 45 0.00011 120
Cross- 1 0.02798 96 -0.00624 122
. 2 0.04219 63 -0.00335 78
section B
3 0.01843 109 -0.00471 132
4 0.02977 89 -0.00440 99

Among the LTO|LFP IDEs, Design 2 has the lowest specific capacity at 63 mAh/gactive, but
Design 2 still shows a 40% improvement in specific capacity over the planar reference cell.
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Designs 1, 3, and 4 show higher discharge capacities that are 98% — 142% more than the planar
reference cell. The dUI3p/dQ of Design 2 on cross-section A is 0.00987, which is two times greater
than the dUI3p/dQ values of Designs 1, 3, and 4. Although not as prominent, the same pattern is
observed on cross-section B. The dUI3p/dQ of Design 2 on cross-section B is 0.04219, which is
slightly larger than the dUI3p/dQ for other designs which range between 0.01843 — 0.02977.

For graphitefNMC-532, Designs 2 and 4 have a 34% and 17% lower specific capacity than
the planar reference cell. In contrast, Designs 1 and 3 have specific capacities of 122 mAh/gactive
and 132 mAh/gactive, Which are 2% and 10% greater than the planar reference cell, respectively. As
shown in Table 3.8, dUI3p/dQ on cross-section A for all of the designs results in very small
numerical values with zeros down to the third decimal place. These results align with Figure 3.9
where the Ulsp of the graphite]NMC-532 designs is flat and constant throughout the discharge
cycle. On cross-section B, the dUI3p/dQ values have larger magnitude. Unlike the LTO|LFP
designs, which all have positive dUI3p/dQ values, the graphite NMC-532 designs have negative
dUlI3p/dQ values, which can be explained by the profiles observed in Figure 3.10. The results show
that on cross-section B, Designs 2 and 4 have the least negative dUI3p/dQ at -0.00335 and -
0.00440, respectively. Although not in proportion to the loss in specific capacity, these values are
7 — 49% less than the magnitude of dUI3p/dQ in Designs 1 and 3 at -0.00624 and -0.00471,

respectively.

3.2.6 Uniformity Index as Performance Indicators

The analysis of Ulsp versus specific capacity in Figure 3.7 — Figure 3.10 reveals the
variations in current density uniformity at each stage of the discharge cycle. The data affirms that
after the first 10 — 15% DoD, most IDEs reach an eventual plateau Ul3p value, and all IDEs have

a drastic rise in Ul3p near the end of discharge. Figure 3.8 illustrates Ulsp for LTO|LFP on cross-
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section B and is the only result that captures a direct correlation between specific capacity and
Ulzp. More specifically, the plateau Ulzp values in Figure 3.8 at 30 mAh/gacive and onwards
demonstrate a trend where IDEs with an overall higher Ul3p have a lower discharge specific
capacity.

A limitation of the Ul3p metric is that it does not account for the relative locations of local
current density values. Therefore, effective usage of Ul3p depends on careful selection of the cross-
sections. In addition, as shown in Figure 3.5 and Figure 3.6, the lithiation profile in the IDEs is
highly dependent on the implemented material models. Therefore, it is challenging to determine
the cross-section that will show evident trends as in Figure 3.8 for each material system without a
more automated implementation to locate areas of interest in each model.

As an alternative to Ulsp, the slope of Ulsp (dUIzp/dQ) at 10% DoD is examined to help
gain further insight into the behavior of IDEs. With LTO|LFP, a high dUI3p/dQ is observed in
Design 2, indicating a rapid change in current density uniformity (see Table 3.8). This result
demonstrates the applicability of dUI3p/dQ as an early model screening metric for LTO|LFP to
understand which designs may not reach a high specific capacity value by the end of discharge.
With the graphite]NMC-532 designs, dUI3p/dQ is less conclusive on cross-section A. This
coincides with the concentration plots in Figure 3.6 (a) where no gradients are seen on cross-
section A at any point during the discharge cycle. On cross-section B, dUI3p/dQ values are
negative in the graphite NMC-532 IDEs, suggesting a reduction in current non-uniformity caused
by a rate-limiting mechanism that is different from LTO|LFP. In this case, we can identify the
lower-performing Designs 2 and 4 by their lower dUI3p/dQ (flatter negative slope), which are 7 —

49% less than the dUI3p/dQ of Designs 1 and 3.
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The distinction between dUIl3p/dQ as a screening metric for LTO|LFP versus
graphite|NMC-532 is likely a result of their different rate-limiting mechanisms, which is captured
by the Ulsp versus capacity evolution curves in Figure 3.8 and Figure 3.10. For the LTO|LFP
designs, the Ulzp increases right at the beginning of the discharge cycle. A higher slope (dUI3p/dQ)
leads to an early plateau of Ulsp, which is quickly followed by the final rise in Ul3p that signifies
the termination of the discharge cycle (see Design 2 in Figure 3.8). On the other hand, the
graphite NMC-532 designs have a decreasing Ulsp value at the start of discharge, and instead of
higher slopes, as observed in LTO|LFP, lower slopes in graphite NMC-532 cause the Ulsp to
plateau and terminate early (see Designs 2 and 4 in Figure 3.10). Based on this data, if we know
the Ulsp evolution profile for a given material system, we can leverage dUI3p/dQ at 10% DoD as
an early model screening metric to identify IDEs that will yield a relatively lower specific capacity
value by the end of a model discharge cycle.

The lithiation profiles yield interesting Ul3p behavior in Figure 3.7 — Figure 3.10. The Ul3p
in Figure 3.10 starts high and quickly decreases until 25 mAh/gaciive, Which is likely due to the
faster solid-phase transport in graphite|NMC-532 models, while the continual rise in Ul3p in Figure
3.8 for LTO|LFP materials represents opposite behavior. The impact of material selection is further
demonstrated by Design 4. With LTO|LFP, Design 4 yields a 98% improvement in specific
capacity over the planar reference cell and with graphite]NMC-532, Design 4 suffers a 17%
capacity loss. As discussed previously, Design 4, which has a higher separator volume by design,
is more adversely impacted by the low liquid-phase transport in the graphiteNMC-532 model.
Thus, Design 4 with graphite][NMC-532 has a lower cathode material utilization and in turn a lower
specific capacity than what can be achieved with LTO|LFP. This indicates that Design 4 favors

materials with high liquid-phase transport.
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3.2.7  Impact of Non-uniformity on Transport Pathways

In Figure 3.11 and Figure 3.12, the Li-ion transport pathways in the solid electrode are
visualized following the approach developed by Zadin et al. > where current density streamlines
are calculated with the gradients of local current densities and plotted to visualize the transport
pathways. This approach is based on the assumption that Li-ions flow from low to high current
density regions, and the intercalation activity is the highest in the cathode. Cross-section A in
Figure 3.3 for LTO|LFP IDE Designs 1 and 4 at the beginning and end of discharge are examined.
Blue and red in the contour plots represent the maximum (5 A/cm?) and minimum current density
(-20 A/cm?). The region of interest is marked by the black boxes on the model unit cross-sectional
diagrams. Within the region of interest, the cathode is outlined with white lines. Figure 3.11 and
Figure 3.12 compare Li-ion transport pathways in Designs 1 and 4 at 10% DoD and 50% DoD
respectively for the purposes of a comparative discussion to give further insight into the model

results.
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Figure 3.11. Transport pathways plotted on cross-section A (top-down view) in two LTO|LFP
designs at the beginning of discharge.
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At 10% DoD in Figure 3.11, the ion-transport pathways are more clustered and tortuous in
Design 4 than in Design 1, indicating less effective transport caused by the non-uniform current
density. At 50% DoD in Figure 3.12, there is a more severe current density gradient than at 10%
DoD in Design 1. Since this gradient is consistent along the circumference of cathode, the ion-
transport paths stay relatively unchanged in the radial direction. This result indicates that if the
location of localized non-uniformity is well-balanced, the negative impact of non-uniformity on
ion-transport pathways can be minimized. To reiterate this insight, Design 4 demonstrates a high
current density at the top left and right corners of cathode, resulting in a highly non-uniform and
unbalanced current density distribution. Therefore, the ion-transport pathways are much longer
and more tortuous in Design 4 than in Design 1 as shown in Figure 3.12. The spatial non-
uniformity and lengthened ion-transport pathways in Design 4 in Figure 3.11 and Figure 3.12
corresponds to its high Ulsp value of approximately 1.8 in Figure 3.7, which is much higher than

Design 1’s Ulsp value of 1.1.
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Figure 3.12. Transport pathways plotted on cross-section A (top-down view) in two LTO|LFP
designs at the end of discharge.
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3.3 CONCLUSIONS

Four IDE LIB designs were modeled with two different material systems with a consistent
cathode mass to evaluate the impact of IDE electrode architecture on single-layer cell performance.
The findings indicated that the relative rank order of high-rate specific discharge capacity
performance among the IDE designs is primarily driven by electrode architecture. Within the same
material system, it was confirmed that a higher electrode surface area leads to a higher specific
capacity, demonstrating the feasibility of utilizing SA/V as a performance indicator across different
IDE electrode architectures.

Design 3, featuring a circular column-shaped anode, a conformally coated separator, and a
cathode occupying the remaining space, exhibited the most significant improvements in specific
capacity, driven by its high S4/V ratio. Design 1, with an inverted anode and cathode structure
relative to Design 3, demonstrated the second-highest performance improvements. Design 4,
characterized by an interdigitated checkerboard arrangement of anode and cathode columns,
ranked third in performance. Design 2, with its interdigitated plate electrode structure, showed the
lowest SA/V ratio and corresponding specific capacity.

The energy density performance closely followed the ranking of specific capacity,
suggesting that the volume proportions of electrodes, separator, and current collectors within the
single-layer cell remained relatively constant across the different IDE architectures. It was found
that the shape of electrode columns has a minimal impact on specific capacity in IDEs. However,
changing the column shape from a circle to a triangle with fixed cathode mass can lead to a 13%
cell volume increase. All LTO|LFP IDEs demonstrated improvements in discharge specific
capacity and energy density over the planar reference cell. In contrast, three graphite NMC-532

IDEs showed capacity gains but no improvements in energy density, indicating that IDEs may
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negatively influence the overall weight, volume, and active material loading relative to single-
layer cells made with graphite|NMC-532 materials.

The uniformity and distribution of current density in IDEs is highly dependent on both the
electrode architecture as well as the material model. The general direction of lithiation across the
electrode thickness and the rate-limiting mechanism are material-dependent. However, 3D
electrode architecture contributes to local non-uniformities within smaller regions of the
electrodes. Thus, good capacity performance at high discharge rates requires a delicate balance
between electrode architecture and material selection. The current density uniformity analysis
indicates that IDEs that reached their plateau Ul3p value early in a discharge cycle are more likely
to demonstrate poor specific capacity performance in a given material system. By knowing the
evolution of Ulsp in a given material system and the dUI3p/dQ early in a discharge cycle, we can
more rapidly screen, with computational tools, promising IDE designs for eventual fabrication.
Furthermore, the Li-ion transport analysis shows that non-uniformity within the battery cell is
influenced by the spatial arrangement of cathode and anode and that higher non-uniformity leads
to longer transport lengths. The transport plots and the Ulsp results provide new means to

systematically identify and quantify transport limitations due to current density non-uniformities.
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Chapter 4. STRUCTURED ELECTRODES PART 1: MODELING THE
IMPACT OF CATHODE STRUCTURING ON DISCHARGE RATE

CAPABILITY IN ULTRA-THICK GRAPHITE|NMC-622 BATTERIES

*The content in Chapter 4 is adapted from Hung, C.-H.; Allu, S.; Cobb, C. L. “Modeling Structured
Electrodes and Graded Porosity for Improving Discharge Rate Capability in Ultra-Thick

Graphite|LiNio¢Mno>Co0,0: Batteries.” J. Electrochem. Soc. 2025, 172 (1), 010513. under CC BY 4.0

(https://creativecommons.org/ licenses/by/4.0/).!3
4.1 INTRODUCTION

In this chapter, physics-based electrochemical models were developed to quantify the
impact of SEs on the discharge rate capability of ultra-thick, high-energy density LIBs and to
analyze the underlying mechanisms that may facilitate performance enhancements. A
LiNipsMny>,C00.0, (NMC-622) cathode and a graphite anode were used as the model material
system due to their relevance for EVs and the availability of validated model parameters in
literature. For NMC, there is a move towards lower cobalt containing compositions, which has
shifted industry and academic research focus from LiNio3Mno3Co00302 (NMC-111) and
LiNip.sMno3C00.202 (NMC-532) to NMC-622 and LiNig.sMno.1Co0.102 (NMC-811). As illustrated
in Figure 4.1 (a), conventional NMC-622 planar electrodes have uniformly distributed electrode
materials at a macroscopic level, and they are referred to as UEs in this chapter. UEs experience a
capacity loss exceeding 50% at 4C and higher charge/discharge rates when the electrode thickness
is greater than 100 um. As discussed in the section 1.1.2, the poor rate capability is a result of the

energy and power trade-off, where a thicker electrode has a higher Li-ion transport tortuosity.
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Figure 4.1. Schematic of (a) a conventional uniform electrode (UE), (b) a graded electrode (GE),
and (c) a structured electrode (SE). All structuring conducted in this study is for the cathode only.

The graphite anode maintains a conventional UE structure.
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SEs have engineered micron-scale porosity referred to as “all electrolyte” regions that are
free of active materials, binder, and carbon, as depicted in Figure 4.1 (c). The patterned “all
electrolyte” regions are typically in the shape of “grid” or “line” patterns in literature, and these
regions serve as low tortuosity pathways that enhance Li-ion transport in the liquid electrolyte.
Compared to UEs, these “all-electrolyte” regions lead to a larger volume content of electrolyte in
SEs and more “mobile” Li-ions in the liquid phase, which can have a significant effect on the
performance observed for SEs in experiments. However, the impact of these additional Li-ions has
not been analyzed in literature. A question that arises is whether performance improvements seen
in SEs can be realized in UEs with similar electrolyte volumes.

As illustrated in Figure 4.1 (b), porosity-graded electrodes (GEs) have a more porous
electrode layer in contact with the separator, which facilitates faster ionic transport at high C-rates.
Towards the electrode-current collector interface, the electrode porosity decreases and has a denser
active material packing, with the goal of adding capacity back to the overall electrode that was
sacrificed for the porous “high-power” layer near the separator. Here GEs were modeled as a
counterpart to SEs, as the GE designs also allow for reduced tortuosity and increased electrolyte
volume. While several studies have reported performance improvements attributed to GEs, two
notable single-objective optimization studies conducted by Dai and Srinivasan and Qi et al. have
ultimately concluded that GEs offer little to no advantage over UEs when the electrode porosity
and thickness are not constrained. In essence, any performance benefits observed in a GE design
can be replicated in a UE through the appropriate selection of electrode porosity and thickness.

Compared to GEs, SEs offer several design advantages. First, the “all-electrolyte” regions
in SEs are expected to significantly reduce transport tortuosity, more so than merely adjusting the

porosity in GEs. Nevertheless, the extent to which this reduction in tortuosity influences discharge
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specific capacity and energy density is still not fully understood. Second, both UEs and GEs have
a percolation limit; beyond a certain porosity range, the electrode no longer form an effective
conducting matrix for electrons.!**!3* For NMC electrodes, practical porosity ranges for functional
cells fall in a range of 20% — 50% based on literature.!°13>-137 SEs do not have issues with this
percolation threshold, allowing for an overall electrolyte volume ratio that is greater than what is
permissible in UEs ad GEs.

In this chapter, single-layer cell models were developed for UEs, GEs, and SEs with
systematically varied electrolyte volumes in the cathode. The objective is to separately study the
effects of reduced tortuosity from those of increased electrolyte volume on material utilization.
Furthermore, the energy and power density (Wh/L, Wh/kg, W/L, and W/kg) was calculated
assuming the single-layer cells were assembled into a multi-layer stack, where the volume and
weight of cathodes, anodes, separators, current collectors, and electrolyte were taken into account.
The chapter aims to address Research Question la and Ic from section 1.3 on how SEs

fundamentally improve transport and kinetic mechanisms at the cell level.
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4.2  METHODS

4.2.1 Material Model and Uniform Electrode (UE) Reference Cell Definition

All models have material properties obtained from literature that correlate to the behavior
of an NMC-622 cathode, a graphite anode, a Celgard 2325 separator, and a 1.2M LiPFs in 3:7
EC:EMC electrolyte. All UE, SE, and GE cells were modeled with the aforementioned properties,
which are summarized in Table 4.1 and Table 4.2. The NMC-622 electrodes have a 90/5/5 weight
percent (wt%) ratio of active material, carbon additive, and polyvinylidene fluoride (PVDF)
binder, respectively. The graphite electrodes have a 92/2/6 wt% ratio of graphite, carbon additive,
and PVDF binder. The assumed specific capacity is 187 mAh/gactive for NMC-622 and 370
mAh/gacive for graphite. Based on each electrode composition, the cathode and anode areal
capacities were calculated, and the electrodes were designed to have a 1.0 negative (anode) to
positive (cathode) electrode capacity ratio (N/P ratio). The applied current density for running a
discharge cycle was calculated based on the cathode capacity, and the discharge models were run
at C/10, C/5, C/2, 1C 2C, 4C, and 6C current rates.

In experimental literature, NMC-111, NMC-532, and NMC-622 electrodes have been
made with a porosity range between 20% — 50% and a thickness range of 30 — 320 pm.
15.65,100,108.121,127.135,136,138-140 Rlectrodes >100 um in thickness have been fabricated with slot-die

15136 and doctor blade coating. 3133138140 A recent tear-down study of the Volkswagen

coating
ID.3 pouch cells reported an 87.3 um thick NMC cathode with a loading of 27.9 mg/cm?,'*! which
highlights how automakers are moving to thicker and more highly loaded electrodes. In a study

conducted by Kraft et al.,%° full cells were made with NMC-111 cathodes and grid-pattern SE

graphite anodes of equal thicknesses between 71 pm — 116 pm. Their results showed that SE full
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cells demonstrated a significant capacity improvement over UE full cells at 1C — 6C discharge
rates when the electrode thicknesses were 116 um. Moreover, a modeling study conducted by
Azami-Ghadkolai et al. found SEs with a 30 mg/cm? loading can deliver the same areal capacity
as its UE counterpart but at a rate which is three times faster.'*?

Leveraging these findings in literature, we created a baseline UE cell that has a cathode
that is 116 pm thick with 35% porosity, which results in a cathode active material loading of
approximately 30.6 mgactive/cm’. Additional UEs were modeled with cathode porosities ranging
from 20% to 50% and thicknesses between 94 pm and 151 pm. In the UE models, the cathode
active material loading had small variances between 30.5 — 30.8 mgacive/cm?® due to concurrent
changes in electrode thickness and porosity, but these small variances do not affect our ability to
systematically compare cells designs. Starting from the lowest porosity (UE-1) and ending with
the highest porosity (UE-7), the UE models were labeled sequentially from UE-1 to UE-7 as noted
in Appendix B. All graphite anodes have a 35.1% porosity and have a matching capacity to each
cathode to ensure an N/P ratio of 1.0 is maintained. To examine the feasibility of meeting the
USABC cell-level energy density goals of 300 Wh/kg and 750 Wh/L at a C/3 discharge rate,'*?
two extremely thick UEs with a cathode active material loading of 65.0 mgactive/cm?* were modeled
as additional comparison points. Design parameters for all UE models are reported in Table B-I

and Table B-II in Appendix B.
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Table 4.1. Model parameters used for kinetics and transport in the solid phase.

Parameter Description Units NMC-622 Graphite
D, Diffusion m/s 8911030 51014019
’ coefficient ’
o Electric conductivity S/m 2 (139 100
¢, Maximum mol/m? 49520 (13 30000 (113
concentration
¢’ Initial concentration mol/m’ 14856 (129 29670 (129
” Anodlq transfer N/A 0.5 0.5
coefficient
” Cathod}c transfer N/A 0.5 0.5
coefficient
. A'szj (1) 1)
k Reaction rate constant 15 0.23327 0.4854
/mol
t+0 Transference number N/A 0.462 (112) 0.462 (112)
Rfitm Film resistance Qm’ 0.014 112 0.025 (112)
e Volume fraction of N/A 0.35 0.351
liquid
& Vo}ume fraction of N/A 0.55 0521
solid
& Volume fraction of N/A 0.1 0.128
filler
Ry Particle radius m 7.5-10° 5.5-10°
p Bruggeman constant N/A 4.0 (138) 1.75 112)
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Table 4.2. Electrolyte and separator model parameters. N/A means not applicable.

Parameter Description Units Electrolyte
D, Diffusion coefficient — m?*/s 1-10° 138
ce’ Initial concentration  mol/m’ 1200 19
K Ionic conductivity % k(ce) = (2.1840%) ;3;-5;3%122)'*‘ 0.3869c,* —
Parameter Description Units Separator

Volume fraction of

b liquid N/A4 0.39

. Vo.lume fraction of N/A 061
solid

p Bruggeman constant N/A 9 5 (112)

422 Comparing Graded versus Structured Electrode Design

The GE and SE cathodes paired with a conventional UE anode were designed as illustrated
in Figure 4.2. Gallagher et al.! and Parikh et al.!*® both noted that thick-electrode graphite[ NMC-
622 cells are limited by Li-ion mass transport in the thickness direction, and mass transport is
predominantly facilitated by the liquid electrolyte phase. This means additional electrolyte volume
in thick electrodes has the potential to improve a battery’s practical capacity. Nonetheless, if the
electrode becomes too porous, it can introduce issues with low active material loading and limited
particle percolation. This chapter focused on UE, GE, and SE cathodes with different electrolyte
volumes to examine the impact of increasing the liquid phase volume fraction on cell performance.
To ensure all cell models fall within practical regimes, the SE and GE models in this study were
parameterized to have similar loadings as the UE models while allowing other SE and GE

parameters such as feature dimensions and porosity to change.
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This study further aims to separate transport behavior due to the increased electrolyte
volume from other physics modalities caused by the SE and GE structures. To comparatively
examine UEs, SEs, and GEs, it is important to independently quantify and examine the impact of
additional electrolyte volume introduced into each system. For our analysis, we have defined an
evaluation metric called the “electrolyte volume fraction” (EVF), which is the ratio of the
electrolyte volume in the cathode to the apparent volume of the cathode. The apparent volume of
the cathode encompasses all liquid and solid phases in the cathode, assuming there is no additional
void space in the cathode. By comparing SEs and GEs to UEs with the same controlled EVF value,
we can attribute the differences in their specific discharge capacity results to the SE or GE
structure. In a conventional UE, the EVF is equal to the cathode porosity, as there is only one
uniform electrode region, which we herein refer to as the “porous electrode + electrolyte” region.

A series of bilayer GE designs with a “first layer” interfacing the current collector and a
“second layer” interfacing the separator were modeled as shown in Figure 4.2 (a). All GE designs
were set up to have a less porous first layer and a more porous second layer. Within each layer,
the porosity value is held constant, where #; is the thickness of the first layer with a porosity of ¢;
and #21s the thickness of the second layer with a porosity of ¢2. In each GE cathode, there were two
“porous electrode + electrolyte” regions (one for each layer), and the EVF accounted for the
electrolyte volume in both regions. The thickness and porosity of each GE layer were adjusted to
ensure GE designs had a 35% — 55% EVF while maintaining a fixed cathode active material
loading of approximately 31 mgacive/cm®. Due to concurrent changes in the electrode porosity and
thickness, all GE designs had an actual active material loading ranging from 30.6 — 30.7

mgactive/cm?. Similar to the UE designs, these small fluctuations in active material loading do not
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affect our ability to systematically compare all designs. The GE designs modeled in this study are

further summarized in Table B-III and Table B-IV in Appendix B.

Cross-section of Cross-section of
structured electrode structured electrode
line (SEL) grid (SEG)

B Porous cathode + electrolyte
B Porous anode + electrolyte

@ m Current collector

Il Porous separator + electrolyte
B All electrolyte

1 t

cathode
Bl -
2 |

(a) Graded electrode (GE) (b) Structured electrode (SE)

Figure 4.2. Illustrations of a (a) graded electrode (GE) and (b) structured electrode (SE) with design
parameters labeled. The SE and GE design parameters include the dimensions and porosities of

the “porous cathode + electrolyte” regions.

SEs with grid and line patterns were designed as illustrated in Figure 4.2 (b). As noted
previously, these are the two most widely studied SE geometries in literature.!%*:% SEs with a
grid pattern are referred to as SEGs, and SEs with a line pattern are referred to as SELs. An SE
design is fully defined by its cathode thickness, #camode, first layer thickness, ¢;, electrolyte channel
width, we, electrolyte channel spacing, wy, and porosity € in the “porous cathode + electrolyte”
region as labeled in Figure 4.2 (b). We refer to the SEs regions that are filled with only electrolyte
as the “all electrolyte” regions, and the local porosity in the “all electrolyte region” is set to 100%

in our models. The EVF calculation for SEs accounts for both the electrolyte volume in the “all
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electrolyte” region as well as the “porous electrode + electrolyte” region. The SEGs and SELs
modeled in this study are summarized in Table B-V — Table B-VIII and are further explained in
Appendix B. All SE models have a 35% porosity value in the “porous cathode + electrolyte”
region, as shown in Figure 4.2(b). An additional design configuration that has both structuring and
grading in the cathode, which we refer to as SE+GE, was also modeled. The SE+GE design
parameters, modeling results, and a short discussion can be found in Appendix B. This design
configuration did not yield a performance improvement over UEs, GEs, or SEs, and as a result,
SE+GE designs were not pursued further in our analysis.

9 UE, 9 GE, 10 SEG, 12 SEL, and 3 SE+GE design cases were modeled at C/10 — 6C
discharge rates, resulting in 43 design cases and 230 discrete models for analysis. Each model
generated discharge voltage versus time data for each C-rate, and during post-processing
operations, specific discharge capacity (mAh/gactive) and energy (Wh) for the cell are calculated.
This data was subsequently used to estimate Wh/kg and Wh/L performance in a hypothetical multi-
layer EV pouch cell stack to examine if the additional EVF introduced by SEs and GEs impacts
performance. Gravimetric and volumetric energy and power densities were calculated for a
hypothetical multi-layer EV pouch cell stack assuming a total stack height of 0.98 — 1.03 cm,
which corresponds to a 68 — 100 Ah pouch cell depending on the UE, SE, or GE design employed
in the analysis. The weight and volume of the electrodes, electrolyte, separators, and current
collectors were all taken into account in our calculations. The cell stack area was modeled based
on the 2017 second generation Nissan LEAF® pouch cell form factor assuming a 10% cell seam.!#*
We assumed the electrodes, separators, and current collectors all had the same area as the cell stack
area. Additional details on our pouch cell stack assumptions and dimensions can be found in

Appendix B.
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4.3  RESULTS AND DISCUSSION

4.3.1 Electrolyte Volume Fraction (EVF) Trends

Figure 4.3 demonstrates the impact of SEs and GEs on graphite]NMC-622 Li-ion
utilization and discharge rate capability. By controlling the total EVF in UEs, GEs, and SEs, we
examined whether the specific discharge capacity is driven by the electrolyte volume in the
cathode, or if the electrode geometry is the dominating factor that affects cell performance. 2C,
4C, and 6C specific discharge capacity results for UEs, GEs, and SEs with “line” and “grid”
patterns are plotted in Figure 4.3. The x-axis represents the total EVF as defined in section 4.2. All
design cases in Figure 4.3 have a cathode active material loading of approximately 31 mgacive/cm?
to study the impact of GEs and SEs on ultra-thick electrodes (>100 um) with high loading. Due to
percolation limits, UE and GE designs cannot exceed a 50% EVF. The SEs and GEs modeled do
not have an EVF less than 35% due to the porosity constraints imposed as explained previously in
section 4.2. For each design type, the model case numbers are ordered from low to high EVF,
corresponding to UE-1 — UE-7, GE-1 — GE-7, SEL-1 — SEL-12, and SEG-1 — SEG-9. The details
of the design parameters that compose each cell are summarized in Tables B-I — B-VIII in
Appendix B. C/2 and 1C specific discharge capacity results (see Figure BS in Appendix B) show
that SEs and GEs exhibit negligible benefits at low C-rates, which is expected behavior based on
previously published research results.®® Thus, we focus our analysis on 2C, 4C, and 6C discharge

rates to understand electrode design impacts at higher power rates.
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Figure 4.3. Specific discharge capacity at (a) 2C, (b) 4C, and (c¢) 6C discharge rates is plotted

against the electrolyte volume fraction (EVF) for uniform electrode (UE), graded electrode (GE),
“line” structured electrode (SEL), and “grid” structured electrode (SEG) models with electrolyte

volume fractions between 20% and 64%.
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Looking at Figure 4.3, the increasing EVF in the cathode leads to higher specific discharge
capacity values across all designs. This result is expected as NMC materials are known to be
predominantly liquid-phase transport limited.!°® At EVFs of 40% and higher, SEGs demonstrated
the highest capacity values among all design types when compared at a fixed EVF value. At EVFs
of 40% and lower, GEs had the highest specific discharge capacity values. We believe this result
is due to the fact that at low EVFs, it is increasingly difficult for Li-ions to intercalate into the
“porous electrode + electrolyte” regions in UEs and SEs, which in both design types have a 35%
porosity. In contrast, GEs had a more porous second layer interfacing the separator with porosity
values between 39% — 50%, which allowed the GEs to achieve higher lithiation and in turn realize
higher capacity. Looking at all plots in Figure 4.3 holistically, the EVF has the greatest impact on
cell performance regardless of the electrode design. This general observation supports our
hypothesis that controlling the EVF is integral to enabling high Li-ion active material utilization
in thick, highly loaded graphiteNMC-622 cells at high discharge rates. However, the variance in
specific discharge capacity results among UEs, GEs, SELs, and SEGs at a fixed EVF value also

indicates that the contribution of electrode design cannot be overlooked.

4.3.2  Discharge Rate Capability Improvements with SEs

Focusing on the 2C specific discharge capacity in Figure 4.3 (a), a plateau in SE capacity
values is observed as the EVFs increase beyond 50%. Multiple SE cases, including SEG-6, SEG-
8, SEG-9, SEL-10, SEL-11, and SEL-12, reached a specific discharge capacity of 170 mAh/gactive,
which is approaching the practical capacity limit of graphite NMC-622 full cells. UE-7 and GE-7,
with a 50% and 49% EVF respectively, also achieved 170 mAh/gacive. Thus, across the UE, GE,
and SE design types, a high enough EVF value enables all cell designs to realize close to the

practical capacity limit of graphite NMC-622. As a reminder, all designs modeled in Figure 4.3
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have a cathode active material loading of approximately 31 mgactive/cm®. SE and GE designs
exhibit no substantial benefit over UEs at a discharge rate of 2C, and a similar trend is also
observed at 1C and C/2 discharge rates (see Figure B5 in Appendix B). This finding affirms that
understanding the design benefits of SEs and GEs relative to UEs requires examining higher
discharge rates.

Discharge rate capability is defined as a battery’s ability to hold its capacity at increasing
discharge rates. We now analyze the 4C and 6C specific discharge capacity results in Figure 4.3
for the cases that exhibited close to their practical capacity limit at 2C to see if better rate capability
can be achieved. UE-7 and GE-7 both have specific discharge capacities between 119 — 121
mAh/gactive at 4C and between 72 — 73 mAh/gaciive at 6C, indicating the best GE design modeled in
this study showed no improvement in rate capability over a UE. In contrast, SEs demonstrated a
specific discharge capacity of 140 — 160 mAh/gactive at 4C and 88 — 114 mAh/gactive at 6C. These
values correspond to specific discharge capacity improvements of 17% — 33% at 4C and 17% —
52% at 6C over UE-7, demonstrating the ability of SEs to improve the rate capability of thick,
highly-loaded graphite]NMC-622 cells relative to equivalent UE designs. Figure 4.4 shows the
solid-phase and liquid-phase Li-ion concentrations at the beginning and end of discharge (EOD)
at 6C. Cases that demonstrated the highest rate capability in each design category were plotted,
which include UE-7, GE-8, SEL-12, and SEG-9. The models are arranged in Figure 4.4 such that
the anode is the top electrode, and the cathode is the base electrode, with a 25 pm thick separator

sandwiched in between the electrodes.
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Figure 4.4. Comparison of Li-ion concentration gradients in selected uniform electrode (UE),
graded electrode (GE), line structured electrode (SEL), and grid structured electrode (SEG)
models. From left to right, each selected model case demonstrates the highest rate capability in its
design category. Li-ion concentration in the (a) solid phase and (b) liquid phase at the beginning

of 6C discharge (time, ¢ = 0) and end of discharge (EOD) are plotted.
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At t = 0, the graphite anodes had an initial solid-phase concentration of 0.029670 mol/cm?
(displayed in yellow in Figure 4.4 (a)), and the NMC-622 cathodes had an initial solid-phase
concentration of 0.014856 mol/cm? (displayed in the blue-green color Figure 4.4 (a)). At the EOD,
the red regions in the cathode, displayed in Figure 4.4 (a), indicate electrode areas that had close
to full lithiation. UE-7 and GE-8 had similar EOD solid-phase concentration gradients, where high
lithiation was concentrated at the separator-cathode interface, but more than half of the cathode
volume had minimal lithiation. In SEL-12 and SEG-9, high lithiation across the electrode thickness
is reached as indicated by the red, orange, and yellow color gradients. Examining the liquid phase
in Figure 4.4 (b), at £ = 0, all models started out with a uniform liquid-phase Li-ion concentration
of 0.0012 mol/cm’, as noted in green. Once the EOD was reached, a high concentration gradient
is observed in UE-7 and GE-8, and the dark blue color at the base of the cathodes indicates the
electrolyte was close to being depleted in these models. Conversely, SEL-12 and SEG-9 had a
more uniform liquid-phase concentration gradient at the EOD, likely due to the “all electrolyte”
regions in the SE designs that facilitated transport more rapidly through the cathode thickness. In
SEL-12 at the EOD, a slight columnar concentration gradient of non-uniformity tracing the
geometry of the line pattern and dark blue regions (representing electrolyte depletion) is seen at
the cathode base in Figure 4.4 (b). In comparison, SEG-9 did not have columnar concentration
gradient and showed no sign of electrolyte depletion at the EOD. In summary, with a similar EVF
value of 64%, SEG-9 facilitated better Li-ion transport than SEL-12, which explains its slightly
higher 6C specific discharge capacity over SEL-12 and indicates an SE grid pattern can yield

improved rate performance over an SE line pattern.
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4.3.3  Analyzing Reduced Tortuosity and Increased Li-ion Content

We further analyze the SE cases that showed improvements in discharge rate capability to
understand the underlying mechanism that led to these improvements. Prior research has noted
that SEs help reduce the concentration gradient across the electrode thickness relative to UEs; This
is often attributed to a reduction in electrode tortuosity, but little focus has been placed on the
impact of the additional Li-ions due to higher EVFs.2!6%145 This raises a question of whether or
not increasing electrode porosity in UEs or GEs would yield similar performance improvements.
Here we look at how additional Li-ions in the electrolyte phase versus reduced tortuosity impact
SE rate capability improvements.

Six SEs demonstrated improved 4C and 6C rate capability over UEs: SEG-6, SEG-8, SEG-
9, SEL-10, SEL-11, and SEL-12, as labeled in Figure 4.3. Among these cases, SEG-6 had a lower
EVF (48%) than UE-7 (50%) but showed an improved specific discharge capacity. The specific
discharge capacity improvements in SEG-6 over UE-7 were 15.8% (+19.1 mAh/gaciive) at 4C and
20.8% (+15.1 mAh/gacive) at 6C. With a lower EVF value, these improvements are likely attributed
to the SE architecture that reduced transport tortuosity. This illustrates how electrode structuring
can have a larger impact than EVF, introducing specific discharge capacity improvements at higher
discharge rates despite lower EVF values. Now we consider SEG-9, which had the highest EVF
value (64%) in this study and contained the largest Li-ion content. Assuming the specific discharge
capacity gains over UE-7 due to reduced tortuosity remain consistent across SEG-6 and SEG-9,
we can attribute the remaining portion of specific discharge capacity improvements in SEG-9 to
the increased Li-ion content. Based on this assumption, we can presume the specific discharge
capacity improvement at 4C, due to a lower tortuosity, is +19.1 mAh/gacive, While the specific

discharge capacity improvement resulting from an increase in Li-ions is +19.2 mAh/gaciive. This
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yields an approximate 1:1 ratio of specific discharge capacity between these two scenarios. At 6C,
the specific discharge capacity ratio increases to 1:1.72 for the same analysis. Within the EVF
range evaluated in this study, reduced tortuosity accounts for at least one-third of the rate capability
improvements observed for SEs relative to UEs, and this performance improvement cannot
otherwise be achieved by increasing the porosity in UEs.

From a design perspective, SEs can offer battery engineers more design options, and
increasing the EVF, while effective, is not the only route available to improve rate capability. If
we consider potential system-level impacts, an analysis published by Schmuch et al.'*¢ discussed
how the electrodes form most of the cost of batteries made with carbon-based anodes and NMC
cathodes. The carbonate-based electrolyte also has a much lighter mass density (~1.23 g/cm?) than
typical NMC materials (~4.7 g/cm®). While a more detailed techno-economic analysis is needed,
we believe these rough estimates indicate that potentially increasing the EVF in SEs can lead to a
lower-cost and lighter-weight battery. Despite these benefits, we caution that the overall mass
density of the cell may need to be re-balanced to maintain the necessary energy density targets
depending on the end application. SEs provide additional design variables that can improve high-
rate performance, but manufacturing these batteries at scale requires carefully balancing the

additional design freedom SEs offer for electrode engineering.

4.3.4  SE Nonlinear Design Trends and Performance Impacts

Here the SE design trends shown in Figure 4.3 were investigated in more detail, focusing
on the grid and line patterned cathode geometries and their relative performance against UEs. For
UEs, the specific discharge capacity increases monotonically with increasing EVF, while for GEs
and SEs, the data trends in a non-monotonic manner wherein some design cases have a lower

specific discharge capacity despite increasing EVF values. Below we focus on the SE design
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trends, and specifically on the SEG cases since they were the best overall performing designs as
discussed in the previous section. Further details on the design trends observed with GEs can be
found in Figure B2 in Appendix B.

From a design perspective, SEs exhibit nonlinear trends if we examine the response of the
specific discharge capacity results to changing SE dimensions. The EVF in SEs was determined
by systematically varying the first layer thickness (¢#;) and electrolyte channel spacing (wy), noted
previously in Figure 4.2. Going in order from SEG-1 to SEG-9, every three designs had the same
electrolyte channel spacing (see Table B-V and Table B-VI in Appendix B). Figure 4.5 shows the
4C end of discharge (EOD) Li-ion concentration in both the solid and liquid phases for SEG-1 —
SEG-9. For the electrolyte channel spacing, SEG-1 — SEG-3 had a 200 um spacing, SEG-4 — SEG-
6 had a 90 um spacing, and SEG-7 — SEG-9 had a 60 pm spacing. Within each row of SEGs in
Figure 4.5 (a), the first layer thickness was decreased from 75 pum, to 50 um, and to O um. The
SEL-1—SEL-12 cases were designed using the same procedure, and their dimensions can be found
in Table B-VII and Table B-VIII in Appendix B.

The specific discharge capacity results in Figure 4.3 shows that when SEs have a fixed
electrolyte channel spacing (ws), specific discharge capacity only increased when the first layer
thickness (¢7) was reduced. What is interesting to observe is that in this scenario a nonlinear trend
in specific discharge capacity improvement is observed. We first focus on the 4C discharge data
in Figure 4.3 (b) for SEG-1 — SEG-3, where each design case has a wy of 200 pum. Going from
SEG-1 to SEG-2, reducing #; by 25 pm led to a +4.1 mAh/gactive improvement; Going from SEG-
2 to SEG-3, reducing #; by 50 um resulted in a +3.4 mAh/gacive improvement. Reducing ¢, in the
same manner between SEG-4 to SEG-5 and SEG-5 to SEG-6 (ws;= 90 um for these cases) resulted

in larger specific discharge capacity improvements of +28.5 mAh/gactive and +20.2 mAh/gactive,
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respectively. From SEG-7 to SEG-9 (ws= 60 um), the specific discharge capacity improvements
displayed a nonlinear trend, showing a +31.0 mAh/gactive improvement from SEG-7 to SEG-8 and
a smaller +8.7 mAh/gaciive improvement from SEG-8 to SEG-9. These results demonstrate an
interaction effect between two independent SE design parameters (ws and #;) on specific discharge
capacity. Thus, it is important to examine both parameters concurrently when looking to improve

the specific discharge capacity and discharge rate capability of SEs.

4.3.5  Design Trend Analysis with 3D Li-ion Concentration Plots

We now examine the specific discharge capacity results in Figure 4.3 (b) using the 4C EOD
solid-phase and liquid-phase Li-ion concentration plots shown in Figure 4.5. In Figure 4.5 (a),
having the widest 200 pm electrolyte channel spacing, SEG-1 — SEG-3 exhibited a lithiation front
that yielded close to full lithiation (red) near the cathode-separator interface. Moderate but less
lithiation (yellow) is observed around the electrode walls that bound the “all electrolyte” regions
in the design. We believe this is because there is a stronger electrochemical driving force in the z-
direction if we examine the liquid-phase concentration gradient in the blue-green regions in SEG-
1 — SEG-3 in Figure 4.5 (b). This drives more Li-ions into the porous cathode in the z-direction.
In comparison, the liquid-phase concentration gradient in the x- and y- directions was much lower

within the “all electrolyte” regions.
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(a) End-of-discharge Li-ion concentration (b) End-of-discharge Li-ion concentration
in the solid phase (mol/cm3) in the liquid phase (mol/cm3)
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Figure 4.5. 4C end-of-discharge Li-ion concentration in the (a) solid phase and (b) liquid phase for
grid structured electrodes (SEG) with increasing electrolyte volume fraction (EVF) displayed
starting with the lowest porosity design SEG-1 and ending with the highest porosity design SEG-
9. The electrolyte channel spacing (w;) decreases from the first row (starting with SEG-1 — SEG-
3) to the third row. In addition, the first layer thickness (;), starting with the SEG-1, SEG-4, SEG-

7 column, goes in increments of #,/= 75 um, 50 pm, and 0 pum, from left to right.

In Figure 4.5 (b), the porous cathode region is dark blue for SEG-1 — SEG-3, indicating Li-
ion depletion has occurred and mass transport in the electrolyte region within the porous cathode
was the rate limiting mechanism. The electrolyte channels in SEG-3, which extend through the
entire cathode thickness in the z-direction, enabled Li-ions to travel further through the electrode
thickness. We believe this behavior delayed the onset of electrolyte depletion and allowed more
Li-ions to intercalate in the cathode. However, with a first layer thickness (¢;) of zero, SEG-3
exhibits less lithiation in the z-direction compared to SEG-1 and SEG-2. This offsets the benefit

of delayed electrolyte depletion in SEG-3, which is why there was less capacity improvement
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between SEG-2 and SEG-3 compared to the capacity improvement observed between SEG-1 and
SEG-2. Moving on to SEG-4, SEG-5, and SEG-6, which had a smaller electrolyte channel spacing
of ws = 90 um, we see the lithiation front progresses through the entire electrolyte channel at 4C
EOD and stopped at the top of the first layer thickness in SEG-4 and SEG-5, as shown by the red
regions in Figure 4.5 (a). Without a first layer thickness, SEG-6 demonstrated uniform lithiation
throughout the cathode thickness. SEG-6 was more effective in resisting electrolyte depletion and
exhibited fewer dark blue regions when compared to SEG-3, which still had a substantial amount
of dark blue in the porous cathode in Figure 4.5 (b). As a result, higher specific discharge capacity
improvements are seen in SEG-6 relative to SEG-5 versus the improvement seen from SEG-2 to
SEG-3.

Comparing SEG-6 to SEG-7 in Figure 4.3 (b), SEG-6 has a higher specific discharge
capacity despite its lower EVF value, showcasing another example where structuring the electrode
has a larger impact than the EVF. SEG-7 had a 149 um thick cathode and one of the smallest
electrolyte channel spacings (ws) to maintain a cathode active material loading of approximately
31 mgaciive/cm®. At this cathode thickness, the impact of the first layer thickness became more
significant. In the liquid phase concentration plots Figure 4.5 (b), it is evident that the first layer in
SEG-7 created a higher concentration gradient and, in turn, faster electrolyte depletion than SEG-
5 and SEG-6. Reducing the first layer thickness from SEG-7 to SEG-8 improves the specific
discharge capacity results. However, going from SEG-8 to SEG-9, a small improvement in specific
discharge capacity is seen. In Figure 4.5 (a), the cathode of SEG-9 was almost entirely red, and
the anode was nearly fully de-lithiated. The highest gradient in SEG-9 resided in the liquid phase
of anode. We believe the rate-limiting step gradually transitioned from liquid-phase transport in

cathode to that in anode between SEG-8 and SEG-9. At this point, increasing the cathode EVF did

131



not lead to a significant specific discharge capacity improvement because transport in the cathode

no longer dominated the cell performance.

4.3.6  Impact of SE Geometry

Across the EVF values modeled, SEGs with grid pattern geometries had higher specific
discharge capacity values, on average, when compared with SELs which had line pattern
geometries. SE geometry type does affect specific discharge capacity, as exhibited by the non-
linear trends in Figure 4.3 and the performance differences observed between the SEG and SEL
cases modeled. However, compared to SEG-9, SEL-12 demonstrated very similar specific capacity
results. SEL-12 only had a 2.6 mAh/gacive lower 6C specific capacity relative to SEG-9. These two
cases had the highest EVF and rate capability in their respective design categories. As
demonstrated in Figure 4.3, the green and purple lines converge with increasing EVF values. This
tells us that while SE geometry is important, the impact of SE geometry becomes less significant
with increasing EVF values, which coincides with our findings that the impact of reduced
tortuosity decreases with a higher EVF. Based on the higher overall performance exhibited by the
SEG cases modeled, relative to the SELs, we focused on the SEG category of SEs for a more in-

depth comparative analysis of UEs, GEs, and SEs at larger scales in the next section.

4.3.7 GE and SEG Energy Density Analysis for EV Pouch Cell Scales

We analyze GE and SEG performance based on gravimetric and volumetric energy density,
which are common metrics for EV applications. In a previous study conducted by Hung et al,’ the
authors note that the weight and volume of all cell components should be taken into account early
in the design cycle in order to gain a true estimation of performance impact at scale. Thus, the
energy density of SEGs and GEs were calculated assuming a hypothetical pouch cell electrode
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stack based on a Nissan LEAF® form factor with a thickness in the range of 0.98 — 1.03 cm. The
weight and volume of all electrodes, separators, current collectors, and electrolyte were included.
A complete explanation of the energy density calculation used in this study can be found in
Appendix B. In Figure 4.6, the gravimetric and volumetric energy density of GE-1 — GE-9 and
SEG-1 — SEG-9 are plotted against the EVF. An additional GE case, GE-9, was modeled and
plotted in Figure 4.6. GE-9 had a second layer porosity of 64% and was modeled to examine the
design trend of a two-layer GE that exhibited an EVF greater than 50% as a comparison point to
the SEs modeled in this study. The practical GE design range of 20% — 50 % porosity, discussed
previously in section 4.2, is marked by the pink region in Figure 4.6.

Looking at the pouch cell analysis against the EVF in Figure 4.6, we see that as the EVF
increases, the energy density initially rises and reaches a maximum value and then begins to drop.
The data shows that too high of an EVF can negatively impact C/2 and 1C pouch cell performance;
as seen in Figure 4.6, a decline of around 30 Wh/kg and 200 Wh/L is observed between EVFs of
35% to 65% in SEGs. This result is due to the increasing electrolyte content in the cell design and
the relatively low mass density of the electrolyte (~1.23 g/cm?®). In Figure 4.6, we can find an EVF
value range that led to the highest energy density result at each C-rate, and this EVF value range
increases with an increasing C-rate. In Figure 4.6 (a), SEGs showed C/2 and 1C gravimetric energy
density peaks at 38% — 40 % EVF, 2C gravimetric energy density peaks at 45 — 50% EVF, and 4C
and 6C gravimetric energy density peaks at 55% — 65% EVF. Furthermore, the volumetric energy
density results in Figure 4.6 (b) peaked at EVF value ranges that were about 5% less than the
aforementioned EVF value ranges found for gravimetric energy density in Figure 4.6 (a). In
practical design scenarios, it is important to choose an EVF target that yields the best balance

between simultaneously improving both gravimetric and volumetric energy density. For an
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application that requires high rate capability, our results show that the optimal SEG design will

likely fall somewhere between 48% — 55% EVF.
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Figure 4.6. (a) Gravimetric energy density and (b) volumetric energy density for graded electrode
(GE, empty diamond markers) and “grid” structured electrode (SEG, solid round markers) models

with electrolyte volume fraction (EVF) values between 35% and 64%.
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Similar to the specific discharge capacity results presented in Figure 4.3, GEs demonstrated
no energy density improvement when compared to SEGs unless less than 40% EVF was employed.
Our analysis found that SEGs and GEs with the same EVF have a similar cathode thickness (see
Table B-III and Table B-V in Appendix B). Since electrode thickness has a high impact on the
pouch cell weight calculation, there exists no significant difference in packaging efficiency to
increase Wh/kg and Wh/L between these designs. The energy density performance differences
between SEs and GEs were thus due to better transport in SEs enabled by the additional all

electrolyte regions.

4.3.8 UE, GE, and SEG Energy and Power Density

Ragone plots for UEs, GEs, and SEGs with energy density on the vertical axis and power
density on the horizontal axis are shown in Figure 4.7. Energy density was modeled and analyzed
at C/2, 1C, 2C, 4C, and 6C discharge rates. Modeling results for all design cases presented in this
study can be found in Table B-XII in Appendix B. Based on the modeling results, the maximum
achievable C/2 energy density values are 266 Wh/kg (UE-4 and UE-5) and 672 Wh/L (UE-4) for
UEs, 267 Wh/kg (GE-2) and 675 Wh/L (GE-2) for GEs, 265 Wh/kg (SEG-1 — SEG-3) and 667
WHh/L (SEG-1) for SEGs. In Figure 4.7, the design range for UEs, GEs, and SEs are upper bounded
on the y-axis by cases that demonstrated the highest energy density values at 4C and 6C discharge
rates. The lower bounds of the design ranges were determined by selected cases that demonstrated
within a 3% loss in C/2 energy density but maintained the highest rate capability in its given design
category. The same bounding cases are included in both gravimetric and volumetric Ragone plots.

The design range for SEGs is shaded in purple, and the design range for GEs is shaded in yellow.
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The design benefit of SEGs over GEs and UEs is demonstrated in the rate capability results
shown in Figure 4.7 with the shaded purple region that extends above the other two design
categories at 4C and 6C discharge rates. In Figure 4.7 (a), all design categories demonstrated
similar C/2 gravimetric energy density value ranges, and SEGs as a design category showed up to
a 40 Wh/kg increase in energy density between 2C and 6C discharge rates. Comparing one of the
SEG upper-bounding cases, SEG-6 (purple square markers), to the upper-bounding UE case, UE-
7 (black square markers), we observe a +0.8%, +1.1%, +3.0%, +17.7%, and +23.2% Wh/kg
improvement over UEs at C/2, 1C, 2C, 4C, and 6C discharge rates, respectively. These
improvements at higher-discharge rates highlight the benefit of SEGs for improving rate capability
and energy density in thick electrodes. If we compare the other upper-bounding case SEG-8 (purple
diamond markers) to UE-7 (black square markers), the results show a slightly different trend.
Relative to UE-7, SEG-8 showed a -2.9%, -2.4%, -0.3%, +22.4%, and +44.7% Wh/kg performance
difference at C/2, 1C, 2C, 4C, and 6C discharge rates, respectively. While a more substantial
improvement is observed at 6C for SEG-8 than SEG-6, a slight loss at C/2 — 2C discharge rates is
incurred with the SEG-8 design. Additional rate capability improvements of SEGs relative to UEs
can also be seen in the volumetric energy density plot in Figure 4.7 (b), where the improvement
trends for Wh/L were similar to those observed for Wh/kg. Relative to UE-7, SEG-6 demonstrated
a+1.7%, +2.1%, +4.0%, +18.8%, and +24.3% improvement in Wh/L at C/2, 1C, 2C, 4C, and 6C
discharge rates, respectively. The results showcase how an SE can enable energy density
improvements up to 24% at all discharge rates between C/2 — 6C. Similar to its Wh/kg results,
SEG-8 showed a -5.4%, -4.9%, -2.8%, +19.3%, and +41.0% Wh/L performance difference,

relative to UE-7, at C/2, 1C, 2C, 4C, and 6C discharge rates, respectively. The results illustrate that
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substantial improvements at high-power current rates will require some compromises in slow-rate
performance.

The potential design improvement of GEs over UEs is also shown in Figure 4.7 where a
shaded yellow region represents the GE design range. Relative to SEGs, GEs demonstrated less
significant performance improvements over UEs, and the GE design overlapped more with the UE
design range in Figure 4.7. By examining the upper-bounding cases, GE-8 (yellow square markers)
showed a +0.2%, +0.5%, +0.3%, +0.2%, and -0.3% difference in Wh/kg relative to UE-7 (black
square markers) at C/2, 1C, 2C, 4C, and 6C discharge rates, respectively. For volumetric energy
density, when compared to UE-7, GE-8 demonstrated an improvement of +0.8%, +1.0%, +0.8%,
+0.7%, and +0.4% at C/2, 1C, 2C, 4C, and 6C discharge rates, respectively. Our findings reaffirm
that GEs can offer marginal benefits over UEs with thick electrodes, which align with results from
previous modeling studies by Dai and Srinivasan and Qi et al.'*%*

Based on the SEG and GE results, we also modeled a case where we combined the benefits
of structured electrodes with electrode grading (called SE+GE) to examine whether concurrent
grading and structuring of the electrodes will provide additional improvements in energy density
at 2C and higher discharge rates over UEs. With the same EVF values, the analysis showed that
SE+GEs demonstrated only modest specific discharge capacity improvements over GEs and no
improvement over SEs. For example, compared to GE-5, the best-performing SE+GE case
(SE+GE-3) demonstrated a specific discharge capacity (mAh/gactive) improvement of +0.1%,
+0.3%, +3.0%, +12.6%, and +12.3% at C/5, 1C, 2C, 4C, and 6C discharge rates, respectively.
Relative to SEG-5, SE+GE-3 showed a specific capacity performance difference of +0.1%, +0.5%,
-0.2%, -2.4%, and -0.8% at C/5, 1C, 2C, 4C, and 6C discharge rates, respectively. For both

gravimetric and volumetric energy density, SE+GEs demonstrated no performance advantage over
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SEs and GEs, and further details on the results of this analysis can be found in Figure B4 and Table

B-1X — Table B-XII in Appendix B.

4.3.9 UEs and SEs with Extreme Cathode Active Material Loading (65 mgacive/cm’)

Modeling results from the previous sections showed that battery cells with a cathode active
material loading target of 31 mgacive/cm? demonstrated a maximum gravimetric energy density of
267 Wh/kg (for GE-2) and a volumetric energy density of 672 Wh/L (for UE-4) at a C/2 discharge
rate. To investigate the limits of NMC-622 cathodes, we modeled extremely thick electrodes with
a cathode active material loading of 65 mgacive/cm* while maintaining a N/P ratio of 1.0 across
C/10 — 6C discharge rates. We acknowledge a cathode active material loading of 65 mgacive/cm?
cannot be readily manufactured today with conventional blade casting and slot die coating due to
challenges with cracking and delamination that occur at these high loadings.'*” However, the
purpose of this analysis is to explore the leading edge and push the bounds of experiments. We
believe modeling this scenario provides meaningful insight into whether material and processing
development for higher loading electrodes is worth further investment.

Figure 4.8 shows the Ragone plots for three extreme loading cases: UE-8, UE-9, and SEG-
10. UE-8 has a porosity of 35% with a cathode thickness of 246 um (solid black markers) and UE-
9 has a porosity of 50% with a cathode thickness of 320 um (empty black markers). SEG-10 has
a porosity of 35% in the “porous cathode + electrolyte region” defined in Figure 4.2 and has an
EVF of 48%. Two cases (UE-7 and SEG-6), which were some of the best performing cases from
Figure 4.7, are re-included in Figure 4.8 for comparison purposes against the 31 mgacive/cm?
cathode active material loading scenario. Modeling results for all models run in this study can a
found in Table B-XII in Appendix B. Looking at Figure 4.8, one can see that increasing the SE

cathode active loading from 31 mgacive/cm? to 65 mgaciive/cm? improved the C/10 energy density
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to 285 Wh/kg and 678 Wh/L (SEG-10). With more than double the amount of cathode active
material loading, this energy density improvement demonstrates the limits of electrode thickness
and cathode active material loading with our chosen graphiteNMC-622 model. We found the 65
mgaciive/cm® SE (SEG-10) had a +51.8% to +408.6% energy density improvement at 4C and 6C
discharge rates over its planar UE counterparts (UE-8 and UE-9). These values are much higher
than the +17.7% to +24.3% improvement observed for the 31 mgacive/cm? SE (SEG-6) relative to
its planar reference (UE-7) at 4C and 6C discharge rates. This is because electrodes with higher
loading are more limited by mass transport. Thus, SEs, due to their inherent design that has
engineered electrolyte channels through the electrode thickness, are a pathway to more substantial
performance improvements at higher electrode loadings and thicknesses. However, we
acknowledge that the design of SEs must be carefully balanced with the EVF to ensure a
continuous porous network is formed in the electrode and the incorporation of additional
electrolyte at the cell level does not come at the expense of larger-scale performance due to the
removal of cathode active material. Ultimately, the design of an SE and its engineered porosity
must be aligned with the limits of the material chemistry used in its manufacture to meet the energy

and power needs of next-generation EV batteries.
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Figure 4.8. Comparison of “extreme loading” uniform electrodes (UEs) and grid structured
electrodes (SEGs) on a (a) gravimetric and (b) volumetric energy and power density basis. Solid
line models (UE-8, UE-9, and SEG-10) have a cathode active material loading of 65 mgactive/cm?.
UE-7 and SEG-6 have a cathode active material loading of 31 mgacive/cm? are plotted in dashed

lines as a comparison point to elucidate the impact of increasing active material loading.
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4.4  CONCLUSION

In this chapter, we have presented one of the first comparative, large-scale 3D
computational analysis of UE, GE, and SE NMC-622 cathodes paired with graphite anodes to
understand if porosity grading and structuring in ultra-thick, highly loaded cathodes can yield
improved rate capability based on mAh/gaciive, Wh/kg, and Wh/L performance metrics. A total of
43 design cases and 230 continuum-scale 3D electrochemical models were simulated using V/BE-
AMPERES and analyzed assuming a hypothetical pouch cell stack with dimensions based on an
EV pouch cell from a Nissan LEAF® vehicle.

Our study found that graphite NMC-622 SEs with a line or grid pattern with an EVF >48%
yielded the greatest performance improvement over UEs and GEs. The controlled electrolyte
integration in SEs helps facilitate faster and more uniform Li-ion transport in ultra-thick electrodes.
The SEG-6 design case was one of the best performing SEs, showing a rate capability improvement
over UEs across all C/2 — 6C discharge rates based on mAh/gactive, Wh/kg, and Wh/L metrics. A
1% — 2% improvement at C/2 was observed, and the performance improvement increased to 23 —
24% at a 6C discharge rate. Our results also showed that in order to realize up to a 45%
improvement in Wh/kg and Wh/L at 4C — 6C, an approximately 5% sacrifice in Wh/kg and Wh/L
must be made at C/2 and slower C-rates due to the need to incorporate more electrolyte and remove
cathode active material from the cells to facilitate faster ion transport and in turn better
performance at high C-rates. In other words, NMC-622 cathode SEs can be designed to have
energy density improvements across all C-rates, but improvements >25% at high C-rates requires
compromising on the total cell energy density at slower C-rates.

Our analysis also demonstrated that GEs and UEs cannot achieve the same high rate

capability performance observed in SEs. This is due to the inherent design of SEs that enables
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electrolyte to be incorporated into thick electrodes in a more controlled manner than UEs and GE:s.
By design, SEs have a lower effective tortuosity than their equivalent GE and UE counterparts. In
the EVF range assessed in this study, the reduction in tortuosity contributes to at least one-third of
the observed enhancements in rate capability for SEs. Notably, this performance improvement
cannot be attained in UEs by increasing the porosity. In addition, SEs allow for higher EVF values
beyond the percolation thresholds that exist in UEs and GEs. However, when implementing these
electrode designs into practical cells at larger application scales, such as EVs, the incorporation of
additional electrolyte must be balanced at the pouch cell level to not sacrifice energy density or
safety. We also found that dimensional changes to both an SE’s channel spacing and first layer
thickness exhibited a non-linear trend on capacity improvements. This non-linear trend is due to
how lithiation progressed through the electrodes in our 3D models, and we found that the rate-
limiting transport mechanism changed as the electrode thickness and electrolyte feature
dimensions were altered.

For the GEs, the analysis did not yield a significant mAh/gacive, Wh/kg, or Wh/L
performance improvement over the UEs, which was consistent with previous published
computational results.'>®* Analysis of the 3D Li-ion concentration data showed that the controlled
SE architecture enables more Li-ions to move across the entire cathode thickness in the models.
Conversely, although GEs have a higher porosity electrode layer interfacing the separator that
facilitated fast Li-ion transport, the overall GE performance will inevitably be rate limited by the
less porous electrode layer. Within the limit of the nine GE cases we examined, any benefit gained
by the highly porous high-power layer in GEs was offset by the dense and low-power layer

attached to the current collector. These results align with a previous modeling study published by
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Dai and Srinivasan,'® who modeled GEs with up to ten graded porosity layers and consequently
found little performance improvements over UEs.

It is important to acknowledge that reliable and consistent scale up of SEs to scales
meaningful for EV applications requires the development of new manufacturing systems and
processes. Conventional slurry formulations used to make current graphite and NMC electrodes
may also require changes to enable the thick, high loading electrodes modeled in this study. Our
results show that when the cathode active material loading increases, an SE yields a higher energy
density improvement over their UE counterpart with a similar cathode active material loading. In
addition, our pouch cell stack analysis assumed an idealized packaging scenario which did not
consider oversized separators, excess electrolyte, and N/P ratios greater than 1.0. If prismatic and
cylindrical cells were to be considered, excess volume in the cell due to winding of the electrodes
or the natural curvature of the packaging will require further analysis. We acknowledge that the
energy density values may decrease as other packaging components are included, to eventually
build up to a full system design, but the relative SE performance improvements over UEs and GEs
should remain and scale accordingly.

Lastly, we believe SEs show strong potential for increasing battery pouch cell performance,
but this warrants further experimental and modeling investigations into new electrode structures
and material formulations. Focusing on materials, the results presented in this study are highly
dependent on the rate-limiting mechanism in a battery cell. We believe the benefits of SEs modeled
in this study are applicable to material systems that are predominantly limited by mass transport

in the electrode thickness direction, which includes most ultra-thick NMC electrodes.
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Chapter 5. STRUCTURED ELECTRODES PART 2: MODELING THE
IMPACT OF ANODE AND CATHODE STRUCTURING ON
CHARGE AND DISCHARGE PERFORMANCE IN

GRAPHITE|NMC-622 BATTERIES

*The content in Chapter 5 is under review for publication in a journal.

5.1 INTRODUCTION

To address Research Question la and Ic, this chapter presents a holistic study using 3D
computational models to investigate the isolated effects of structuring either the anode or the
cathode, and the combined effects of structuring both electrodes on the charge and discharge
capacity of single-layer cells at high rates. Figure 5.1 illustrates four types of battery cells. Figure
5.1 a contains a UE, as defined in Chapter 4. Figure 5.1 (b) contains a SE anode paired with a
uniform, planar cathode, and we refer to this configuration as SEA. Next, Figure 5.1 (c) has a SE
cathode paired with a uniform, planar anode, which we call SEC. Lastly, Figure 5.1 (d) shows a
fully structured cell where a SE anode is paired with a SE cathode, and this design configuration
for simplicity is referred to as SEA-SEC. The SEA has “all-electrolyte” regions in the graphite
anode, while the SEC has “all-electrolyte” regions in the NMC-622 cathode. In both the SEA and
SEC configurations, ionic transport and kinetics are expected to improve cell performance relative
to a UE cell configuration due to the reduced tortuosity and the increased amount of electrolyte in
the SEs. In material systems where the ionic transport resistance of one electrode is much higher
than that of the other electrode, a SEA or SEC can enhance cell performance by targeting and

structuring the electrode that has a higher resistance. In graphite]NMC cells, both electrodes can
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often experience high ionic transport resistances at high charge and discharge rates.%>190-136:148 Thyg,

employing a SEA-SEC configuration, in theory, can potentially reduce transport resistances even
further and facilitate more rapid ionic transport across the entire cell. If properly designed, this

behavior can improve LIB rate capability relative to a conventional UE cell.
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(d) SEA-SEC

Figure 5.1 Illustrations of the cell configurations analyzed in this study: (a) conventional uniform
electrodes (UEs), (b) a structured electrode anode paired with a UE cathode, referred to as a SEA
in this chapter, (c) a structured cathode paired with a UE anode, referred to as a SEC in this chapter,

and (d) a structured anode paired with a structured cathode, referred to as a SEA-SEC in this
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chapter. Images (a) and (c) are adapted from Hung et al."*? under CC BY 4.0
(https://creativecommons.org/ licenses/by/4.0/).

Existing research literature on graphite and NMC SEs has primarily focused on evaluating
discharge rate capability, with results showing improved discharge capacity with SEA, SEC, and
SEA-SEC configurations,!%60-66:132.148.199 R ecent work by Hung et al.,!*? also captured in Chapter
4 of this dissertation, with a graphite|[NMC-622 material model demonstrated that when controlling
the electrolyte volume fraction in a SE cathode to approximately 48%, energy density
improvements up to 24% can be achieved across a discharge C-rate range of C/2 — 6C. Based on
publicly available research literature, no systematic investigations have been conducted to date to
show how SECs or SEA-SECs affect LIB charge performance. How SEAs impact LIB charge
performance has been explored with a focus on lithium plating and cyclability in both experimental
and modeling studies.?!**%%6> SEAs with a graphite] NMC-532 material system fabricated by Chen
et al. exhibited improved C/2 discharge capacity retention over 500 cycles at charge rates of 4C
and 6C.?! However, their initial cycling data indicated SEAs have negligible improvements in
charge capacity (Ah) when compared to equivalent UE configurations across C/2 — 6C. In contrast
to Chen et al.’s findings, SEA modeling results from Kraft et al. suggested that charge capacity can
be improved at 1C — 3C rates for graphite|LiNiop3Mno3C00302 (NMC-111).% The authors found
that the transport and kinetic overpotentials in the graphite anode can be reduced with electrode
structuring.

Whether or not SEA, SEC, or SEA-SEC configurations can improve charge and discharge
capacity (mAh/gacive) in a single-layer cell depends on the ionic transport and kinetic resistances
in each individual electrode. If an electrode has a significantly high transport or kinetic mechanism
that results in a higher overpotential relative to the other electrode, the high resistance electrode

becomes the rate-limiting electrode in a LIB cell. In this scenario, structuring the rate-limiting
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electrode is more critical to improving performance. Transport and kinetic resistances can vary in
electrodes and typically depend on the particle size, particle morphology, electrode porosity, and
weight percent composition of active material, binder, and carbon additives in the initial electrode
slurry and final dried electrodes. Moreover, these resistances and their relative impact on charge
and discharge overpotential are dependent on C-rate currents and charge versus discharge cycles.
Both experimental and modeling studies on SEAs have revealed a restricted C-rate window where
improvements in discharge capacity are possible, and the range of this C-rate window depends on
the active material loading.®>!'*® SEA configurations did not yield performance improvements
outside of this C-rate window because the ionic transport and kinetic resistances in the graphite
anode no longer dominated the cell performance.®>!'*® This phenomenon is supported by Hille et
al.’s experimental comparative analysis between a SEA, a SEC, and a SEA-SEC.'*® The authors
found a SEA and a SEA-SEC yielded the largest improvements in discharge capacity at 2C and
3C, while a SEC showed the highest discharge capacity at 5C. These results indicate the rate-
limiting electrode in a UE switched from the anode to the cathode when the discharge rate was
increased to 5C.

The electrode exhibiting the highest ionic transport and kinetic resistances in a UE
configuration often displays a large one-dimensional (1D) concentration and current density
gradient through the electrode thickness direction. SEA and SEC configurations, by design, have
three-dimensional (3D) geometry variations in the anode or cathode, which can lead to larger non-
uniformities relative to UE configurations. In addition, depending on the physical orientation of
the SE anode and SE cathode geometries, SEA-SEC configurations can potentially result in even
larger concentration gradients if not carefully designed. Since electrochemical non-uniformities in

a LIB cell have been shown to lead to premature electrolyte depletion and reduced cell capacity,’
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it is critical to examine how concentration gradients and nonuniformities in UE, SEC, SEA, and
SEA-SEC configurations affect electrochemical performance.

Despite the potential performance benefits in charge and discharge specific capacity
offered by SEs in single-layer cells, it is important to consider a few electrode design caveats when
examining them. When single-layer cells are stacked to form larger capacity multi-layer pouch
cells, the integration of SEs increases the volume fraction of electrolyte while reducing the portion
of active materials, separators, and current collectors. While reducing the number of current
collectors and separators in a multi-layer stack can theoretically increase the energy density of a
pouch cell,'” the decrease in active material loading per volume and weight of the pouch cell stack
(gactive/Lstack and Zactive/kgstack) can lead to lower energy density (Wh/Lswack and Wh/kgsack) and
reduced capacity (Ah/Lswack and Ah/kgsack) if the SE electrolyte volume is not carefully balanced
with the active material loading. Thus, it is important to consider multiple design facets of SEs in
parallel to navigate this complex, multi-objective electrode design space. While prior experimental
and modeling studies have demonstrated improvements in charge and discharge specific capacity
(mAh/gaciive) through the use of SEA, SEC, and SEA-SEC configurations,?!-3-60:65.67.145.148 j¢
remains unclear whether these performance improvements extend to larger-scale discharge energy
density metrics (Wh/Lstack and Wh/kgsiack) and charge capacity (Ah/Lstack and Ah/kgsiack) metrics
for a multi-layer pouch cell stack. Moreover, the energy required to charge a battery’s volumetric
and gravimetric capacity (Wh per Ah/Lstack and Wh per Ah/kgsiack) must also be explored for a true
holistic analysis of charge and discharge performance.

Based on available research literature, no consistent comparative analysis has been
conducted that simultaneously examines the charge and discharge rate capabilities of SEA, SEC,

and SEA-SEC configurations, while factoring in the total weight and volume associated with the

149



“all-electrolyte” regions in SE electrodes and considering the weight and volume of the separators
and current collectors in a pouch cell stack. This analysis is critical but presents a significant
experimental and monetary investment for any battery manufacturer. Thus, this is an opportunity
where computational modeling and analysis can be leveraged to better guide battery manufacturers
on the benefits and limitations of SE configurations for EV-scale applications before significant
investment is made in experiments and future manufacturing technologies. A comprehensive
analysis in this area requires that data be collected in a consistent manner using the same material
system and computational model to obviate any comparison issues between UE, SEA, SEC and
SEA-SEC configurations. To address this need, this study investigates the impact of UE, SEA,
SEC, and SEA-SEC configurations, across a range of electrolyte volume fractions, on both the
charge and discharge performance in a single-layer cell. The specific capacity (mAh/gactive) results
for each cell configuration are then analyzed in terms of discharge energy density (Wh/Lswack and
Wh/kgsack) and charge capacity (Ah/Lswack and Ah/kgsiack) to understand performance impacts on a
hypothetical multi-layer pouch cell stack that may be used in an EV. Finally for SEA-SECs, the
physical orientation of the SE electrodes in space is analyzed to understand how relative alignment
of the “all-electrolyte” regions impacts liquid phase concentration non-uniformities. The impact

of SEA-SEC alignment on overall cell performance and future cell manufacturing is discussed.
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5.2  METHODS

5.2.1 Material Model and Reference UE Cells

A model based on a UE configuration was developed. Table 5.1 and Table 5.2 summarize
the model parameters used in this study, which were within ranges reported in literature and
adjusted for best fit to the graphiteNMC-622 experimental charge and discharge voltage profiles
from Wu et al.'*° More information on the model parameterization and validation can be found in
Appendix C. Based on experimental data from Wu et al.,'*° the anode and cathode both have a
porosity of 30%, an active material load of 13.1 mgacive/cm? for the NMC-622 cathode, and an
active material loading of 7.5 mgacive/cm? for the graphite anode. Assuming theoretical capacities
of 170 mAh/gactive for NMC-622 and 350 mAh/gactive for graphite, the negative to positive electrode
capacity ratio (N/P ratio) was calculated to be 1.14. Herein, we refer to the UE model based on
these cell parameters as UE-13 to reflect a configuration with a 13.1 mgacive/cm?* cathode active
material loading. For brevity in labeling UE model cases, only the first two digits for the cathode
active material loading are added to the UE model name. To understand the limits of higher loading,
an additional UE configuration was modeled with a cathode active material loading of 18.4
Mgactive/cm’ and an anode active material loading of 10.5 mgactive/cm?. This UE model is referred
to as UE-18 and has the same porosity and N/P ratio as UE-13. The SE electrodes modeled in this
study have a cathode active material loading of 13.1 mgactive/cm? to match UE-13 or a cathode
active material loading of 18.4 — 18.5 mgacive/cm? to match UE-18 for comparison purposes during
analysis. The active material loading for the graphite anode is either 7.5 mgacive/cm?® or between

10.5 — 10.6 mgaciive/cm? to maintain a N/P ratio of 1.14.
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Table 5.1. Model parameters used for kinetics and transport in the solid phase.

Parameter Description Units NMC-622 Graphite
D, Diffusipn m/s Equation @b112.113) 1-10-11 @151)
coefficient
o Electric = ¢ ) 12 (52 100 (199
conductivity
¢ max Maximum 3 49520 (19 30000 (113
concentration
o Initial mol/m’ 19940 (discharge)® 29451 (discharge) ®
: concentration 49200 (charge)? 1774 (charge)*®
k Reaction rate A-cm*/mol'> 1.5 @139 3.2 @159
constant
£.0 Transference 0.462 (12 0.462 (12
number
R Film O 0 (discharge)? 0 (discharge)?
film resistance 0 (charge)? 0.017 (charge)?®
Volume
Ee fraction  of N/A 0.3 150 0.3 159
liquid
Volume
&s fraction  of N/A 0.545 (159 0.648 (150
solid
Ry Particle radius m 1.8:10° 013 5.15-10° 113
p Bruggeman N/A 4. 4 @112,113,138,148) 9 5 (a,112,113,138,148)
constant ) )
aFitted to Wu et al.'>° experimental data
b DS = 5 *
104(10—2319x1°+6642x9—5269x8—3318x7+10038x6—9806x5+5817x4—2286x3+575.3x2—83.16x—9.292)
where x = - &

Table 5.2. Electrolyte and separator model parameters.

Parameter Description Units  Electrolyte
D. giﬁ%ﬁﬁ;t m’/s De — 10(_4'5227 _56.83.52.8826*03_ 0'1976*Ce) (112,113,124)
cl’ Initial . mol/m> 1200119

concentration

. .. S k(c,) = (2.184c, — 1.559¢,% + 0.3869¢,% —

K Ionic conductivity — 0.0333¢,%) 112
Parameter Description Units  Separator
N Yolqme fraction of N/A 039

liquid
p Bruggeman N/A 2 5 (112,113)

constant
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5.2.2 SE Designs

In the first part of this chapter, twenty SEA and SEC design configurations were modeled.
Each configuration focused on “line” pattern geometries with “all-electrolyte” regions in the anode
or cathode. This is one of the most studied SEs in literature and can be manufactured with co-
extrusion,®’ laser patterning,>® 3D printing,®! and other manufacturing approaches. In Chapter 4,!*
we examined how the EVF in SEC configurations impacts discharge rate capability for LIBs. EVF
is defined in Equation 1 as the ratio of liquid electrolyte volume within an SE to the volume of all
materials within an SE, assuming there are no void spaces. It was found that EVF is an important
design parameter for understanding and analyzing thick SE cathodes, and the impact of specific
SE geometries on discharge rate capability plays a secondary role to EVF when EVF values are >

64%.'32

€eVporous—electrodetVall-electrolyte
EVF = =2 Y (5.1)

Vporous—electrode +Vali-electro lyte

In Equation 5.1, €, is the volume fraction of the liquid electrolyte within the porous
electrode regions, Vyorous—electrode 18 the volume of the porous electrode regions, and
Vaii-etectrotyte 1 the volume of the “all-electrolyte” regions within a given SE. The sum of the
porous electrode regions and the “all-electrolyte” regions is the total of volume of the SE.

The SEC configurations modeled in this study have an EVF value between 40% — 60%.
Based on our prior modeling study on SECs in Chapter 4, this is the EVF range that demonstrated
optimal SEC performance improvements in energy density over a UE counterpart for a multi-layer
stack. Similarly, the SEAs were modeled across an EVF range between 35% — 60%. Since we were

designing the SEAs and SECs to have specific EVF values for the purposes of analysis, the SE

153



dimensions were adjusted by increments of 1 um appropriately with no electrode feature being
smaller than 25 um to ensure realistic manufacturing constraints. Based on prior line-patterned SE
demonstrations,>®!*? all SEs have 40 pm wide “all-electrolyte” regions, as labeled in Figure 5.2 (a)
and (b). The spacing between these “all-electrolyte” lines was then varied to enable different EVF
values for analysis. The “all-electrolyte” regions represent areas that have 100% porosity in the SE
for electrolyte to infiltrate. All electrode material regions in the SEs hold a 30% porosity to match
the UE configurations to facilitate evaluating the impact of electrode structuring on cell
performance. All dimensions and associated EVF values are summarized in Tables C-I and C-II in

Appendix C.

Anode current
collector boundary
surface

e Anode

e Cathode

o Separator

o All-electrolyte
region

Cathode current

collector boundary (a) SEA
surface

(c) SEA-SEC- (d) SEA-SEC- (e) SEA-SEC-

parallel-aligned parallel-misaligned perpendicular
Figure 5.2. Representative illustrations of the following structured electrode (SE) full cell
configurations examined in this study: (a) a SEA, (b) a SEC, (c) a SEA-SEC-180°-¢e, (d) a SEA-
SEC-180°-es, and (e) a SEA-SEC-90° design. All SEs have 40 pm wide “all-electrolyte” regions
and 25 um thick electrode layers interfacing the current collectors. The electrode thickness, ¢, and
center-to-center line spacing, s, were varied in SEAs and SECs to create a range of electrolyte

volume fractions (EVFs).
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To enable a comparative analysis, nine SEA and SEC models were defined to have a
cathode active material loading of 13.1 mgactive/cm? and an anode active material loading of 10.5
mgactive/cm? to match the loading of UE-13. The remaining eleven models have a cathode active
material loading of 18.4 — 18.5 mgacive/cm? and an anode active material loading of 10.5 — 10.6
mgactive/cm? to match the cell loading of UE-18. All SE thicknesses were adjusted as needed to
maintain a fixed cathode active material loading that aligned with UE-13 or UE-18 for a consistent
comparative analysis for SEA and SEC configurations. In addition to controlling loading, all SE
anodes and SE cathodes have a uniform layer of electrode material that is 25 um thick and attached
to the current collectors to ensure sufficient electronic conduction (see Figure 5.2 (a) and (b)).
Following the labeling scheme used for the UE configurations, the SEA and SEC configurations
are hyphenated with the cathode active material loading, and this is followed by the EVF value
used in the cathode. For example, a SEA with a cathode active material loading of 18.4 mgactive/cm?
and a SE anode EVF of 40% is labeled as SEA-18-40% for that model instance.

Once SECs and SEAs were analyzed, in the second part of this chapter, three SEA-SEC
design configurations were modeled to investigate the impact of SE geometry alignment on rate
capability when both electrodes are structured. The intent here is to understand how different
configurations of SEA-SECs impact non-uniformities at the cell level. All SEA-SECs have a
cathode active material loading of 18.4 mgactive/cm* and an anode active material loading of 10.5
mgactive/cm’. Each SE anode and SE cathode has an EVF of 51% and a uniform electrode layer that
is 25 pwm thick attached to the current collectors. As illustrated in Figure 5.2 (¢) — (e), the difference
between the three SEA-SEC design configurations is the relative alignment of the “all-electrolyte”
regions between the SE anode and the SE cathode. Figure 5.2 (¢) and (d) show two SEA-SEC

design configurations that have their line-patterned regions oriented in the same parallel direction.
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The configuration in Figure 5.2 (c) has the “all-electrolyte” regions in the SE cathode directly
opposing the “all-electrolyte” regions in the SE anode. This case is labeled as SEA-SEC-18-51%-
parallel-aligned to indicate the following four cell attributes: (1) the cell has a cathode active
material loading of 18.4 mgacive/cm?, (2) the EVF in both electrodes is 51%, (3) the line-patterned
regions in the anode and cathode run parallel to each other, and (4) the “all-electrolyte” regions in
the SE anode align directly with those in the SE cathode in the cell thickness direction. In Figure
5.2 (d), the alignment of the “all-electrolyte regions” in the SEA-SEC design is the only cell
attribute that differs from the SEA-SEC design case presented in Figure 5.2 (c); Here, the “all-
electrolyte” regions in the SE anode and SE cathode do not align in the cell thickness direction and
are shifted such that the “all electrolyte” regions in the SE cathode now oppose the electrode
material regions in the SE anode. The case in Figure 5.2 (d) is referred to as SEA-SEC-18-51%-
parallel-misaligned. The last SEA-SEC design configuration is shown in Figure 5.2 (e). Relative
to Figure 5.2 (c), this configuration has the SE anode rotated 90 degrees relative to the SE cathode
such that the “all-electrolyte” regions are now perpendicular to each other. This configuration is
labeled as SEA-SEC-18-51%-perpendicular and maintains the same loading and EVF values as
the design presented in Figure 5.2 (c). For the purposes of computational accuracy, a finer time
resolution was implemented for the SEA-SEC models to better capture the impact of
electrochemical non-uniformities on cell performance. The method for evaluating specific capacity
for these models can be found in Figure C4 in the Appendix C.

For the SEA, SEC, and SEA-SEC configurations modeled in this chapter, the smallest
possible model unit needed to capture the necessary electrochemical results was used assuming
symmetry boundary conditions."!* The current collectors were implemented as boundary

conditions in the single-layer cell models. Galvanostatic charge and discharge cycles were
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modeled using a constant voltage boundary at the anode-current collector interface and a constant
current density boundary at the cathode-current collector interface. The discharge models had a
lower cut-off voltage of 2.8 V, and the charge models had an upper cut-off voltage of 4.2 V. No
constant-voltage cycle was modeled after charging the model cells to the cut-off voltage. Details
regarding the finite element mesh generation, boundary conditions, and computing resources used
can be found in Appendix C.

All 3D electrochemical models in this chapter were single-layer cells, each comprising one
cathode, one anode, and one separator with the current collectors implemented as boundary
conditions. To provide guidance on how UE, SEA, SEC, and SEA-SEC configurations impact
larger scale batteries, irrespective of the end application, we report our multi-layer pouch cell stack
metrics on a per weight and per volume basis. Specifically, charge capacity (Ah/Lswack and
Ah/kgsiack) and discharge energy density (Wh/Lstack and Wh/kgsack) metrics were evaluated across
all cell configurations. All single-layer 3D electrochemical models were assembled into a
hypothetical multilayer pouch cell stack wherein the total stack height is fixed at 1 cm. Based on
this constraint, the total number of single-layer cells within the stack is between 40 — 69 for all
models, as reported in Tables C-III and C-IV in Appendix C. The multilayer pouch cell stack
calculations include the weight and volume of all electrodes, separators, current collectors, and the
electrolyte. Further details on the calculation methodology for the multilayer pouch cell stack can

be found in our previous publication.!3?
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5.3 RESULTS AND DISCUSSION

53.1 Impact of SEA and SEC on Discharge Specific Capacity (mAh/Qaciive) in a Single-layer

Cell

The discharge specific capacity of SEAs and SECs at 4C and 6C rates is first examined as
part of our analysis. Figure 5.3 shows the charge and discharge results, displaying the voltage
profiles at 6C as a function of specific capacity for models with an 18.4 — 18.5 mgaciive/cm? cathode
active material loading. The model results for the 4C and 6C charge and discharge specific
capacities for all models conducted in this chapter are in Table C-III and Table C-IV in Appendix
C. Compared to the SEAs in Figure 5.3 (a), the SECs in Figure 5.3 (b) demonstrate significant
improvements in discharge specific capacity relative to UE-18. Since the models had a 1.14 N/P
ratio, their theoretical discharge capacities are fundamentally limited by the number of
intercalation sites in the cathode if the anode and cathode experience similar transport and kinetic
overpotentials. The improvements in SECs over UE-18 in Figure 5.3 (b) show that the cathode
continued to drive cell discharge capacity. This indicates that the SE cathode has similar or greater
transport and kinetic resistances than the anode at 6C.

Figure 5.4 provides additional insight into the data presented in Figure 5.3. Figure 5.4
shows the end of discharge (EOD) and end of charge (EOC) Li-ion concentrations in the liquid
and solid phases for UE-18, SEA-18-50%, and SEC-18-50% at 6C rates. Both UE-18 and SEA-
18-50% exhibited a large EOD concentration gradient in the planar cathode, as shown in Figure
5.4 (b). This gradient in the solid electrode phase led to a decrease in the cell voltage, causing it to
drop below the cut-off voltage before achieving complete lithiation of the cathode. The SECs

facilitated efficient liquid-phase transport behavior within the cathode relative to UE-18, as
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evidenced from the uniform electrolyte concentration throughout the cathode thickness of SEC-
18-50% in Figure 5.4 (a). Due to improved electrolyte transport, SEC-18-50% achieved uniform
lithiation across the cathode thickness in Figure 5.4 (b), resulting in a longer discharge time and,

in turn, an improved specific capacity.
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Figure 5.3 Charge and discharge voltage versus specific capacity at a 6C rate for graphite][NMC-
622 single-layer models. (a) shows results for four SEAs with an electrolyte volume fraction (EVF)
between 35% — 60%. (b) shows results for SECs with an EVF between 40% — 60%. A conventional
reference single-layer UE cell, UE-18, is shown in black in each plot. All models shown here have

a cathode active material loading of 18.4 — 18.5 mgacive/cm’.
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In Figure 5.3 (a), the SEAs exhibited a higher discharge plateau voltage compared to UE-
18; however, the specific capacities of the SEAs were slightly lower than that of UE-18.
Comparing SEA-18-50% to UE-18 at the EOD in Figure 5.4 (a), the electrolyte in the SE anode
region in the SEA is orange and yellow, while for UE-18 it is mostly red. The color difference in
the results indicates that SEA-18-50% better facilitated electrolyte transport within the anode.
However, this improvement in transport does not necessarily correspond to enhanced Li-ion
intercalation in the cathode, since the EOD solid-phase concentrations for SEA-18-50% and UE-
18 are comparable as shown in Figure 5.4 (b). Conversely, Li-ions de-intercalated from the anode
moved quickly through the “all-electrolyte” regions in the SE anode and accumulated at the surface
of the cathode due to poor transport in the cathode. This sudden increase in local concentration led
to rapid reaction kinetics at the cathode surface, creating a more pronounced concentration gradient
and a near-depletion region, as shown in dark blue, in EOD SEA-18-50% in Figure 5.4 (a). The
near-depletion region and the surrounding high concentration gradients likely resulted in a rapid
cell voltage drop at the EOD, leading to reduced discharge specific capacity results for SEAs
compared to UE-18 in Figure 5.3 (a). These results show that careful consideration must be given
to the design of SEs. If the rate of transport and kinetics in the anode and cathode are not balanced,
SEs can lead to increases in non-uniform reaction rates and concentration gradients, which can

lower the specific capacity.
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(a) Li-ion concentration in the liquid electrolyte (mol/cm?3)
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Figure 5.4 Li-ion concentration in (a) the liquid electrolyte and (b) the solid phase at 6C end of
charge (EOC) and 6C end of discharge (EOD). All axes are units of 10! pm with the tallest single-
layer cell being 198 um. The SE model cases are labeled using the type of cell configuration, the
cathode active material loading, and the electrolyte volume fraction (EVF). For instance, SEA-18-

50% represents a SEA with an 18.4 mgacive/cm?® loading and 50% EVF.
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5.3.2  Impact of SEA and SEC on Charge Specific Capacity (mAh/Qacive) in a Single-layer

Cell

The SEAs and the SECs exhibited similar improvements in charge specific capacity
relative to UE-18, as shown in Figure 5.3. As shown in Figure 5.4 (a), at the EOC, SEA-18-50%
had a more uniform distribution of electrolyte concentration in the anode compared to UE-18. The
reduction in concentration gradient within the SE anode enabled significant improvements in
charge overpotential in Figure 5.3 (a) and prevented the cell from prematurely reaching the upper
cut-off voltage. In Figure 5.4 (b), the solid-phase concentration plot of EOC SEA-18-50% shows
more uniform gradients in both the cathode and the anode due to improved transport in the SE
anode. Similarly, the SECs enhanced the charge specific capacity by improving the liquid-phase
transport in the SE cathode. In the EOC electrolyte concentration plot in Figure 5.4 (a), SEC-18-
50% showed a lower concentration in the cathode region compared to UE-18 and SEA-18-50%,
indicating improved Li-ion transport with SE cathodes.

In Figure 5.3, the SECs had a more significant impact on the charge specific capacity than
the SEAs, which was also attributed to the N/P ratio being greater than unity. Upon closer
examination, the SEAs exhibited a more substantial reduction in charge overpotential compared
to the SECs, contributing to better charge energy conservation. An explanation for this can be
interpreted from Figure 5.4. In the SE cathode of SEC-18-50% at EOC in Figure 5.4 (a), the “all
electrolyte” regions (yellow) had a lower electrolyte concentration than the solid cathode regions
shown in red. This observation suggests that the rate of ionic transport within the SE cathode of
SEC-18-50% was lower than the rate of Li-ion de-intercalation. If the transport in the SE cathode
is further improved, the charge overpotential can be further reduced. In comparison, the SE anode

of SEA-18-50% did not have a distinct difference in electrolyte concentration between the “all
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electrolyte” regions and the solid electrode regions, indicating the rate of Li-ion electrolyte
transport in the SE anode was on par with the rate of the Li-ion intercalation reactions. With the
same EVF value, the SEA configuration is more effective in improving the anode transport than
SEC in improving the cathode transport. As shown in Figure 5.3, increasing the EVF in the SEC
from 50% to 60% resulted in a substantial improvement in charge specific capacity, while

increasing the EVF for SEAs from 50% to 60% yielded a much smaller improvement.

5.3.3  Analyzing SEA and SEC Discharge Energy Density (Wh/Lsiack and Wh/kgstacr) and

Charge Capacity (Ah/Lstack and Ah/kgack) in a Multi-layer Pouch Cell Stack

Figure 5.5 presents the charge and discharge performance of SEAs and SECs in a multi-
layer cell stack in comparison to UEs. The discharge performance metrics used for this evaluation
include volumetric and gravimetric energy density, evaluated in Wh/Lsack and Wh/kgseack,
respectively. For the charge models, volumetric and gravimetric capacity (Ah/Lstack and Ah/kgstack)
are employed, as these metrics reflect the quantity of Li-ions stored in the anode after charging.
Ah 1s a unit for a battery’s electron storage capacity while Wh is a measure of how much energy
can be delivered. Capacity (Ah) was used instead of energy (Wh) because while the charge voltage
affects charge energy utilization, it does not influence the subsequent discharge cycle once
charging is complete. The discharge energy and charge capacity were further normalized by the
total weight and volume of the multi-layer stack to enable a consistent data comparison and allow
for an analysis that can be extrapolated to different large-scale stack configurations. The weight
and volume of all models were calculated using the method described in section 5.2 and Appendix
B. In Figure 5.5, the models that have an active cathode material loading of 18.4 — 18.5 mgactive/cm?

are represented by solid lines, while those with a 13.1 mgacive/cm? cathode active material loading
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are depicted with dashed lines.
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Figure 5.5 Performance difference in discharge energy density (Wh/kgsack and Wh/Lsck) and
charge capacity (Ah/kgstack and Ah/Lsack) for (a) SEC models run at 6C, (b) SEC models run at 4C,
(c) SEA models run at 6C, and (d) SEA models run at 4C. The performance difference in each
metric is defined as the performance of the SEA or SEC subtracted by the performance of the UE
(with the same cathode active material loading) and normalized to the performance of the UE.
Models with a cathode active material loading of 18.4 — 18.5 mgaciive/cm? are plotted with solid
lines, and models with a cathode active material loading of 13.1 mgactive/cm? are plotted with

dashed lines.
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Figure 5.5 (a) and (b) present the 4C and 6C performance data for SECs compared to UEs,
while Figure 5.5 (¢) and (d) present the performance data for SEAs compared to UEs. As
previously noted, Figure 5.3 indicated both SEAs and SECs can consistently improve the charge
and discharge performance in a single-layer cell. Figure 5.5 shows the performance evaluation for
a multi-layer stack. The solid lines in Figure 5.5 (a) demonstrate that SECs within the EVF range
of 40% — 55% exhibited performance improvements over UE-18 across all charge and discharge
metrics for a multi-layer stack. More specifically, an EVF range of 50% — 55% for SECs enables
the highest overall 6C performance across all metrics evaluated (Wh/Lstack, Wh/kgstack, Ah/kgstack,
and Ah/Lstack). SEC-18-55% and SEC-18-50% exhibited improvements of 9% in charge Ah/Lstack,
17% — 20% in charge Ah/kgstack, 14% — 15% in discharge Wh/kgswck and 4% —7% in discharge
Wh/Lstack. While these results are promising, it is important to note that at an EVF of 60% in Figure
5.5 (a), SECs begin to negatively impact the multi-layer pouch cell stack performance, and SE
dimensions must be carefully considered here.

The solid lines in Figure 5.5 (c) indicate that in a multi-layer cell stack, the 18.4 — 18.5
mgaciive/cm”> SEAs exhibited charge performance improvements over UE-18; however, with the
graphite]NMC-622 material model examined in this chapter, the SEAs presented no performance
improvements in discharge Wh/Lstack and Wh/kgstack at 6C across the 35% — 60% EVF range. When
the EVF is set to 50%, SEA-18-50% displayed the highest improvements of 5% in charge Ah/Lgack
and 13% in charge Ah/kgsack, despite experiencing a -7% decrease in discharge Wh/kgstack and -
14% decrease in discharge Wh/Lsack relative to UE-18. The lower discharge energy density values
stemmed from (1) the small improvements in overpotential garnered in the SEA voltage profiles
and (2) the reduced active material loading (Zactive/Lstack and gactive/kgstack) in the cell stack, as shown

in Table 5.3. These results underscore the importance of considering all relevant charge and
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discharge metrics as well as larger-scale pouch cell properties when designing SEs and optimizing
their associated features.

Table 5.3. Stack properties, model specific capacity at 6C, and the resulting stack volumetric and
gravimetric discharge energy density and charge capacity at 6C for selected models. All model
results can be found in Tables C-III and C-1V in Appendix C. In stack properties, gactive/kgstack and
Zactive/ Lstack represent the cathode active material loading in a multi-layer cell stack.

Stack Properties Discharge Model Charge Model Results
Results
Design number  Gactive/  active/ ~ mMAh/ Wh/  Wh/  mAh/ Ah/ Ah/
of kgstack Lstack LZactive kgstack Lstack Lactive kgstack Lstack
single-
layer
cells
UE-18 53 414 1096 126 162 430 78 29 77
SEC-18-40% 50 402 1033 138 174 448 85 31 79
SEC-18-50% 46 387 955 152 186 459 98 34 84
SEC-18-60% 41 365 853 158 183 427 105 35 81
SEA-18-40% 50 400 1024 123 156 399 86 31 79
SEA-18-50% 46 384 943 124 150 369 95 33 81
SEA-18-60% 41 363 845 124 143 332 99 33 76
UE-13 69 377 1005 146 175 467 107 36 97
SEC-13-40% 65 366 946 151 178 461 120 40 102
SEC-13-50% 60 354 883 159 182 454 124 40 99
SEC-13-60% 55 337 800 161 176 418 127 39 92
SEA-13-40% 65 372 978 146 172 444 115 38 98
SEA-13-50% 60 366 946 146 166 414 119 38 94
SEA-13-60% 54 353 878 147 158 374 124 37 88

The incorporation of SEs into a multi-layer stack, while fixing the active material loading,
inevitably increases electrode thicknesses and reduces the number of cells that can fit into a fixed
stack volume. Although SEs enhanced the charge and discharge material utilization (mAh/gactive)
in a single-layer cell, their advantage in mAh/gactive and Wh/gactive can be hindered by the decrease
in the total active material (gaciive) packed into the multi-layer cell stack. This analysis highlights
that there are critical design caveats to SEs that must be carefully considered, and SEs do not

always lead to unilateral improvements in all performance metrics simultaneously. Table 5.3
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summarizes the stack properties and modeling results for selected UE, SEA, and SEC cases. The

information for all model cases is available in Table C-III and Table C-IV in Appendix C.

5.3.4  Analyzing C-rate and Active Material Loading Effects on SEA and SEC Performance in

Single-layer Cells and Multi-layer Pouch Cell Stacks

For both SEAs and SECs, regardless of the active material loading and C-rate, the most
significant performance improvements in Figure 5.5 are observed in charge Ah/kgack, and the
lowest performance improvements are seen in discharge Wh/Lgzcx. It is important to note that this
phenomenon is material dependent and multifaceted. One contributing factor is that the baseline
UE cell (UE-13), modeled after the work of Wu et al.,' exhibited a greater discharge rate
capability compared to the charge rate capability. Experimental studies in literature have reported
similar hysteresis in charge and discharge rate capability for graphiteNMC cells.!?!:13
Furthermore, the mass densities of the NMC-622 (4.80 g/cm?), graphite (2.27 g/cm?), binder (1.77
g/cm®), carbon additive (2.00 g/cm?®), separator (0.90 g/cm?), electrolyte (1.23 g/cm?), copper
current collector (8.96 g/cm?), and aluminum current collector (2.70 g/cm?) also played a role.
Incorporation of SEs into batteries increases the volume ratio of electrolyte within the single-layer
cell and reduces the overall mass density of the cell stack. Consequently, incorporating SEs
negatively affects the volumetric active material loading (gactive/Lswck) to a greater extent than the
gravimetric active material loading (Zactive/Kgsiack). As a result, volumetric charge and discharge
metrics (Ah/Lguck and Wh/Lgacr) were more adversely impacted by these stack properties than the
gravimetric metrics (Ah/kgsck and Wh/kgszack).

The EVF values that enabled the highest performance improvements at 4C are lower than

the EVF values that yielded the best performance results at 6C. For SEAs, an EVF of 35% — 40%

was found to positively impact the 4C charge capacity (Ah/Lstack and Ah/kgsack), while the SECs
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required an EVF between 40% — 50% to demonstrate performance improvements across all metrics
at 4C. A decrease in SE performance improvements (relative to UEs) across all charge and
discharge metrics is observed when the C-rate is reduced from 6C to 4C, as seen by comparing
Figure 5.5 (a) and (c) with Figure 5.5 (b) and (d). This reduction in performance improvements is
attributed to lower transport resistances in UE-18 at 4C compared to 6C. The SEs, thus, yielded
less improvements at the lower C-rates. This observation aligns with the findings of Habedank et
al.,” which highlighted that SEAs exhibited a restricted C-rate window that facilitated
improvements in discharge capacity (mAh/cm?) over a conventional UE configuration.

Next, in Figure 5.5, we investigated the effect of active material loading by comparing the
lower active material loading, 13.1 mgacive/cm? cases (represented by dashed lines) to the higher
active material loading, 18.4 — 18.5 mgacive/cm? cases (drawn in solid lines). Compared to the
higher loading SE cases, the 13.1 mgactive/cm? SEAs and SECs maintained a higher percentage of
the volumetric and gravimetric cathode active material loading (gactive/Lstack and Zactive/Kgstack) OVer
the UE case. This is an advantage of the lower-loading cases, and it led to a higher 6C discharge
energy density in Figure 5.5 (c), where the blue and orange dashed lines are positioned above their
solid line counterparts. In all other conditions examined, the 13.1 mgacive/cm®> SEs generally
demonstrated less performance improvements than the 18.4 — 18.5 mgacive/cm? SEs. Since UE-13
had a specific capacity closer to the NMC-622 theoretical capacity at 4C, the potential for
improvements using an SE was more constrained (see Table 5.3). Similar to the higher-loading
cases, the 13.1 mgacive/cm? cases exhibited more performance improvements at 6C compared to
4C, although the difference is less pronounced, indicating the impact of C-rate decreases with
lower active material loading.

For the 13.1 mgacive/cm? active material loading scenario at 4C and 6C, there was no SEA
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or SEC case where improvements were observed across all four metrics (charge Ah/Lstack, charge
Ah/kgstack, discharge Wh/Lsack, and discharge Wh/kgsiack) evaluated in this study. The most
favorable outcomes were achieved with SECs that had a 40% — 50% EVF range at 6C rates. This
yielded improvements of approximately 8% in charge Ah/kgstack, 2% — 5% in charge Ah/Lstack, and
2% — 4% in discharge Wh/kgswck. However, there was a decrease in discharge Wh/Lstack of -3% —
-1%. Based on these results, it is concluded that the integration of SEs into full cells with cathode
active material loadings below 13.1 mgacive/cm? will likely offer no performance benefit in
discharge energy density or charge capacity at rates slower than 4C. This C-rate and active material

loading result is consistent with prior research outcomes in existing literature. %%

53.5  Impact of SEA-SEC on Discharge Energy Density (Wh/Lswuck and Wh/kgswcr), Charge
Capacity (Ah/Lsack and Ah/kgsiack), and Charge Energy Usage (Wh spent per Ah/Lsuack

stored and Wh spent per Ah/kgsuck stored)

SEA-SECs, which contain SE anodes paired with SE cathodes, were modeled to investigate
the combined effects of electrode structuring on the charge and discharge performance in a multi-
layer pouch cell stack. Based on the analysis for SEA and SEC multi-layer stacks, the best
performance improvements found for each charge and discharge metric evaluated in this study
requires a slightly different EVF value. However, the EVF values for the best cases fell within a
narrow range of 50% — 55%; thus, a 51% EVF was chosen as it offers the best balance in
performance between all the charge and discharge metrics evaluated in the prior sections. To
facilitate a SEA-SEC analysis, two additional SEC and SEA models were established to serve as
comparison points for analysis: SEC-18-51% and SEA-18-51%. Both cases have a cathode active
material loading of 18.4 mgacive/cm® and an anode active material loading of 10.5 mgacive/cm?. The

SEA-SEC models incorporated SE cathodes and SE anodes with electrode thicknesses and line
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spacings matching those of the SE cathode in SEC-18-51% and the SE anode in SEA-18-51%. As
described in section 5.2.2, three different SEA-SEC configurations were modeled based on their
relative anode and cathode alignment: SEA-SEC-51%-parallel-aligned, SEA-SEC-51%-parallel-
misaligned, and SEA-SEC-51%-perpendicular. All SEA-SEC configurations have an EVF value
of 51% in the anode and an EVF value of 51% in the cathode.

Figure 5.6 (a) presents the volumetric versus gravimetric discharge energy density for UE-
18, SEA-18-51%, SEC-18-51%, and all three SEA-SEC cases. Performance at a discharge rate of
4C is indicated with diamond markers, while performance at a discharge rate of 6C is represented
by the round markers. The results in Figure 5.6 (a) reveal that the SEC configuration provided the
most performance improvements, demonstrating discharge energy density gains over UE-18 of 6%
in 6C Wh/Lstack, 15% in 6C Wh/kgstack, 0.3% at 4C Wh/Lstack, and 22% in 4C Wh/kgsack. In contrast,
while the SEA-SEC configurations resulted in 10% — 15% improvements in gravimetric energy
density (Wh/kgsiack) at 4C and 6C rates, the SEA-SECs led to a decrease of -12% — -4% in
volumetric energy density (Wh/Lstck) compared to UE-18. Among all the configurations, the SEA
exhibited the lowest discharge energy density, exhibiting a decline of -15% — -13% in Wh/Lytack at
both C-rates and -7% Wh/kgstack at 6C, despite a 7% improvement in Wh/kgstack at 4C over the UE.

The EOD lithiation in the cathode at 6C, illustrated in Figure 5.7 (b), suggests that the SEA-
SEC configurations exhibited similar active material utilization to the SEC configuration. As
presented in Table 5.4 and the discharge profiles in Figure C3 in Appendix C, the SECs and the
SEA-SECs demonstrated a specific discharge capacity close to 160 mAh/gacive at 4C and 6C,
indicating nearly full active material utilization. Structuring both electrodes (SEA-SEC)
maintained a higher discharge plateau voltage and slightly enhanced discharge specific energy

(Wh/gaciive). We believe these results demonstrate the limit of SEA-SECs on improving the
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discharge voltage profiles for the graphite]NMC-622 material system studied. Structuring both
electrodes resulted in increased cell thickness and additional overpotential. This is important to
acknowledge because electrode thickness has been found to impact the rate capability of SEs.?
Therefore, it is not unexpected that the SEC provided the best overall performance in discharge
energy density, given the modest improvement in discharge specific capacity achieved by the SEA-
SECs over the SEC and the corresponding reduction in gactive/k@stack and Zactive/Lstack associated with

structuring both electrodes (see Table 5.4).
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Figure 5.6 (a) Discharge gravimetric and volumetric energy density and (b) charge volumetric and
gravimetric capacity results for UE-18, SEA-18-51%, SEC-18-51%, and three SEA-SEC cases
(SEA-SEC-18-51%-parallel-aligned, SEA-SEC-18-51%-parallel-misaligned, and SEA-SEC-18-
51%-perpendicular as illustrated in Figure 5.2). All cases have a cathode active material loading

of 18.4 mgactive/cm?.
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Regarding charge performance, as depicted in Figure 5.6 (b), the SEA-SEC configurations
exhibited the highest charge capacity (Ah/kgstack and Ah/Lstack) at 6C compared to all other designs,
demonstrating improvements of 14% — 33% over the UE. At a 4C charge rate, although the SEA-
SEC cases maintained a 6% — 7% advantage in gravimetric charge capacity (Ah/kgstck), their
volumetric charge capacity (Ah/Lsack) was -8% — -7% lower than that of UE-18. Compared to the
SEA-SECs, the SEC exhibited less charge performance improvements; however, the
improvements were still noteworthy, with an increase of 10% in Ah/Lstack at 6C, 19% in Ah/kgstack
at 6C, a decrease of -2% in Ah/Lsuck at 4C, and an increase of 6% in Ah/kgswck at 4C. None of the
structured configurations outperformed the UE configurations in terms of volumetric charge
capacity at a 4C charge rate, highlighting the limitation of SEs at slower C-rates. This is not
surprising given at lower C-rates, an electrode often realizes close to its theoretical capacity. At
this point, the weight and volume of the entire multi-layer stack, which includes the current
collectors and separators, begins to have a more dominant effect on the stack performance.

The SEA-SECs exhibited improvements in both charge overpotential and specific capacity
over UE-18 in a single-layer cell, as shown in Figure C3 in Appendix C, due to improved Li-ion
transport in both SE cathode and SE anode. As shown in the EOC concentration plots in Figure
5.7 (a), the SEA-SECs demonstrated improved electrolyte concentration gradients in the SE anode
compared to SEC-18-51%, which had a planar anode. The resulting solid-phase concentration at
EOC, shown in Figure 5.7 (b), indicates that the SE anodes in the SEA-SEC configurations
exhibited higher lithiation, as represented by the dark green color. Likewise, the SE cathodes in
the SEA-SECs showed lower Li-ion concentration and a smaller gradient compared to the planar
cathode in SEA-18-51%, suggesting more effective ionic transport and de-lithiation. However, the

SEA-SECs experienced a -25% reduction in gactive/Lstack and a -14% in gactive/kgstack reduction
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compared to UE-18 (see Table 5.4), diminishing the benefits of improved lithiation when

calculating the overall volumetric and gravimetric charge capacity in a multi-layer pouch cell stack.
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Figure 5.7. Li-ion concentration in the (a) liquid electrolyte and (b) solid phase at the end of charge
(EOC) and the end of discharge (EOD) at 6C for SEA-18-51%, SEC-18-51%, and three SEA-
SECs (SEA-SEC-18-51%-parallel-aligned, SEA-SEC-18-51%-parallel-misaligned, and SEA-
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SEC-18-51%-perpendicular, as illustrated in Figure 5.2). All cases have a cathode active material

loading of 18.4 mgctive/cm?.
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The SEA-SECs exhibited improvements in both charge overpotential and specific capacity
over UE-18 in a single-layer cell, as shown in Figure C3 in Appendix C, due to improved Li-ion
transport in both SE cathode and SE anode. As shown in the EOC concentration plots in Figure
5.7 (a), the SEA-SECs demonstrated improved electrolyte concentration gradients in the SE anode
compared to SEC-18-51%, which had a planar anode. The resulting solid-phase concentration at
EOC, shown in Figure 5.7 (b), indicates that the SE anodes in the SEA-SEC configurations
exhibited higher lithiation, as represented by the dark green color. Likewise, the SE cathodes in
the SEA-SECs showed lower Li-ion concentration and a smaller gradient compared to the planar
cathode in SEA-18-51%, suggesting more effective ionic transport and de-lithiation. However, the
SEA-SECs experienced a -25% reduction in gactive/Lstack and a -14% 1in Zactive/Kgstack reduction
compared to UE-18 (see Table 5.4), diminishing the benefits of improved lithiation when
calculating the overall volumetric and gravimetric charge capacity in a multi-layer pouch cell stack.

The alignment of SE cathode and SE anode geometries in the SEA-SECs, shown in Figure
5.2 (d) — (), resulted in minimal performance variations, with result differences ranging from 0.3%
to 1.4% in the discharge energy density and charge capacity. Since all SEA-SECs had the same
Gactive/Kgstack and Zactive/Lstack, performance trends observed will be the same at the single-layer cell
level and multi-layer stack level. Although these performance differences are minor, a trend was
observed across all metrics, where SEA-SEC-18-51%-parallel-aligned consistently outperformed
other configurations. SEA-SEC-18-51%-parallel-misaligned showed the lowest performance with
an increase of approximately 10 mV overpotential across the charge and discharge voltage profiles,
as shown in Figure C4 in Appendix C. These results present an interesting insight for battery
manufacturers and researchers investigating experimental implementations of SEs. When

employing SEA-SEC design configurations, if one cannot position the micrometer-scale SE
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cathode and SE anode “all electrolyte” regions to have perfect parallel alignment, then positioning
the SE electrodes in a perpendicular manner as shown in Figure 5.2 (e) offers almost the same
performance benefits but more manufacturing flexibility during cell assembly. Thus, aligning the
SE line geometries in a perpendicular manner may be the most feasible approach going forward
for battery manufacturers, as it helps mitigate the risk of creating significant gradients in the

electrode thickness (z) direction due to misalignment.

Table 5.4. Cathode active material loading in a multi-layer cell stack (gactive/kgstack and
Zactive/ Lstack), model charge and discharge specific capacity (mAh/gacive) at 4C and 6C, and the
charge energy usage per specific capacity stored (Wh per Ah/kgsiack and Wh per Ah/Lgtack) for

UE-18, SEA-18-51%, SEC-18-51%, and all SEA-SEC models.

6C charge  6C charge
6C Wh used Wh used
. gactive/ gactive/ . 6C charge
Design Case K L discharge mAh/g.. Der per
Estack stack mAh /gactive Lactive Ah /kgstack Ah/Ltack
stored stored
UE-18 414 1096 126 78 5.64E-05 1.49E-04
SEC-18-51% 384 943 153 100 5.66E-05 1.39E-04
SEA-18-51% 383 935 124 95 5.57E-05 1.36E-04
- -18-51%.-
SEA-SEC-18-51%- 357 g5y 156 120 S62E-05  1.9E-04
parallel-aligned
- -18-51%-
SEA-SEC-18-51%- 357 g5y 156 18 S63E-05  1.9E-04
parallel-misaligned
- - - 0 -
SEA-SEC .18 51% 357 822 156 119 5.63E-05 1.29E-04
perpendicular
4C charge  4C charge
4C Wh used Wh used
. gactive/ gactive/ . 4C Charge
Design Case K L discharge mAh/e.. PET per
Estack stack mAh /gactive Lactive Ah /kgstack AN/ Latack
stored stored
UE-18 414 1096 138 110 5.55E-05 1.47E-04
SEC-18-51% 384 943 160 126 5.49E-05 1.35E-04
SEA-18-51% 383 935 141 122 5.38E-05 1.31E-04
- - - 0 -
SEA-SEC-18-51%- 357 957 160 137 5.53B-05  1.27E-04
parallel-aligned
- -18-51%-
SEA-SEC-18-51%- 557 059 160 136 5.53E-05  127E-04
parallel-misaligned
- -18-51%-
SEA-SEC-18-51%- 357 957 160 137 5.53B-05  1.27E-04

perpendicular
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The impact of SE alignment on SEA-SEC cell performance can be further seen in the
concentration plots. As illustrated in the yellow regions in Figure 5.7 (a), at the EOD, wave-like
concentration gradient patterns developed in the x-y plane within the separator regions of the SEA-
SECs. The SEA-SEC aligned in parallel exhibited a 1D gradient that was uniform in the y-direction.
Conversely the perpendicular alignment for SEA-SEC-18-51%-perpendicular displayed a 2D
gradient in the x-y plane. SEA-SEC-18-51%-parallel-misaligned resulted in the most substantial
fluctuations in the z-direction gradient, which led to lower specific capacity (mAh/gactive) and
increased overpotential as mentioned previously. In comparison, the gradients in the z direction
for SEA-SEC-18-51%-parallel-aligned and SEA-SEC-18-51%-perpendicular were less
pronounced. It is worth noting that the SE anode and SE cathode in these SEA-SECs had the same
“all-electrolyte” region width and spacing (s in Figure 5.2). If the SE cathode and SE anode have
mismatched feature sizes, or if they have larger feature sizes, the concentration gradient resulting
from SE geometry alignment will likely increase, thereby impacting the overall cell performance
more.

In Table 5.4, we report additional metrics to evaluate the charge energy consumption (Wh)
per specific capacity stored (Ah/kgsiack and Ah/Lstack) at 4C and 6C. These metrics evaluate how
efficient energy is utilized to charge a battery and account for the effects of the charge voltage
trajectory. If a battery requires a higher average voltage to charge, it indicates a lower efficiency
in utilizing the charge energy. In Table 5.4, the “charge Wh used per Ah/kgstck stored” column
shows that all SEs enhanced gravimetric charge efficiency by 7% — 14%. In comparison, the
“charge Wh used per Ah/Lguack stored” column in Table 5.4 indicates that all SEs maintained a
similar volumetric charge efficiency within a 3.2% variation to the UE. The SEA-SECs

demonstrated the best improvements in charge efficiency, with a reduction of -14% — -13% in
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charge energy expenditure per Wh/kgsck of stored capacity over UE-18. In comparison, SEA-18-
51% showed a reduction of -11% — -9% energy used to charge per Ah/kgstack, and SEC-18-51%
required -8% — -7% less energy to charge per Ah/kgsck. Overall, the SEA-SECs demonstrated the
most advantages in charge energy utilization and charge capacity (Ah/Lswack and Ah/kgstack) for a

multi-layer pouch stack, while the SECs provided more improvements in discharge energy density

(Wh/Lstack and Wh/kgstack).
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5.4 CONCLUSION

This Chapter presented a holistic computational study analyzing the isolated and combined
effects of electrode structuring in the anode and the cathode of a Li-ion battery made from
graphite|LiNio.sMno.sCo00.20>. Three types of electrode configurations were analyzed: SEAs, SECs,
and SEA-SECs. For the purposes of analysis, to understand the impact of EVF and electrode
structuring on charge and discharge performance, all SEs had a line-patterned electrode geometry.
For all cell configurations, charge and discharge specific capacity (mAh/gaciive), discharge energy
density (Wh/Lstack and Wh/kgsack), and charge volumetric and gravimetric capacity (Ah/Lswack and
Ah/kgsiack) were modeled and comparatively examined. Single-layer cells were modeled in 3D
using VIBE-AMPERES and a multi-layer pouch cell stack analysis was conducted thereafter to
understand performance impacts at larger scales relevant to EVs. The graphite]NMC-622 material
model was based on experimental data from literature,'>® and our results confirm that a UE cathode
exhibits higher but still comparable ionic transport and kinetic resistances to a UE anode for this
particular material model. In the single-layer cells, SEAs and SECs improved ionic transport in
the electrolyte phase, leading to reduced overpotential in the charge and discharge voltage profiles
for these cell configurations. With increasing EVFs, SEAs and SECs demonstrated less charge and
discharge overpotential. Our results show that SECs enhanced both charge and discharge specific
capacity of a cell relative to the UE counterpart. In comparison, SEAs only showed improvements
in charge specific capacity but exhibited a lower discharge specific capacity over the UE. This is
because SEAs facilitated an imbalance in anode and cathode ionic transport resistances during
discharge, which led to deterioration of the reaction and concentration gradients within the cathode.
This resulted in lower specific capacity results for the SEAs when compared to the UEs.

When a multi-layer pouch cell stack was analyzed, the SECs exhibited improvements
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across all performance metrics, including 6C discharge energy density (Wh/Lstack and Wh/kgstack)
as well as charge capacity (Ah/Lstack and Ah/kgstack). Within the 40% — 60% EVF range studied, the
SECs with a 50% — 55% EVF value showed performance improvements over the UEs of 9% in
charge Ah/Lsack, 17% — 20% in charge Ah/kgstack, 14% — 15% in discharge Wh/kgstack, and 4% —
7% in discharge Wh/Lstack, all at 6C rates. In contrast, the SEAs demonstrated an increase in charge
capacity but a reduction in discharge energy density relative to the UE. For the SEAs, a 50% EVF
yielded the largest gain in charge performance, achieving improvements of 5% in charge Ah/L and
13% in charge Ah/kgstack. It is important to note that these improvements were accompanied by a
decrease in discharge Wh/kgstck of -7% and a decrease in discharge Wh/Lstck of -14%. This is due
to the lower active material loading (gactive/Lstack and Zactive/kgstack) Within the multi-layer stack with
SEs. At the 4C rate, SEAs and SECs demonstrated performance improvements, but on a smaller
scale relative to the 6C rate results, confirming that electrode structuring and higher EVFs benefit
cell performance at higher rates. SEAs and SECs with a cathode active material loading less than
13.1 mgaetive/cm? will likely not yield performance benefits in discharge energy density and charge
capacity at 4C and slower rates, confirming the benefit of SEs will be observed at higher material
loadings.

The SEA-SEC design configurations improved material utilization at 4C and 6C more
significantly than the SEA and SEC configurations. However, the lower stack active material
loading (gactive/Lstack and  gactive/kgstack) 0of the SEA-SEC configurations diminished these
improvements in a multi-layer pouch cell stack. When focusing solely on gravimetric metrics, the
SEA-SECs, with a cathode active material loading of 18.4 — 18.5 mgacive/cm? in the single-layer
cell, demonstrated improvements of 10% — 15% in discharge Wh/kgstack and 6% — 33% in charge

Ah/kggack relative to the UE counterpart. Furthermore, the analysis of charge energy used per
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capacity stored indicated that SEA-SECs charge more efficiently than UEs, with improvements of
0.1% — 0.4% charge Wh usage per Ah/Lswack and a notable 13% — 14% improvement in charge Wh
consumed per Ah/kgstack stored. Nevertheless, these performance enhancements were accompanied
by performance decreases of -12% — -4% in discharge Wh/Lsack at both C-rates and -8% — -7% in
charge Ah/Lsack at 4C. In contrast, the SEC configuration exhibited the best overall performance,
with improvements of 0.3% — 22% across all metrics, although there was a slight reduction of 2%
in charge Ah/Lstack at 4C and a 0.3% decrease in energy efficiency per Ah/Lstack charged at 6C.
Lastly, the alignment of the SE line geometry on SEA-SEC performance appeared to have
a small but consistent impact on performance based on the cases analyzed in this chapter; its impact
may become more significant with different SE feature sizes. The concentration gradient created
in the electrode thickness direction negatively impacts specific capacity at the cell level. Based on
these results, we recommend aligning the “all-electrolyte” regions in the anode and cathode as
shown in Figure 5.2 (c¢) to minimize concentration gradients that may negatively impact
electrochemical performance. If perfect alignment of the um-scale features is not achievable,
aligning the SE line structures in a perpendicular manner as shown in Figure 5.2 (e) may, from a

manufacturing perspective, facilitate assembly benefits over the orientation shown in Figure 5.2

().
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Chapter 6. MODELING AND ANALYSIS OF LITHIUM PLATING

6.1 INTRODUCTION

This chapter addresses Research Question 2b from Chapter 1 and investigates the impact
of 3D electrode architecture on lithium plating behavior. Lithium plating is a phenomenon that
occurs during charging, where Li-ions deposit as metallic lithium on the anode surface instead of
intercalating into the anode material.'**!>> Once lithium plating occurs, it can severely degrade the
performance of a LIB cell by causing irreversible capacity losses and reductions in rate capability.
This phenomenon also raises safety concerns for cell manufacturers as plated lithium can form
dendrites and eventually puncture through the separator layer, short-circuiting a cell and causing
thermal runaway.'*®!>7 Lithium plating is an anode-centric issue that occurs when the local
potential in the anode drops below 0 V (versus lithium). Graphite anodes paired with the following
cathode materials have all exhibited lithium plating phenomena: LFP, Lithium Manganese Oxide
(LMO), Lithium Cobalt Oxide (LCO), Lithium Nickel Cobalt Aluminum Oxide (NCA), NMC-
111, NMC-532, NMC-622, and NMC-811."%*

It is important to note that Lithium plating is more likely to occur under fast charge
conditions (above a 1C rate) and at temperature lower than 0°C, where electrochemical non-
uniformities in Li-ion concentration are more substantial and may locally lower the potential of
graphite below 0 V.%° Previous research studies have observed a reduction in lithium plating caused
by structuring the anode using a computational voltage relaxation analysis *° and experimental
post-mortem imaging.?!° Each study has concluded that a SEA configuration, as defined in
Chapter 5, leads to improved cycle life performance. The authors attributed this performance

improvement to a reduced concentration gradient in the structured anode compared to the planar
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counterpart. While experimental operando investigations have been conducted to understand the

conditions and scenarios that trigger the onset of lithium plating,'>®16°

modeling can provide
another means to examine this phenomenon early on in the cell design process. In this chapter, a
3D lithium plating model, coupled with the electrochemical model described in section 1.2.3, is
developed using the 3D volume-average formulation. The model is implemented in VIBE-

AMPERES to capture the onset time and location of lithium plating in the UE, SEA, and SEA-SEC

configurations defined in Chapter 5.

6.2 METHODS

6.2.1 3D Volume-averaged Model for Lithium Plating

To investigate the impact of SEs on lithium plating, the 3D electrochemical model in V/BE-
AMPERES must be modified to include physical equations that describe lithium plating
mechanisms. A physics-based lithium plating model, initially developed by Aurora et al.'®! and
later expanded by Ge et al.,'®* estimates the occurrence of lithium plating by calculating the plating
overpotential 17,,,, in Volts. In Equation 6.1, ¢ is the potential in the solid phase, ¢, is the
potential in the liquid phase, and Uj; jmetar 18 the open-circuit potential of lithium metal. Using
lithium as a reference point to evaluate potential, Uj; metqr 1S cOmmonly assumed to be zero.
A¢sim represents the potential drop caused by any existing plated lithium metal on the active

material particles.

Npla = ¢bs — be — ULi metar — Aq")film (6.1)
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If the plating overpotential 1,4 is less than zero, there exists a plating current (in units of
A-cm?), Jpia- In Equation 6.2, a is the specific area in units of cm’! as defined in Equation 1.2,
lo,pia 18 the exchange current density for lithium plating reaction in units of A-cm?, and T is the

cell temperature in units of K. F is the Faraday’s constant in units of C-mol™ and R is the ideal gas

constant in units of J-K-'mol™.

jpla = min {Or aiO,pla [exp (% npla) — exp (_ %) npla]} (6.2)

The potential drop across the plated film, Agf;;,, can be calculated with Equation 6.3,
where &1, is the thickness of the deposited film and Ky, is the electric conductivity of the film.
The thickness of the plated film will grow as time proceeds and is modeled with Equation 6.4,
where M;; is the molar mass of lithium in g:mol™, a is the specific area of the particle size as
defined in Equation 1.2, and p;; is the mass density of lithium metal in g-cm™. Note that in
Equation 6.4, the plating current j,;, in A-cm? denotes the volumetric current density at the solid-
liquid phase boundary. Dividing the plating current by Faraday’s constant returns the moles of
electrons transferred per second per electrode volume, as presented by units of mol-s'-cm™. Since
lithium plating is a single-electron transfer reaction, the moles of electrons transferred is equal to
the moles of Li-ions plated. Further multiplying this expression by the molar mass, M;;, and
dividing it by the specific area, a, yields the mass of lithium plated per second per electrode surface
area, represented by units of g-s'-cm™. The rate of change in lithium plating thickness is then
calculated by dividing this term by the mass density, p;;, assuming lithium deposits uniformly on

all electrode surface area within the finite element volume. With this assumption, the variability
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in the lithium plating thickness can only be captured at a length scale that is larger than the size of

a single finite element used in the mesh discretization.

. 8 ilm
A¢film = Jpla K;im (6.3)

=l 64

In conventional planar LIBs, engineers attempt to set an upper cut-off voltage, an operating
charge current range, and a temperature range that will mitigate or avoid the occurrence of lithium
plating. Prior modeling research has focused on capturing the onset time of lithium plating in
response to C-rates and temperature gradients in the electrode thickness direction. Based on
publicly available research literature, prior lithium plating models have been primarily formulated
into pseudo-2D (P2D) implementations.'¢"1%* Vishnugopi et al. modeled lithium plating in planar
graphite]NMC-111 cells using a P2D formulation and identified ranges of electrode porosity and
C-rates that can avoid lithium plating at temperatures of -10°C, 0°C, and 25°C.!%* Carelli and
Bessler combined a 1D thermal model and a P2D plating model for a LIB pouch cell made with a
graphite anode and a NCA and LCO composite cathode.!®®> Their P2D models examined lithium
plating at different locations along the electrode thickness and across the anode particle radius. In
this chapter, the lithium plating model in Equations 6.1 — 6.4 was formulated using the 3D volume-
average method and coupled with the existing 3D electrochemical models in Equations 1.17 — 1.24
to allow for an investigation of the 3D spatial distribution of lithium plating in SEs. The resulting
3D volume-average lithium plating model is presented in Equations 6.5 — 6.17 and implemented
in VIBE-AMEPRES.
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Equations 6.5 and 6.6 model the conservation of mass within the system and were adapted
from Equations 1.22 and 1.23. Equation 6.5 describes the transient behavior of Li-ion
concentration within the electrolyte phase as a function of the diffusion, the intercalation reaction,
and the plating reaction. Since lithium plating does not directly interact with the solid phase of the
porous electrode, the equation used to model the solid-phase Li-ion concentration in the coupled
electrochemical-plating model, Equation 6.6, is identical to Equation 1.23 used in the

electrochemical model.

1-t . .
=V (€eDeerfV < co >) + (F—+)(< Jine > +<Jpia >) (6.5)

0ee<ce>
at

0&5<Cs qpe>
ot

=V (&DserrV < Coave >) — L2 (6.6)

Equation 6.7 introduces an additional physical quantity that does not exist in the
electrochemical model, which is the 3D volume-averaged concentration of plated lithium metal in
the representative volume element (RVE), < ¢;; metqr =, in mol-cm™. Due to the static nature of
our finite element mesh setup, our model does not create a new domain for the plated lithium
phase. Instead, < c;; meta; > 15 developed as an artificial concept to capture the mole of Li-ions
that are converted into lithium metal. Using Equation 6.8, the average concentration of lithium
metal within the representative volume can be used to calculate the average thickness of the plated

lithium on the surface of the spherical anode active material particles.

0<CLimetal™ Jpla
— = —== (6.7
at F ( )
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M
6pla = E < CLimetar > (6.8)

The electrochemical potential in the solid and liquid phases are governed by Equations 6.9
and 6.10 following the general form of Ohm’s law. In a coupled electrochemical-plating model,

the local potential gradients are correlated to the local intercalation reactions and plating reactions.

2RT dl . .
V- (EeKeffV < e > +<~zeKT(t9r -1) (1 + dl::e) V <lnc, >) = = (<Jme > +<Jpia >)
(6.9)

V- (e50erfV < s >) = (< jine > +<Jjpia >) (6.10)

Two sets of kinetic equations are used in the coupled electrochemical-plating model.
Equations 6.11 — 6.13 model the intercalation reaction current based on Butler-Volmer
relationship, and they are identical to Equations 1.17 — 1.19 in the electrochemical model from
Chapter 1. In this implementation, lithium plating is considered to be the only source of film
resistance. Therefore, Equation 6.14 describes film resistance as the thickness of the plated lithium

metal divided by its conductivity.

g,intF c,intf

< Jine >= @igpe[e” kT Nnt) — o™k Mint] (6.11)

fo,me = Kine < Co ™ > (Cgmax —< Cs >)%aint < ¢ %M > (6.12)

<.in>
JintZ R eitm  (6.13)

a

Nint = < ¢ps > =< e > —Upcp —
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Spla
Rpjym = —2%— (6.14)

KLimetal

Equations 6.15 — 6.17 describe the plating reaction kinetics. A Butler-Volmer relationship
is used, and an asymmetric forward and backward reaction kinetic for lithium plating is assumed
with a ratio of 0.3:0.7 in Equation 6.15. These kinetic constants indicate that the forward reaction
that results in lithium deposition has a higher probability of occurring than the backward reaction,

where the plated lithium metal dissolves into ionic form in the electrolyte.

03F _07F
< Jpia >= min (0, aig piq[e RTP@ — e TRTP]) (6.15)

lopia = @kyig < €, *7'* > (6.16)

_ <Jpla>
a

Mpla = < bs > —< o > Rfilm (6.17)

6.2.2 SE and Conventional Pouch Cell Parameterization

As illustrated in Figure 6.1, one UE, two SEA, and two SEA-SEC configurations were
modeled. These are the same cell configurations defined in Chapter 5, where a UE consists of a
uniform anode and a uniform cathode, a SEA has a structured anode paired with a planar cathode,
and a SEA-SEC has both electrodes structured. The models in this chapter use a labeling
convention where their cell configuration name (UE, SEA, or SEA-SEC) is noted first and is then
followed by the anode thickness and the cathode thickness. All SEs modeled in this chapter have

a grid patterned electrode geometry. A reference UE configuration is shown in Figure 6.1 (a). This
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case is labeled as UE-68-60, where the anode is 68 um thick and the cathode is 60 um thick,
yielding an N/P ratio of 1.17. UE-68-60 was designed to match the graphiteNMC-532 cell
fabricated by Chen et al.?! The cell parameters from Chen et al.’s are summarized in Table 6.1 and
Table 6.2; The associated transport and kinetic properties from Table 4.1 and Table 4.2 in Chapter
4 were reused for the models in this chapter. Initial solid-phase concentrations, also reported in
Table 6.1, were selected such that the NMC-532 material modeled has an SOC close to one in the

beginning of charge, while the graphite has an SOC close to zero.

e Anode e Cathode o Separator o “All-electrolyte” region

TF5 um
(a) UE-68-60 (b) SEA-68-60 (c) SEA-76-60
Anode thickness: 68 um Anode thickness: 68 um Anode thickness: 76 um
Cathode thickness: 60 um Cathode thickness: 60 um Cathode thickness: 60 um
N/P ratio: 1.17 N/P ratio: 1.05 N/P ratio: 1.18

(d) SEA-SEC-68-62-misaligned (e) SEA-SEC-68-62-aligned

Anode thickness: 68 um Anode thickness: 68 um
Cathode thickness: 62 um Cathode thickness : 62 um
N/P ratio: 1.05 N/P ratio: 1.05

Figure 6.1 Illustrations of (a) UE-68-60, (b) SEA-68-60, (c) SEA-76-69, (d) SEA-SEC-68-62-
misaligned, and (e) SEA-SEC-68-62-aligned. The x-y-z coordinates can be found near (b). These
are the five cases modeled in this chapter. All models had a fixed cathode active material loading

of 17.5 mgactive/cm?.
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The SEA-68-60 configuration shown in Figure 6.1 (b) has the same electrode thicknesses
as UE-68-60.2! Modeled after Chen et al’s SEA design, the base layer thickness of the SE anode
is 5 um, and the spacing between the “all-electrolyte” regions is 85 um for SEA-68-60, as labeled
in Figure 6.1 (b). In Chen et al.'s study, the SE anode grid patterns were manufactured using laser
ablation, resulting in circular, cone-shaped “all-electrolyte” regions with a smaller width closer to
the anode-current collector interface. To reduce the impact on computational resources, the SE
anodes and SE cathodes modeled in this chapter have square columnar shape “all-electrolyte”
regions with a uniform width. In addition, Chen et al.’s SEA cell had a ~10% less anode mass than
their UE cell. To match this information, the “all-electrolyte” region width for the SE anode in
SEA-60-68 was calculated to be 28 um, as labeled in Figure 6.1 (b). All SE anodes and SE cathodes
in this chapter utilize the same “all-electrolyte” region width, base layer thickness, and spacing
between the “all-electrolyte” regions to help facilitate a comparative analysis between models. All
models had a fixed cathode active material loading of 17.5 mgactive/cm* and are described further
below.

Due to the 10% reduction in anode mass, SEA-68-60 had a lower N/P ratio of 1.05
compared to UE-68-60. The N/P ratio has a strong correlation to lithium plating, where a higher
N/P ratio lowers the chances of lithium plating occurrence. 1163166 Chen et al. found their SEA,
having a lower N/P ratio relative to the UE configuration, still demonstrated a reduction in lithium
plating.?! To understand the impact of electrode architecture versus the effects of N/P ratio on
lithium plating, a SEA with a 76 pm thick anode, a 60 um thick cathode, and a N/P ratio of 1.18,
was modeled as shown in Figure 6.1 (c) and labeled as SEA-76-60. The base layer thickness, the
width, and the spacing of the “all-electrolyte” regions in SEA-76-60 are the same as SEA-68-60.

Since the geometric resolution for the models is set to 1 um, adjustments to the cell configurations
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were made in increments of 1 um. As a result, the N/P ratio of SEA-76-60 is 1.18 and will not be
1.17 to exactly match UE-68-60. Finally, two SEA-SEC models were created with the same active
material mass loading and N/P ratio as SEA-60-68. One SEA-SEC model has the “all-electrolyte”
regions misaligned and labeled as SEA-SEC-68-62-misaligned in Figure 6.1 (d), while the other
has the “all-electrolyte” regions perfectly aligned and labeled as SEA-SEC-68-62-aligned in
Figure 6.1 (e).

Table 6.1. Model parameters used for the single-layer cell analysis
Parameter Description Units NMC-532 Graphite

e’ Initial concentration mol/m’ 49272 15

Volume fraction of

Ee liquid N/A 0.3411 @D 0.3132 @D

& Volume fraction of N/A 0.6062 ) 0.6456 @)
solid

& Xﬁgme fraction of A 0.053 @ 0041 1

Ry Particle radius m 2.65-10° @D 4.06-10° @D

Table 6.2. Electrolyte and separator model parameters. N/A means not applicable.

Parameter Description Units Electrolyte
c’ Initial concentration  mol/m’ 1000 2V

Parameter Description Units Separator
tsep Separator thickness M 0.0012 @V
N Volume fraction of N/A 0.47 @D

liquid
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6.3 RESULTS AND DISCUSSION

6.3.1 Charge Capacity and Lithium Plating Onset

The charge voltage versus specific capacity results at a 6C rate are presented in Figure 6.2,
and the onset of lithium plating is marked with a star. The onset of lithium plating is defined by
the first occurrence of a non-zero plating current in the model. In Equation 6.15, the plating current
is non-zero when the plating overpotential, as defined by Equation 6.13, is less than zero. This is
a necessary condition to trigger lithium plating because the plating overpotential is a
thermodynamic driving force for the lithium plating reaction. Modeling results in Figure 6.2
predicted that lithium plating occurred in UE-68-60, SEA-68-60, SEA-SEC-68-62-misaligned,
and SEA-SEC-68-62-aligned. Comparing UE-68-60 to SEA-68-60, the charge voltage profile and
end of charge (EOC) capacity are similar, with SEA-68-60 having a slightly higher charge capacity
and lower charge overpotential. Lithium plating was detected in both models, and the onset of the
plating current density occurred approximately 30 seconds earlier in UE-68-60 than in SEA-68-
60. These results qualitatively align with Chen et al’s finding that reducing the anode mass by 10%
with the use of the “all-electrolyte” regions in the SEA can reduce lithium plating. However, it is
important to acknowledge in the context of this model that a 30 second time difference requires
further investigation to understand broader design impacts.

Modeling results for SEA-76-60 exhibited no lithium plating current density, which
implies this design case, as shown in Figure 6.2, had no lithium plating. In SEA-76-70, the plating
overpotential, as defined in Equation 6.13, did not drop below zero during the charge cycle; thus,
no lithium plating reactions occurred in the model. Additional improvements in charge capacity
and overpotential were seen in SEA-76-60 relative to SEA-68-60 in Figure 6.2. Examining the
solid and liquid phase Li-ion concentration profiles in Figure 6.3 and Figure 6.4, one can see that
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these improvements are likely due to the increased volume fraction of electrolyte in SEA-76-60
relative to SEA-68-60. While SEA-76-60 and SEA-68-60 had similar concentration gradients in
the solid phase in Figure 6.3, SEA-76-60 exhibits fewer dark blue regions in the contour plot and
a more uniform Li-ion concentration gradient in Figure 6.4, leading to an improved concentration

overpotential.

— UE-68-60 — SEA-SEC-68-62-misaligned
— SEA-68-60 — SEA-SEC-68-62-aligned

— SEA-76-60

0 20 40 60 ' 80 100 120 140
Specific Capacity (mAh/gactive)

Figure 6.2 6C Charge voltage over specific capacity for UE-68-60, SEA-68-60, SEA-76-60, SEA-
SEC-68-62-misaligned, and SEA-SEC-68-62-aligned. Lithium plating occurred in UE-68-60,
SEA-68-60, SEA-SEC-68-62-misaligned, and SEA-SEC-68-62-aligned. The onset of lithium
plating in these cells are marked by the star annotations. Plating did not occur in SEA-76-60. The

specific capacity is normalized to the weight of the cathode active material.

In Figure 6.2, the SEA-SEC configurations demonstrated improved charge over potential
and charge capacity. As shown in Figure 6.4, the planar cathodes in UE-68-60, SEA-68-60, and
SEA-76-60 exhibited a high liquid-phase Li-ion concentration in the electrolyte at EOC. This

indicates the de-intercalated Li-ions have accumulated in the cathodes due to poor liquid-phase
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transport during the charge cycle. As a result, fewer Li-ions are transported to the anode, and the
anodes in UE-68-60, SEA-68-60, and SEA-76-60 have begun to develop dark blue regions, where
the electrolyte is nearly depleted at EOC. In contrast, the SE cathodes in the SEA-SECs in Figure
6.2 exhibited a lower electrolyte concentration gradient in the z-direction at EOC and lower charge
overpotential during the charge cycle, indicating better Li-ion transport from the cathode to the
anode.

A higher active material utilization, as shown in Figure 6.3, and a higher charge capacity,
as shown in Figure 6.2, are observed at the EOC in the SEA-SEC configurations relative to the UE
and SEA configurations modeled. Comparing SEA-SEC-68-62-aligned to SEA-SEC-68-62-
misaligned, it was found that not aligning the “all-electrolyte” regions, resulted in a higher charge
capacity. However, lithium plating started earlier in SEA-SEC-68-62-misaligned than SEA-SEC-
68-62-aligned, as seen in Figure 6.2. Concentration plots in Figure 6.3 and Figure 6.4 do not reveal
significant differences between the concentration profiles in the electrode thickness (z-direction)
between the two SEA-SEC configurations modeled, indicating the specific capacity difference
between SEA-SEC-68-62-misaligned and SEA-SEC-68-62-aligned is likely influenced more by
electrochemical non-uniformities in the x-y plane. However, further investigation into additional

geometrical variants of SEA-SEC configurations is needed to understand this trend.
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Li-ion concentration in the solid phase (mol/cm3)

o
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cathode
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SEA-SEC-68-62-misaligned SEA-SEC-68-62-aligned

Figure 6.3 Solid-phase Li-ion concentration plots at the end of charge (EOC) for UE-68-60, SEA-
68-60, SEA-76-60, SEA-SEC-68-62-misaligned, and SEA-SEC-68-62-aligned. For visualization
of the internal structure, the illustration for SEA-SEC-68-62-misaligned is partially sliced,

revealing the grid structures in the cathode.

Li-ion concentration in the liquid phase (mol/cm?3)
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UE-68-60 ancT)de SEA-76-60

SEA-SEC-68-62-misaligned SEA-SEC-68-62-aligned

Figure 6.4 Liquid phase Li-ion concentration plots at the end of charge (EOC) for UE-68-60, SEA-
68-60, SEA-76-60, SEA-SEC-68-62-misaligned, and SEA-SEC-68-62-aligned. For visualization
of the internal structure, the illustration for SEA-SEC-68-62-misaligned is partially sliced,

revealing the grid structures in the cathode.
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The thickness of plated lithium in the anode at EOC for all models is shown in Figure 6.5.
It is important to note that this model assumes a uniform layer of lithium deposition within each
finite element in the model mesh, which is larger than the active material particle size. Plated
lithium with a maximum thickness of 3.5 nm developed at the top surface of the anode interfacing
the separator in UE-68-60. Plated lithium grew into 20 um of the anode thickness, as shown in red
in Figure 6.5 (a). In comparison, SEA-68-60 in Figure 6.5 (b) had a smaller maximum plating
thickness of 0.56 nm, and a smaller anode volume that experienced lithium plating. These results
generally align with the experimental trends noted by of Chen et al,>! where more substantial
lithium plating was observed in their UE in post-mortem scanning electron microscopy (SEM)
analysis, while minimal traces of plated lithium were observed in the SEA. Chen et al.’s SEM
analysis was conducted when the graphite anode was fully de-lithiated after 100 cycles of 6C fast
charging. The plated lithium found in their SEM imaging was “dead lithium,” which is metallic
lithium that has become electrochemically inactive. It is important to acknowledge that our model
does not differentiate dead lithium from reversible plated lithium nor reflect what occurs after 100
cycles of fast charging; instead, our models highlight the potential locations of lithium plating and
the amount of plating that may occur in one galvanostatic charge cycle. Based on this, we make
an assumption on regions that are “high risk” for potentially forming dead lithium upon subsequent
cycling.

Overall, the SEA-SEC configurations had a larger plating thickness than the other design
configurations. This is likely because they held a longer charge time after the onset of lithium
plating occurred, as shown in Figure 6.2. If battery cells are charged under constant current (CC)
until the cutoff voltage reaches 4.2V, SEA-SEC configurations will generally experience a high

amount of lithium deposition. With this in mind, we believe the SEA-76-60 configuration, for the
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cases modeled, is the best design option to minimize potential occurrences of dead lithium.
However, a common practice in real-world battery testing is to hold the cell at a constant voltage
(CV) after a CC cycle until the charge current drops below a predefined value.'¢” This relaxes the
overpotential caused by Li-ion concentration gradients, and the battery cell is charged either until
it reaches its maximum capacity or until a certain amount of time has passed. As shown in Figure
6.2, at the onset of lithium plating for UE-68-60 (4.16 V), SEA-76-60 (4.19 V) and SEA-68-60
(4.20 V), a high overpotential and a low charge capacity between 63 — 75 mAh/gacive Were observed.
If a CC-CV charge protocol were used, the SEAs modeled in this chapter, despite their benefit in
reducing lithium plating, may require a long CV charge time while still yielding a low charge

capacity at the end of the CV cycle.

Plated lithium thickness at end of charge (um)

o , |
0.0 0.00025 0.00050 0.00075 0.0010

¥y
(a) UE-68-60 (b) SEA-68-60 (c) SEA-76-60
Max plating thickness at Max plating thickness at No plated lithium at 4.2V
4.2V:3.5 nm 4.2V :0.56 nm

(d) SEA-SEC-68-62-misaligned (e) SEA-SEC-68-62-aligned
Max plating thickness at 4.2V: Max plating thickness at
112.5 nm 4.2V:11.5nm

Figure 6.5 Plated lithium thickness in the anode at the end of a 6C charge for (a) UE-68-60, (b)
SEA-68-60, (c) SEA-76-60, (d) SEA-SEC-68-62-misaligned, and (¢) SEA-SEC-68-62-aligned.
The maximum (max) plating thickness at the end of charge are noted below each model contour
plot. For comparison purposes, only the anode is shown. All models were charged up to a cut-off
voltage of 4.2V. No lithium plating is observed in SEA-76-60, which is reflected by the blue

contour plot in (c).
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6.3.2  Lithium Plating at the Anode-Separator Interface

As shown in Equations 6.15 — 6.17, lithium plating begins when the local liquid-phase
potential exceeds the local solid-phase potential in the graphite anode. The electrolyte potential in
general will increase as the Li-ion concentration in the liquid phase increases. When this occurs,
lithium plating will initiate at the anode-separator interface and form on the anode surface in
contact with the separator, where the electrolyte concentration is the highest. Figure 6.6 shows the
plating current density in the anode at the onset of lithium plating for each model. For ease of
visualizing the plating current density, only the graphite anode structure is displayed.

As shown in Figure 6.6 (a), for UE-68-60, the plating current density was uniform across
the anode surface, which is an expected result for a conventional planar cell. In SEA-68-60, a non-
uniform current is observed on the anode surface, with higher plating currents observed at the mid-
points between the “all-electrolyte” regions. In this configuration, Li-ions transported from the
planar cathode were uniform in the x-y plane at the cathode-separator interface. When these Li-
ions reached the anode-separator interface, ions near the “all-electrolyte” regions conducted and
diffused more quickly in the z-direction than those ions at x-y locations far away from the “all-
electrolyte” regions. Li-ions accumulated at the mid-point regions between the “all-electrolyte”
channels. This accumulation created more localized electrolyte concentration and potential

gradients, which led to the high plating current density regions shown in red in Figure 6.6 (b).
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Plating current density (A/cm3)

| ‘ : -
-0.030 -0.022 -0.015 -0.0075 0.0
= y‘J\’
(a) UE-68-60 (b) SEA-68-60 (c) SEA-76-60
216 seconds 242 seconds No lithium plating

(d) SEA-SEC-68-62-misaligned (e) SEA-SEC-68-62-aligned
254 seconds 349 seconds

Figure 6.6 Lithium plating current density at the onset of plating for (a) UE-68-60, (b) SEA-68-
60, (c) SEA-76-60, (d) SEA-SEC-68-62-misaligned, and (e¢) SEA-SEC-68-62-aligned. For
visualization purposes, the cathode, separator, and “all-electrolyte” regions are not plotted. The
onset time of lithium plating is noted for each model. Since no lithium plating is observed in SEA-

76-60, the end-of-charge model state is displayed.

The locations of high plating current density in SEA-SEC-68-62-misaligned, as shown in
Figure 6.6 (d), are similar to those shown in Figure 6.6 (b) for SEA-68-60. The “all-electrolyte”
regions in the SE cathode, which facilitated faster Li-ion transport, were aligned with these x-y
locations that are mid-points between the “all-electrolyte” regions in the SE anode. This led to a
faster rate of ion accumulation at the anode surface and a more localized distribution of plating
current density in SEA-SEC-68-62-misaligned compared to SEA-68-60. Aligning the “all-
electrolyte” regions in the SE anode and SE cathode, as shown in Figure 6.6 (e), shifted the
locations of high plating current density to the edges of the “all-electrolyte” regions. Compared to
UE-68-60, SEA-68-60, and SEA-SEC-60-62-misaligned, SEA-SEC-60-62-aligned demonstrated

a lower plating current density at the onset of lithium plating (indicated in green). This trend
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implies that a slower lithium metal deposition rate will occur. The improved performance in SEA-
SEC-60-62-aligned is likely due to a more balanced transport rate between the SE anode and the
SE cathode. In SEA-SEC-60-62-aligned, there was less local Li-ion accumulation and a lower
concentration overpotential overall. By aligning the SE patterns in SEA-SEC, we can potentially

delay the onset of plating and slow down the lithium metal deposition rate in a LIB.
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6.4 CONCLUSION

In this chapter, a coupled electrochemical-plating model was formulated for the 3D volume
average method and implemented in VIBE-AMPERES to investigate lithium plating behavior in
SEs and UEs. One UE, two SEA, and two SEA-SEC configurations were modeled. Based on the
modeling results, it was found that both the N/P ratio and electrode structure play a role in when
lithium plating begins and how it forms on the graphite anode. With an N/P ratio of 1.05, the SEA
configuration (SEA-68-60) demonstrated a delayed lithium plating onset and a smaller plating
thickness at the end of charge compared to a UE with an N/P ratio of 1.17. The SEA configuration
with an N/P ratio of 1.18 (SEA-76-60) did not experience lithium plating. The SEA-SEC models,
with an N/P ratio of 1.05, experiences delayed lithium plating and an improvement in charge
overpotential and capacity. Among all design configurations, the SEA-SEC with perfectly aligned
“all-electrolyte” regions yielded the highest charge capacity before lithium plating occurred,
demonstrating the most promise for fast charging and lithium plating mitigation based on the limits
of the models presented in this chapter.

It was found that SEAs and SEA-SECs can also be designed to alter the locations of lithium
plating in a battery cell. Lithium plating was found to concentrate at the mid-points between the
“all-electrolyte” regions for the SEA configuration and the SEA-SEC configuration with
misaligned “all-electrolyte” regions. Additionally, the SE cathode in SEA-SEC had a larger
concentration gradient that reduced lithium plating in the SE anode regions. Aligning the “all-
electrolyte” regions in the SEA-SEC changed the spatial distribution of lithium plating to occur
near the edges of the “all-electrolyte” regions. Moreover, a lower plating current density was found
in the SEA-SEC configuration with aligned “all-electrolyte” regions, indicating a lower rate of

lithium deposition compared to the other UE, SEA, and SEA-SEC designs modeled in this study.
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Chapter 7. CONCLUSION

7.1 RESEARCH FINDINGS

Addressing Research Question la from section 1.3, several key design parameters and
performance metrics for 3D LIBs have been identified. Chapter 2 demonstrated that all 3D LIBs,
regardless of the material system and electrode architecture, exhibited an electrode thickness
dependency that affects rate capability. Although our historical data analysis indicated that 3D
LIBs consistently exhibited improved rate capability over conventional planar LIBs, the power
and energy density trade-off based on electrode thickness, as discussed in section 1.1.2, remains
in 3D LIBs. Like planar LIBs, electrode thickness was confirmed to be a critical design parameter
for 3D LIBs.

For IDEs, modeling results from Chapter 3 found that the surface area versus volume ratio
(SA/V) served as a performance indicator for discharge specific capacity across different IDE
architectures. For both LTO|LFP and graphite]NMC-532 material systems, the specific discharge
capacity of IDEs with different electrode architectures was positively correlated to the S4/V ratio
within the same material system. Compared to conventional planar cells with the same active
material loading, IDEs had a larger electrode thickness and a higher electrode surface area in
contact with the separator. In response to Research Question 1b, concerning how IDEs
fundamentally impact cell electrochemistry based on different material systems, results from
Chapter 3 found that for material systems constrained by reaction kinetics, such as LTO|LFP, IDE
designs demonstrated a 40% — 142% improvement range in discharge capacity over their planar
counterpart. Conversely, the graphite NMC-532 IDEs modeled in Chapter 3 were rate-limited by
slow electric transport in the cathode thickness direction. Because of this, some graphite]NMC-

532 IDEs, having a larger cathode thickness than their planar counterpart, showed a 18% — 35%
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lower discharge capacity. Notably, the graphite]NMC-532 IDE with the largest SA/V ratio
demonstrated a 10% improvement in discharge capacity, which was still a benefit gained but
comparably smaller than what could be achieved in the LTO|LFP material system. Analyses on
cell resistances and Li-ion concentration profiles in Chapter 3 revealed that the material system
determined the lithiation profile within an IDE. The benefit of IDEs in increasing the S4/V ratio
was maximized when the lithiation profile aligned with the IDE surface geometry, a condition
typically observed in systems limited by reaction kinetics.

A uniformity index, UI3D, was also established in Chapter 3 to quantify current density
non-uniformity across various cross-sections of IDEs, addressing Research Question 2a. Non-
uniformities evaluated on a cross-section sliced in the direction of electrode thickness were found
to have the strongest correlation with IDE specific discharge capacity. It was found that the rate of
change of UI3D on this specific cross-section could be utilized to identify low-performing IDEs
early in the discharge cycle. The results indicated that non-uniformities caused by electrode
architecture significantly affected material utilization, which should be analyzed in conjunction
with the SA/V ratio.

Further addressing Research Question la, in SEs the electrolyte volume fraction (EVF)
was found to be a critical parameter that impact performance in Chapter 4 and Chapter 5.
Graphite]NMC-622 SEs modeled in these two chapters demonstrated that both charge and
discharge specific capacity of a single-layer cell increased with a higher EVF. In comparison, the
charge and discharge energy density of a multi-layer cell stack initially increased with higher EVF
values and began to decline beyond a certain EVF threshold, displaying an optimum. SEs
demonstrated an up to 45% improvement in discharge energy and up to 33% improvement in

charge capacity at the multi-layer stack level. However, a multi-layer pouch cell stack analysis
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revealed that graphite NMC-622 SEs had a lower stack active material loading than conventional
planar cells due to the volume occupied by “all-electrolyte” regions, which can lead to negative
effects that can exceed the benefits yielded in single-layer cell capacity improvements.

A subsequent analysis done to address Research Question 1¢ in Chapter 4 revealed that at
least one-third of the improvement in graphite|[NMC-622 cell capacity achieved by SEs could be
attributed to reduced tortuosity, while at least one-half of the performance enhancement was linked
to an increased quantity of Li-ions supplied by the additional electrolyte volume in SEs. With a
higher EVF, the benefit of increased Li-ion availability outweighed the impact of reduced
tortuosity on improving specific capacity. When the EVF was optimally designed, the performance
of SEs was minimally impacted by spatial non-uniformities arising from varying the SE geometries
and orientations. Based on these findings, it is reasonable to imply that for material systems that
have fast ionic transport properties, SE may not offer a significant advantage in material utilization
and rate capability. Modeling results in Chapter 5 showed that structuring either the cathode or the
anode, as well as structuring both electrodes, resulted in improvements in either or both charge
and discharge specific capacity. However, structuring the electrode that was not rate-limiting may
increase Li-ion concentration gradients and adversely impact the cell specific capacity.

In Chapter 6, coupled electrochemical-plating models were created for grid pattern SEs
based on a graphite|[NMC-532 material system to address Research Question 2b. It was found that
structuring either the anode or both electrodes led to delayed occurrences of lithium plating while
improving charge capacity. Structuring both electrodes and aligning the “all-electrolyte” regions
exhibited the highest potential for a higher charge capacity, lower charge time, and reduced risk
of lithium plating. At the onset of lithium plating, the SE anodes have a more non-uniform lithium

plating profile with fewer areas affected by lithium plating compared to the equivalent planar
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electrodes. Moreover, by aligning the “all-electrolyte” regions in the SE cathode and the SE anode,
a more balanced transport rate was achieved between the SE cathode and the SE anode. As a result,
the locations of lithium plating were shifted to the edges of the “all-electrolyte” regions, and a

lower plating current density was observed.

7.2  FUTURE WORK

This dissertation studied the effects of 3D IDEs and SEs on altering the transport and
kinetic mechanisms within a single-layer battery cell and uncovered their implications on the rate
capability of LIBs. Design parameters that serve as performance indicators for designing 3D LIBs
were also identified. Further investigation is needed to understand the influence of 3D electrode
architecture on cell temperature, internal stress, and material degradation, as these factors
significantly impact battery capacity retention over repeated cycles. Implementing physics-based
computational models that encompasses both galvanostatic charge and discharge cycles, as well
as constant voltage relaxation, will also provide a more comprehensive understanding of how 3D
LIBs perform under various electrochemical test conditions before more investments are made
into new manufacturing technologies. Furthermore, exploring how electrode structuring and the

results of this dissertation can be applied to emerging material chemistries, such as Lithium metal

171,172 173-175 23,176,177

batteries, anode-free batteries, and solid-state batteries, may facilitate new

opportunities for performance improvements.
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APPENDIX A.

*The content in Appendix A has been published in ACS Energy Letters as supplemental materials and
modified for this dissertation.> Reprinted and adapted with permission from Hung, C.-H.; Huynh, P.; Teo,
K.; Cobb, C. L. “Are Three-Dimensional Batteries Beneficial? Analyzing Historical Data to Elucidate

Performance Advantages.” ACS Energy Lett. 2022, 296-305. Copyright 2023 American Chemical Society.

Table A-I. 3D LIBs cases extracted and analyzed from literature. Case numbers used here
correspond to the same case number in Chapter 2. Each row corresponds to a unique 3D LIB
case, and papers with more than one 3D LIB and capacity-rate data may be referenced multiple

times.
Cell
Case | Cathode Anode Separator Electrolyte footprint Reference
area [mm?|
. . g L IM LiClO4in Sun et
A:l LiFePOs4 | LisTisOr2 Liquid electrolyte 1v:1v EC:-DMC 0.97 al 22
) . - IM LiClO4 in Yoshima
A:2 LiCoO» LisTisO12 PMMA gel electrolyte 1v:1v EC:DEC 0.06 ot al 3
. . - IM LiClO4 in Dokko et
A3 LiMn,O4 | LigTisO12 PMMA gel electrolyte 1v:1v EC:-DEC 6.64 a] 46
i 0.5M LiTFSI
Bl:1 | LiFepo, | LCithium Solid-state electrolyte [BMIM] TFSI 8.40 Ashby et
Metal . 90 al.
(ionogel)
o 1.3M LiPFgin a
) . Lithium Polypropylene films (two Bae et
B2:1 LiCo0, Metal® layers of Celgard 2500) blend of alkyl 36.00 al.3
carbonates
i 1.3M LiPFg¢in a
) . Lithium Polypropylene films (two Bae et
B2:2 | LiCoO, Metal® layers of Celgard 2500) blend of alkyl 36.00 al.3
carbonates
o 1.3M LiPFg in a
) . Lithium Polypropylene films (two Bae et
B2:3 LiCoO; Metal® layers of Celgard 2500) blend of alkyl 36.00 al.3
carbonates
. Glass fiber film (Type 1 M LiPFs in 3:7 Habedank
.qa b
B2:4¢ | NMCl111 Graphite 691, VWR) EC:EMC (2% VC) 176.71 ot al. &0
. Glass fiber film (Type 1 M LiPFs in Kraft et
.ga b
B2:5¢ | NMCl111 Graphite 691, VWR) 3w 7w EC:-EMC 154.00 al 65
. Glass fiber film (Type 1 M LiPFs in Kraft et
.Ra b
B2:6* | NMCl111 Graphite 691, VWR) 3w 7w EC:-EMC 154.00 al 65
. Glass fiber film (Type 1 M LiPFs in Kraft et
.7a b
B2:7* | NMCl111 Graphite 691, VWR) 3w:7w EC:-EMC 154.00 al 65
. Glass fiber film (Type 1 M LiPFs in Kraft et
.Qa b
B2:8¢ | NMCl111 Graphite 691, VWR) 3w 7w EC-EMC 154.00 al 65
o 1 M LiPFs in
B29 | Licoo, | Mmoo P O(zfe’lrofﬁzgzg)lm Twilw:lw 225 Lu et al.*
g EC:DMC:EMC
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1 M LiPFs in

B2:10 | LiCoO» Lli;ll;itl;rln Po(lé[e)lr;:rydlezrgzg)lm Iw:lw:lw 225 Lu et al.%
EC:DMC:EMC
it | vowor | G | TR | ML |y | Sl
iz | o | L | Tyt | ML |y | S
I e s e e v N
pote | oo | L | Tyt | ML |y | S
pois | wcwor | L | Tt | ML |y | e
pate | s | Lt | Tt | INMLRER | g | Sl
B3:l | LiTiOp | obim iﬁﬁgg}gﬁﬁr hot | 1M WP IV 1s0000 | P
reported)
B32 | LiTisOn Lﬁf[t‘t‘;lln Film’r:];ztr‘:g(‘i‘l not M Lélgggclw v 40.00 Liu et al.¢
B3:3 | LisTisOn Lﬁg‘;{“ Film’r:];itft?jl not M LEEF:]")E‘CIV: lv 40.00 Liu et al.®!
B3:4 | LiTisOn Lﬁi‘t‘ﬁ‘ Fﬂm’r:;tftﬁl not M LEEF:]")E‘(}V: lv 40.00 Liu et al.¢!
B4:1 | Silver Iﬁzglm PP/PE/PP film (Celgard) 11\/]151611;1;6}1;;/[18 3 4.84 Sa;fﬁlg et
B42 | Silver Iﬁzglm PP/PE/PP film (Celgard) 11\/]151611;1;6}1;;/[18 3 4.84 Sa;fﬁlg et
B4:3 | Silver Iﬁzglm PP/PE/PP film (Celgard) 11\/]151611;1;6}1;;/[18 3 4.84 Sa;fﬁlg et
Ba:4 | Silver Iﬁzglm PP/PE/PP film (Celgard) 11\/]151611;1;6}1;;/[18 3 4.84 Sa;fﬁlg et
C:1 LiMnO; NiSn Liquid electrolyte M Iég]lg)&lg I 4.60 Pi:ll.lglget
C:2 LiMnO, NiSn Liquid electrolyte lvlvl\/ll‘)I;l}gClOS;? C 3.97 N;rll.%zet
C:3 LiMnO, NiSn Liquid electrolyte M Iélgllg)&lcn 11 2.00 Piélfll.l} ]et
C:4 LiMnO, NiSn Liquid electrolyte M Iélgllg)&lcn 11 1.50 Piélfll.l} ]et
C:5 LiMnO, NiSn Liquid electrolyte M Iélccll%‘/[lg 11 1.90 Pii(ll'ljlet
C:6 | LiMnO, | NiSn Liquid electrolyte M Iélccg)l\j[lg L1 170 Pifl‘f}ft

3D LIBs in Category B with 3D architecture in the anode rather than the cathode.
b For brevity, NMC111 is used for LiNig33Mng33C003302.
¢ Electrode thickness was not reported.
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Table A-II. Upper-bound and units used in the curve-fitting scheme for Omax

Case # QOmax upper-bound Capacity units Reference
Al 170 mAh/g,ciive Sun et al.?2
A:2 351 mAh/g,ciive Yoshima et al.%
A3 320 mAh Dokko et al.*
Bl1:1 140 mAh/g,ciive Ashby et al.?
B2:1 274 mAh/gactive Nitta et al.”
B2:2 274 mAh/gactive Nitta et al.”
B2:3 274 mAh/gactive Nitta et al.”
B2:4 144 mAh/g,ctive Habedank et al.*°
B2:5 3.420 mAh Kraft et al.®
B2:6 3.800 mAh Kraft et al.®
B2:7 4.330 mAh Kraft et al.®
B2:8 5.770 mAh Kraft et al.®
B2:9 274 mAh/ggctive Nitta et al.”®
B2:10 274 mAh/gctive Nitta et al.”®
B2:11 unbounded Ah/m? Not applicable
B2:12 unbounded Ah/m? Not applicable
B2:13 unbounded Ah/m? Not applicable
B2:14 unbounded Ah/m? Not applicable
B2:15 unbounded Ah/m? Not applicable
B2:16 unbounded Ah/m? Not applicable
B3:1 160 mAh/gctive Izumi et al.¥’
B3:2 175 mAh/gyctive Nitta et al.”
B3:3 175 mAh/g,ctive Nitta et al.”
B3:4 175 mAh/gyctive Nitta et al.”
B4:1 290 mAh/gyctive Saleh et al.®®
B4:2 290 mAh/g,ctive Saleh et al.®®
B4:3 290 mAh/gyctive Saleh et al.®®
B4:4 290 mAh/gyctive Saleh et al.®®
C:1 0.000500 mAh Pikul et al.®
C:2 0.830 uAh Ning et al.¥
C:3 unbounded Ah/m? Not applicable
C:4 unbounded Ah/m? Not applicable
C:5 unbounded Ah/m? Not applicable
C:6 unbounded Ah/m? Not applicable
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Figure Al. Curve-fitting results of 3D LIBs in Category A, Subcategory B1, and Subcategory B2
(up to case B2:14). Black markers are the data extracted from experimental literature and blue

curves are the best-fit curves.
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Curve-fitting results of 3D LIBs in Subcategory B2 (starting from case B2:15),
Subcategory B3, Subcategory B4, and Category C. Black markers are the data extracted from

experimental literature and blue curves are the best-fit curves.
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APPENDIX B.

*The content in Appendix B is adapted from the supplemental material of Hung, C.-H.; Allu, S.; Cobb, C.
L. “Modeling Current Density Non-Uniformities to Understand High-Rate Limitations in 3D Interdigitated
Lithium-lon Batteries.” J. Electrochem. Soc. 2021, 168 (10), 100512. under CC BY 4.0
(https://creativecommons.org/ licenses/by/4.0/).!

Pouch cell stack design details and assumptions

The gravimetric and volumetric energy density values were calculated based on the weight
and volume of a hypothetical pouch cell stack. Simplified views of the pouch cell stack are shown
in Figure B1. The pouch cell stack consists of layers of anodes, cathodes, separators, and current
collectors. The stack height ranges from 0.98 — 1.03 cm with an area of 23.49 cm by 19.44 cm.
For analysis purposes, our cell designs were modeled after the cell area of the 2017 second
generation Nissan Leaf pouch cell and assumed a 10% pouch cell seam.’® The apparent weight
density of a single-layer battery cell is different from that of a multi-layer cell stack because they
have different proportions of cell components by volume. As the number of layers (i.e. unit cell
sandwiches) increases in a pouch cell stack, the apparent stack weight density (g/cm®) approaches
a stable value. Based on our calculations, the apparent weight density of our pouch cell stacks
begins to stabilize within 1% or less at a stack height greater than 0.5 cm. Thus, our pouch cell
stacks used stack heights in the range of 0.98 — 1.03 c¢cm to minimize the potential of unfair

comparisons due to mismatched weight densities.
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Figure B1. Illustrations of hypothetical pouch cell stacks used in our analysis. Maintaining active
material mass loading across all cell designs leads to variations in total stack height ranging from
0.98 — 1.03 cm where an even or odd number of unit cell sandwiches must be used. (a) shows the
case of an even number of unit cell sandwiches with four displayed as an example. (b) shows the
case of an odd number of unit cell sandwiches with five displayed as an example.

We assumed all electrodes in the pouch cell stack must be electrochemically active. Thus,
a cathode was always paired with an anode and a separator in our stack analysis. A cathode, a
separator, and an anode form what we call a “unit cell sandwich,” as noted in Figure Bl.
Additionally, we assumed the first and last layers of the pouch cell stack were always current
collectors as this arrangement is needed to conduct electrons generated and consumed by
electrochemical reactions from the external circuit. Based on these assumptions, there were two
possible cell stack scenarios. Figure B1 (a) shows the scenario where there was an even number
of unit cell sandwiches. In this case, the first and last layers of the pouch cell stack were both
copper current collectors for the anode, resulting in more copper current collectors in the pouch

cell stack. In Figure B1 (b), there are an odd number of unit cell sandwiches. In this scenario, the

first layer was a copper current collector for the anode, and the last layer was an aluminum current
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collector for the cathode. The numbers of copper and aluminum current collectors in this pouch
cell stack scenario were the same. Due to variances in cathode and anode thicknesses, the pouch
cell stacks analyzed could have an even or an odd number of unit cell to achieve the target stack
height range of 0.98 — 1.03 cm.
Computational Setup

Finite element meshes with hexahedral elements were created with a commercial software
program, Coreform Cubit.!”® This program enables the definition of geometry and meshes to model
electrode cell sandwiches composed of a cathode, an anode, and a separator. Meshes were output
to the exodus file format and were imported into VIBE-AMPERES. Boundary conditions were set
up such that the cathode-current collector interface has a constant applied discharge current, and
the anode-current collector interface has a constant voltage held at 0.1V. Symmetry boundary
conditions were imposed for SEs and zero Li-ion flux is assumed across the symmetry boundary.’
Enforcing symmetry conditions minimizes computational run time and enables efficient 3D
modeling of the minimum SE unit cell needed to capture discharge capacity behavior. Meshes
ranged from 325 — 6300 hexahedral elements in size and took 5 minutes to 15 hours to run on 4

cores in an AMD EPYC 7702 64-core processor with up to 8 GB RAM.
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Uniform electrode (UE) designs

Table B-I Uniform electrodes (UEs) and cell stack design parameters

Cathode Anode
. active Cathode | Cathode active Anode

Design . . . . . Anode

case material | thickness | porosity material thickness porosity (%)

loading (pm) (%) loading (pm)
(mg/cm?) (mg/cm?)

UE-1 30.5 94 20.0 15.5 131 35.1

UE-2 30.8 101 25.0 15.6 132 35.1

UE-3 30.7 108 30.0 15.6 132 35.1

UE-4 30.6 116 35.0 15.5 131 35.1

UE-5 30.7 126 40.0 15.6 132 35.1

UE-6 30.6 137 45.0 15.5 131 35.1

UE-7 30.7 151 50.0 15.5 131 35.1

UE-8 65.0 246 35.0 33.0 279 35.1

UE-9 65.0 320 50.0 32.9 278 35.1

Table B-11. UE pouch cell stack parameters
Desig Nun-lber of Stack height | Stack weight | Stack volume Stacl.(
I case unit cell (cm) (k) L) Capacity
sandwiches (Ah)

UE-1 37 0.992 1.19 0.453 97
UE-2 36 0.993 1.18 0.454 95
UE-3 35 0.991 1.16 0.452 92
UE-4 34 0.986 1.14 0.450 89
UE-5 33 0.993 1.13 0.454 87
UE-6 32 0.995 1.11 0.454 84
UE-7 31 1.01 1.10 0.460 81
UE-8 18 1.02 1.17 0.467 100
UE-9 16 1.03 1.10 0.469 89
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Graded electrode (GE) designs

Using VIBE-AMPERES, we manually explored the GE design space to find the
appropriate porosity and thickness ranges to analyze and compare against UEs and SEs. Our
approach to define the GE design cases for analysis is based on the following three criteria:

(1) The porosity between the first and second layers in a GE must have enough variance
to not converge to the behavior of a UE while adhering to practical porosity values of 20%
—50%.

(2) The second layer, which interfaces with the separator, must be more porous than the
first layer, which interfaces with the current collector.

(3) Based on the modeling results of UE-1 in Table B-XII, a 20% porous and 94 pm thick

UE cathode only achieve a specific discharge capacity of 90 mAh/gactive at C/2, which is
48% of the theoretical active material capacity for NMC-622 (187 mAh/gactive). Assuming
a simple linear relationship between active material utilization and electrode thickness in
UEs, we decided that a 20% porous first layer in a GE model should not exceed 50 pm in
thickness to avoid unfairly degrading capacity performance at higher rates.

After defining the criteria above, we conducted three different modeling investigations on
electrolyte volume fraction (EVF) to understand the impact of EVF on GEs as noted below. Our
goal was to understand the modeling limits of GEs before proceeding with a more in-depth analysis
and comparison against UEs and SEs at the pouch cell scale.

First model investigation: Fixed electrolyte volume fraction (EVF)
To compare with the 35% porous baseline UE, GE-1 and GE-2 were designed to have a

35% EVF and a total cathode thickness of 116 um. Both GE-1 and GE-2 have a first layer porosity
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of 20% following criterion (1) above. GE-1 has a maximum first layer thickness of 50 um per
criterion (3) above, and GE-2 has half of the first layer thickness.
Second model investigation: Varying EVF

Next, GE-3 to GE-8 were designed to EVFs ranging from 38% to 49% following criteria
(1) - (3) above. GE-3, GE-6, and GE-8 have first-layer porosities fixed at the minimum value of
20% and second-layer porosities fixed at the maximum value of 50%. By comparing these three
cases, we can see the impact of layer thicknesses in GEs. GE-4, GE-6, and GE-7 have the same
first layer thickness with changing first layer porosities. Comparing GE-4 to GE-6 shows the
impact of changing second layer porosity, while comparing GE-6 to GE-7 allows us to see the
impact of changing first layer porosity.
Third model investigation: EVF limitations

As the third and last investigation to define the GE design case range, a GE was modeled
to have 35.0% porous bottom layer and 64.0% porous top layer, resulting in a 55.4% electrolyte
volume fraction. This design is case GE-9 in Table B-III, and we intentionally designed a second

layer porosity beyond 50% to see if the design trend holds.
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Figure B2. Specific discharge capacity versus applied current density for a subset of

uniform electrode (UE) and graded electrode (GE) models. Data points in each line have a current
density corresponding to a C/2, 1C, 2C, 4C, and 6C discharge rate.

We examined GE trends as a function of EVF. In Figure B2, the specific discharge
capacity versus applied current density of UEs and GEs is plotted. GEs can be categorized into
three groups based on their rate capability plot: (1) a concave-up curve such as that formed by UE-
3, GE-1, and GE-3, (2) a S-shape curve like the one formed by UE-4, UE-5, GE-2, and GE-4, and
(3) a concave-down curve such as the one formed by UE-7 and GE-8. In UEs, the plot shape
transition from (1) concave-up to (2) S-shape and then to (3) concave-down exhibits a consistent
increase in 6C discharge capacity. From (1) to (3), the discharge rate capability increases for UEs.
Examining GEs, a different trend is observed, where the GE-1 and GE-3 (orange solid lines) that
have a (1) concave-up rate capability curve demonstrates higher 6C discharge capacity than the
(2) S-shape curves. We believe this is a characteristic unique to GEs that stemmed from the highly-
porous second layer (46% — 50% porous) interfacing the separator. Such high porosity enables
better 6C discharge capacity performance. The active material loading in GE-1 and GE-3 was
maintained at approximately 31 mg/gaciive by using a dense and thick first layer (20% porous and
50 um thick).
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Table B-III. Design parameters used for GEs based on parameters defined in Figure 2 in the

main text
Catl?ode First Second First Second | Electrolyte
Design actlv.e C?thOde layer layer layer layer volume
material | thickness . . . . .
case loading (um) thickness | thickness p01;0s1ty p01;0s1ty fracotlon
(mg/cm?) (nm) (nm) (Y0) (Y0) (o)
GE-1 30.7 116 50 66 20.0 46.0 35
GE-2 30.7 116 25 91 20.0 39.0 35
GE-3 30.7 121 50 71 20.0 50.0 38
GE-4 30.6 126 25 101 20.0 45.0 40
GE-5 30.7 133 50 83 35.0 48.0 43
GE-6 30.7 136 25 111 20.0 50.0 45
GE-7 30.7 143 25 118 35.0 50.0 47
GE-8 30.6 147 6 141 20.0 50.0 49
GE-9 30.6 169 50 119 35.0 64.0 55
*EVF values are rounded to nearest integer
Table B-IV. GE anode parameters and pouch cell stack parameters
Design AnOfle actlv.e Anode thickness Anode porosity Number of unit
case material loading (pm) (%) cell sandwiches
(mg/cm?)
GE-1 15.5 131 35.1 34
GE-2 15.5 131 35.1 34
GE-3 15.5 131 35.1 34
GE-4 15.5 131 35.1 34
GE-5 15.5 131 35.1 33
GE-6 15.5 131 35.1 32
GE-7 15.5 131 35.1 32
GE-8 15.5 131 35.1 31
GE-9 15.5 131 35.1 29
D:j;%“ Stack height (cm) | Stack weight (kg) | Stack volume (L) Stad‘(gﬁf“'ty
GE-1 0.986 1.14 0.450 89
GE-2 0.986 1.14 0.450 89
GE-3 1.01 1.15 0.459 89
GE-4 1.02 1.16 0.467 89
GE-5 1.01 1.14 0.463 87
GE-6 0.995 1.11 0.454 84
GE-7 1.01 1.12 0.463 84
GE-8 0.995 1.09 0.454 81
GE-9 1.03 1.06 0.454 76

217




Structured electrode (SE) designs

An SE design is fully defined by its cathode thickness, first layer thickness (¢/), electrolyte
channel width (w.), electrolyte channel spacing (ws), and porosity in the “porous cathode +
electrolyte” region (&) in Figure 2 in the main text. To enable a comparison with the 35.0% porous
baseline UE (UE-4), the porosity of the “porous cathode + electrolyte” region is set to 35.0% for
all SEs modeled. This means the SE porous cathode + electrolyte region has a porosity of 35.0%
but when combined with the additional electrolyte regions, this yields a total effective porosity
greater than 35.0%. All electrolyte channels have a width fixed to 40 pm. From there, the first
layer ¢; and wy are varied to meet the 31 mgactive/cm? cathode active loading requirement. For SEGs,
the first layer thickness (#;) is varied at three different increments of 0 um, 50 um, and 75 pm; For
SELs, to ensure a connected electrode, the first layer thickness is varied at three different
increments of 25 pm, 50 um, and 75 pm. In general, SEG designs with wider electrolyte channel
spacing (ws) and thicker first layer thickness (#;) have lower electrolyte volume fraction.

Table B-V. Cathode and electrolyte parameters used for SEGs modeled as parametrized in Figure

2 in the main text

Cathode
. active Cathode | Electrolyte Electrolyte First layer Electrolyte
Design . . channel . volume
case material | thickness channel spacing thickness fraction®
loading (pm) width (um) (pm) A
(mg/cm?) (um) (%)
SEG-1 30.7 118 40 200 75 36
SEG-2 30.7 119 40 200 50 37
SEG-3 30.7 121 40 200 0 38
SEG-4 30.6 126 40 90 75 40
SEG-5 30.8 133 40 90 50 43
SEG-6 30.7 145 40 90 0 48
SEG-7 30.7 149 40 60 75 49
SEG-8 30.7 169 40 60 50 55
SEG-9 30.7 209 40 60 0 64
SEG-10 65.0 307 40 90 0 48

*EVF values are rounded to nearest integer
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Table B-VI. SEG anode parameters and pouch cell stack parameters

Design AnOfie actlv.e Anode thickness Anode porosity Number of
case material loading (um) (%) cathodes/anodes
(mg/cm?) in cell stack

SEG-1 15.5 131 35.1 34
SEG-2 15.5 131 35.1 34
SEG-3 15.5 131 35.1 34
SEG-4 15.5 131 35.1 34
SEG-5 15.5 131 35.1 33
SEG-6 15.5 131 35.1 31
SEG-7 15.5 131 35.1 31
SEG-8 15.5 131 35.1 29
SEG-9 15.5 131 35.1 26
SEG-10 32.9 278 35.1 16
Dcezgin Stack height (cm) | Stack weight (kg) | Stack volume (L) Stack(glzg)acny
SEG-1 0.993 1.14 0.453 89
SEG-2 0.996 1.14 0.455 89
SEG-3 1.00 1.15 0.458 89
SEG-4 1.02 1.16 0.466 89
SEG-5 1.01 1.14 0.463 87
SEG-6 0.989 1.09 0.452 81
SEG-7 1.00 1.09 0.457 81
SEG-8 0.995 1.06 0.454 76
SEG-9 0.996 1.01 0.455 68
SEG-10 1.01 1.09 0.459 89
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Table B-VII. Cathode and electrolyte parameters used for SELs modeled as defined in Figure 2
in the main text

Cathode

. Electrolyte | Electrolyte Bottom Electrolyte
. active Cathode
Design . . channel channel layer volume
material | thickness . . . .
case . width spacing thickness fraction
loading |~ (um) (1m) (1m) (um) (%)
(mg/cm?)
SEL-1 30.6 121 40 360 75 38
SEL-2 30.6 124 40 360 50 39
SEL-3 30.6 126 40 200 75 40
SEL-4 30.5 127 40 360 25 41
SEL-5 30.7 133 40 200 50 43
SEL-6 30.5 136 40 120 75 45
SEL-7 30.5 138 40 200 25 46
SEL-8 30.6 149 40 120 50 49
SEL-9 30.6 157 40 80 75 52
SEL-10 30.5 161 40 120 25 53
SEL-11 30.6 182 40 80 50 59
SEL-12 30.6 207 40 80 25 64

*EVF values are rounded to nearest integer
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Table B-VIII. SEL anode parameters and pouch cell stack parameters

Design AIIOfie actlv.e Anode thickness Anode porosity Number of
case material loading (um) (%) cathodes/anodes
(mg/cm?) in cell stack

SEL-1 15.5 131 35.1 34
SEL-2 15.5 131 35.1 34
SEL-3 15.5 131 35.1 33
SEL-4 15.5 131 35.1 33
SEL-5 15.5 131 35.1 33
SEL-6 15.5 131 35.1 32
SEL-7 15.5 131 35.1 32
SEL-8 15.5 131 35.1 31
SEL-9 15.5 131 35.1 30
SEL-10 15.5 131 35.1 30
SEL-11 15.5 131 35.1 28
SEL-12 15.5 131 35.1 26
D::;%“ Stack height (cm) | Stack weight (kg) | Stack volume (L) Stack(glzg)acny
SEL-1 1.00 1.15 0.458 89
SEL-2 1.01 1.15 0.463 89
SEL-3 0.993 1.12 0.454 86
SEL-4 0.990 1.12 0.452 86
SEL-5 1.01 1.14 0.463 87
SEL-6 1.00 1.11 0.456 83
SEL-7 0.992 1.11 0.453 83
SEL-8 1.00 1.09 0.457 81
SEL-9 1.01 1.08 0.459 78
SEL-10 0.993 1.07 0.453 78
SEL-11 1.00 1.04 0.455 73
SEL-12 0.991 1.00 0.452 68
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SE+GEs model setup and results

To explore if there are benefits that can be realized by combining SEs and GEs designs,
three SE+GE design cases were modeled. As shown in Figure B3, SE+GE designs have a “grid”
SE pattern and a bi-layer porosity grading for the “porous cathode + electrolyte” regions labeled
in Figure B2. With a total of six design parameters, including ¢;, tcarhode, €1, €2, We, and ws, SE+GEs
have a wider design space than individual SEs and GEs to meet a cathode active material loading
target of approximately 31 mgacive/cm®. We conducted a control study where all SE+GE designs
had a cathode thickness (Zcamode) of 133 pm, a first layer thickness (#;) of 50 um, a first layer
porosity of 35.0%, and an EVF of 43%. Benchmarked against UE-4 which has 35% EVF, all
SE+GE models have an additional 8% EVF that was added due to either the SE or GE structures.
We then individually quantify the contributions of the SE and GE structures by categorizing the
additional 8% EVF based on the locations of the electrolyte. For example, any electrolyte volume
in the “all electrolyte region” is attributed to the SE, since these electrolyte volumes were
introduced by the SE structure. Any electrolyte volume in the “porous cathode + electrolyte”
region in addition to the baseline 35.0% porosity is considered a contribution of the GE. Because
we fixed the first layer thickness and porosity in all SE+GE models, any additional electrolyte
volume in the “porous cathode + electrolyte” region is indeed a result of porosity grading in the
second layer. Based on the aforementioned categorization guidelines, the ratio of the electrolyte
volume contributed by SE in the additional 8% EVF is referred to as Esg, and the ratio of the
electrolyte volume contributed by GE in the additional 8% EVF is referred to as Egr. Note that
Ese and Ege sum up to 1. In this way, we quantified the relative percentage contributions of SE

and GE in the SE+GE models (see Table B-X).
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Table B-IX. Cathode and electrolyte parameters for SE+GEs defined in Figure B3

® LiNiy Mng,Co,, (90:5:5 wt% active:carbon:binder)

Il Separator

B Porous cathode + electrolyte
B Porous anode + electrolyte

cross-section of
structured electrode
grid (SEG)

& Graphite (92:2:6 wt% active:carbon:binder)
[ Electrolyte
[l ® Current collector

\a

(b)

Figure B3. SE+GE design schematic with dimensions labeled.

Cathode Electrolyte
. active Cathode | Electrolyte | Firstlayer | Firstlayer y
Design . . . . volume
case material thickness channel thickness porosity fraction®
loading (nm) width (pm) (pm) (%) A
2 (%)
(mg/cm?)
SE+GE-1 30.7 133 40 50 35 43
SE+GE-2 30.6 133 40 50 35 43
SE+GE-3 30.7 133 40 50 35 43
*EVF values are rounded to nearest integer
Table B-X. Anode and electrolyte parameters for SE+GEs defined in Figure B3
Anode Electrolyte
. active Anode Anode y Top layer
Design . . . channel : Esk Ece
case material | thickness | porosity spacin porosity (%) (%)
loading (nm) (%) Iz m)g (%) ° °
(mg/cm?) H
SE+GE-1 15.5 131 35.1 200 46.0 27 73
SE+GE-2 15.5 131 35.1 145 44.0 48 52
SE+GE-3 15.5 131 35.1 108 40.0 76 24
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Table B-XI. SE+GE pouch cell stack parameters

Number of Stack
Design | cathodes/ano | Stack height | Stack weight | Stack volume .
. Capacity
case des in cell (cm) (kg) (L)
(Ah)
stack
SE+GE-1 33 1.01 1.14 0.463 86
SE+GE-2 33 1.01 1.15 0.463 86
SE+GE-3 33 1.01 1.17 0.463 86

In Figure B4, we investigate the potential benefits of concurrently structuring and grading
electrodes to understand the degree to which the SE or the GE structure contributes to the overall
cell performance based on specific discharge capacity. As summarized in Table B-X, the SE+GE-
1 case had a 73% Egg and a 27% Esg. SE+GE-2 had nearly equal contributions from GE and SE
in the additional 8% EVF. SE+GE-3 had a 24% Ege and with a higher 76% Esg porosity
contribution from the SE structure. SE+GE-1 — SE+GE-3 are plotted as the orange, green, and blue
solid lines. Note that all SE+GE models had an EVF value of 43%. SEG-5 (the black dashed line)
and GE-5 (the purple dashed line), which also had an EVF value of 43%, are plotted in Figure B4
for comparison purposes.

As seen in Figure B4 (a), SE+GE-3, which had a higher Esg than Egg, demonstrated the
best rate capability amongst the SE+GE cases modeled in this study. The SE+GE cases showed
modest improved specific discharge capacity values over GE-5, but none of the SE+GEs cases
showed improvements over their SEG counterpart that has the same EVF value (SEG-5). In the
gravimetric and volumetric Ragone plots in Figure B4 we see that SE+GEs had little to no
improvement over GE-5 and SEG-5. These results, while limited in the number of cases examined,
indicate that at a fixed EVF, SE+GE designs for their added design complexity yield no significant

performance gains over SEs or GEs.
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Figure B4. Comparison of SE+GE designs to SE and GE designs with the same electrolyte volume
fraction (EVF). Plot (a) shows specific discharge capacity versus current density, plot (b) shows a
gravimetric Ragone plot, and plot (c) shows a volumetric Ragone plot. All plots capture data at

C/5,C/2, 1C, 2C, 4C, and 6C discharge rates.
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Figure B6. C/2, 1C, 2C, 4C, and 6C discharge curves of representative cases for the UE, GE, SEG,
and SEL cases that have a cathode active material loading of approximately 31 mg/cm?. For
comparison purposes, discharge curves in the left and middle columns are overlayed and plotted

in the right column.
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Figure B7. C/10, C/5, C/2, 1C, 2C, 4C, and 6C discharge curves for the UE and SEG cases that

have a cathode active material loading of approximately 60 mg/cm?. For comparison purposes,

discharge curves of UE-9, UE-10, and SEG-10 are plotted altogether in the lower-right panel.
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Table B-XII. Specific discharge capacity, specific energy, energy density, and power density
values for all UE, GE, SE, and SE+GE cases modeled in this study with VIBE-AMPERES.
Results include all pouch cell stack volume and weight calculations.

Design | Discharge | Specific Specific Volumetric | Volumetric | Gravimetric | Gravimetric
case C-rate discharge energy energy power energy power
capacity (Wh/gactive) | density density density density
(mAh/gactive) (Wh/L) (W/L) (Wh/kg) (W/kg)
UE-1 C2 89.7 0.318 362 378 138 144
UE-1 1C 44.9 0.156 177 739 68 281
UE-1 2C 21.9 0.073 83 1424 32 542
UE-1 4C 8.6 0.027 31 2665 12 1015
UE-1 6C 1.9 0.006 7 4024 3 1532
UE-2 C2 137.9 0.492 549 372 211 143
UE-2 1C 72.7 0.255 284 730 109 281
UE-2 2C 36.5 0.125 139 1426 54 549
UE-2 4C 15.4 0.049 55 2668 21 1026
UE-2 6C 59 0.018 21 3903 8 1501
UE-3 C2 171.9 0.619 671 365 262 143
UE-3 1C 122.2 0.431 468 716 183 280
UE-3 2C 61.9 0.213 231 1399 90 546
UE-3 4C 28.8 0.095 103 2681 40 1047
UE-3 6C 14.3 0.045 49 3843 19 1502
UE-4 C2 174.1 0.636 672 361 266 143
UE-4 1C 164.2 0.582 615 701 243 277
UE-4 2C 101.1 0.349 369 1366 146 540
UE-4 4C 47.7 0.160 169 2643 67 1045
UE-4 6C 27.9 0.090 95 3833 38 1516
UE-5 C2 175.6 0.646 659 351 266 141
UE-5 1C 173.1 0.621 633 684 255 276
UE-5 2C 140.9 0.488 497 1321 201 533
UE-5 4C 71.2 0.239 244 2559 98 1032
UE-5 6C 42.0 0.137 140 3736 56 1506
UE-6 C2 174.7 0.646 635 340 260 139
UE-6 1C 173.9 0.629 619 666 254 273
UE-6 2C 162.3 0.566 557 1283 228 526
UE-6 4C 99.0 0.333 327 2473 134 1013
UE-6 6C 57.7 0.190 187 3635 77 1489
UE-7 C/10 175.1 0.658 621 66 260 28
UE-7 C/5 175.0 0.656 619 132 259 55
UE-7 C2 174.5 0.647 610 326 256 137
UE-7 1C 173.5 0.631 596 641 250 269
UE-7 2C 169.5 0.595 561 1237 235 518
UE-7 4C 121.2 0.408 385 2373 161 995
UE-7 6C 73.1 0.240 227 3479 95 1458
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Table B-XII. Continued (1/5)

Design | Discharge | Specific Specific Volumetric | Volumetric | Gravimetric | Gravimetric
case C-rate discharge energy energy power energy power
capacity (Wh/gactive) | density density density density
(mAh/gactive) (Wh/L) (W/L) (Wh/kg) (W/kg)
UE-8 C/10 174.3 0.643 736 79 294 32
UE-8 C/5 170.9 0.616 705 154 282 62
UE-8 C2 97.5 0.344 393 377 157 151
UE-8 1C 48.3 0.167 191 740 76 296
UE-8 2C 23.1 0.076 87 1402 35 560
UE-8 4C 5.8 0.018 20 2643 8 1057
UE-8 6C 2.8 0.008 10 3829 4 1531
UE-9 C/10 174.4 0.652 661 71 280 30
UE-9 C/5 174.3 0.644 653 140 277 59
UE-9 C2 171.3 0.611 620 338 263 143
UE-9 1C 126.1 0.436 441 654 187 278
UE-9 2C 58.4 0.196 199 1272 84 540
UE-9 4C 19.9 0.064 65 2426 27 1029
UE-9 6C 6.6 0.020 20 3385 9 1437
GE-1 C2 171.0 0.627 664 363 263 144
GE-1 1C 148.7 0.536 568 715 225 283
GE-1 2C 121.0 0.423 448 1386 177 549
GE-1 4C 81.7 0.275 292 2670 115 1057
GE-1 6C 50.5 0.166 176 3905 69 1545
GE-2 C2 173.8 0.638 675 364 267 144
GE-2 1C 169.5 0.605 640 708 253 280
GE-2 2C 124.7 0.433 458 1376 181 545
GE-2 4C 61.6 0.207 219 2664 87 1054
GE-2 6C 35.7 0.116 123 3880 49 1535
GE-3 C2 171.3 0.628 651 355 260 142
GE-3 1C 149.1 0.539 558 700 223 279
GE-3 2C 123.8 0.435 451 1360 180 543
GE-3 4C 91.6 0.309 320 2611 128 1042
GE-3 6C 61.2 0.202 209 3824 83 1527
GE-4 C2 174.4 0.644 656 352 264 142
GE-4 1C 173.1 0.624 636 687 256 277
GE-4 2C 153.2 0.534 544 1327 219 534
GE-4 4C 91.1 0.307 313 2566 126 1033
GE-4 6C 52.8 0.173 176 3735 71 1503
GE-5 C/5 174.1 0.652 653 140 266 57
GE-5 C2 173.5 0.642 643 347 262 141
GE-5 1C 172.3 0.625 626 680 255 277
GE-5 2C 161.8 0.566 566 1311 231 534
GE-5 4C 104.2 0.351 352 2527 143 1029
GE-5 6C 63.6 0.209 210 3700 85 1508
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Table B-XII. Continued (2/5)

Design | Discharge | Specific Specific Volumetric | Volumetric | Gravimetric | Gravimetric
case C-rate discharge energy energy power energy power
capacity (Wh/gactive) | density density density density
(mAh/gactive) (Wh/L) (W/L) (Wh/kg) (W/kg)
GE-6 C2 175.0 0.647 638 341 261 139
GE-6 1C 173.4 0.628 620 668 254 273
GE-6 2C 163.4 0.572 564 1289 231 527
GE-6 4C 112.3 0.379 373 2485 153 1017
GE-6 6C 69.4 0.229 226 3648 92 1492
GE-7 C2 174.4 0.646 623 334 258 138
GE-7 1C 173.2 0.630 608 656 252 271
GE-7 2C 168.8 0.592 571 1264 236 523
GE-7 4C 119.0 0.401 387 2431 160 1006
GE-7 6C 71.7 0.237 229 3573 95 1479
GE-8 C2 173.9 0.645 615 330 256 138
GE-8 1C 173.5 0.632 602 648 251 270
GE-8 2C 169.2 0.594 566 1250 236 521
GE-8 4C 120.6 0.407 388 2403 162 1002
GE-8 6C 72.2 0.239 228 3535 95 1474
GE-9 C2 174.3 0.648 577 310 249 133
GE-9 1C 173.4 0.634 565 610 243 262
GE-9 2C 170.5 0.604 539 1182 232 509
GE-9 4C 140.4 0.476 425 2263 183 974
GE-9 6C 93.8 0.313 279 3335 120 1435
SEG-1 C2 173.1 0.635 667 360 265 143
SEG-1 1C 167.0 0.594 625 700 248 278
SEG-1 | 2C 110.6 0.384 404 1366 160 542
SEG-1 | 4C 55.5 0.185 195 2629 77 1043
SEG-1 6C 31.7 0.104 109 3851 43 1528
SEG-2 | C/2 173.0 0.636 666 360 265 143
SEG-2 1C 169.3 0.604 633 699 252 278
SEG-2 | 2C 123.2 0.427 447 1357 178 539
SEG-2 | 4C 59.5 0.200 209 2628 83 1044
SEG-2 | 6C 33.8 0.110 115 3823 46 1519
SEG-3 | C/2 173.8 0.640 665 358 265 143
SEG-3 1C 171.3 0.614 638 697 255 278
SEG-3 | 2C 135.4 0.469 487 1348 194 538
SEG-3 | 4C 63.0 0.211 220 2613 88 1042
SEG-3 | 6C 35.8 0.117 122 3833 49 1529
SEG-4 | C/2 173.7 0.642 655 352 263 142
SEG-4 1C 171.8 0.620 633 689 255 277
SEG-4 | 2C 146.3 0.513 524 1339 211 539
SEG-4 | 4C 91.7 0.309 315 2570 127 1035
SEG-4 | 6C 56.1 0.184 188 3766 76 1516
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Table B-XII. Continued (3/5)

Design | Discharge | Specific Specific Volumetric | Volumetric | Gravimetric | Gravimetric
case C-rate discharge energy energy power energy power
capacity (Wh/gactive) | density density density density
(mAh/gactive) (Wh/L) (W/L) (Wh/kg) (W/kg)
SEG-5 | C/5 174.1 0.653 655 141 267 57
SEG-5 | C/2 173.0 0.642 643 348 262 142
SEG-5 1C 171.9 0.626 628 683 256 278
SEG-5 | 2C 166.9 0.587 588 1318 240 537
SEG-5 | 4C 120.2 0.405 406 2527 165 1029
SEG-5 | 6C 72.0 0.236 237 3690 96 1503
SEG-6 | C/10 174.1 0.656 631 68 262 28
SEG-6 | C/5 174.0 0.653 629 135 261 56
SEG-6 | C/2 173.3 0.644 620 334 258 139
SEG-6 1C 172.7 0.632 608 658 253 273
SEG-6 | 2C 171.0 0.606 584 1276 242 530
SEG-6 | 4C 140.3 0.475 457 2437 190 1012
SEG-6 | 6C 88.2 0.293 282 3587 117 1489
SEG-7 | C/2 173.2 0.642 609 328 255 137
SEG-7 1C 172.4 0.627 595 644 249 269
SEG-7 | 2C 157.2 0.558 529 1257 221 525
SEG-7 | 4C 119.8 0.408 387 2412 162 1008
SEG-7 | 6C 87.4 0.289 274 3509 114 1467
SEG-8 | C/2 173.6 0.646 577 310 248 134
SEG-8 1C 172.9 0.634 567 612 244 263
SEG-8 | 2C 171.3 0.610 545 1189 235 511
SEG-8 | 4C 150.8 0.514 459 2275 198 978
SEG-8 | 6C 107.6 0.358 320 3332 138 1433
SEG-9 | C/2 173.6 0.647 518 279 234 126
SEG-9 1C 172.8 0.636 509 550 230 248
SEG-9 | 2C 172.2 0.617 494 1072 223 484
SEG-9 | 4C 159.5 0.546 437 2048 197 924
SEG-9 | 6C 114.2 0.385 308 3026 139 1365
SEG-10 | C/10 174.8 0.656 678 73 285 31
SEG-10 | C/5 174.5 0.650 672 144 282 61
SEG-10 | C/2 173.6 0.631 653 352 274 148
SEG-10 | 1C 165.1 0.576 596 675 250 284
SEG-10 | 2C 87.6 0.299 309 1321 130 555
SEG-10 | 4C 29.1 0.096 99 2550 42 1071
SEG-10 | 6C 12.4 0.039 40 3667 17 1540
SEL-1 C2 173.6 0.637 660 356 264 142
SEL-1 1C 167.7 0.598 620 692 248 276
SEL-1 2C 114.3 0.396 411 1345 164 537
SEL-1 4C 58.1 0.195 202 2600 81 1038
SEL-1 6C 342 0.111 115 3791 46 1513
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Table B-XII. Continued (4/5)

Design | Discharge | Specific Specific Volumetric | Volumetric | Gravimetric | Gravimetric
case C-rate discharge energy energy power energy power
capacity (Wh/gactive) | density density density density
(mAh/gactive) (Wh/L) (W/L) (Wh/kg) (W/kg)
SEL-2 C2 173.9 0.639 655 352 263 141
SEL-2 1C 169.8 0.607 623 685 250 275
SEL-2 2C 126.8 0.441 452 1332 181 535
SEL-2 4C 65.7 0.220 226 2569 91 1031
SEL-2 6C 37.6 0.123 126 3760 51 1509
SEL-3 C2 173.6 0.639 651 350 262 141
SEL-3 1C 170.0 0.609 620 682 250 275
SEL-3 2C 128.7 0.447 456 1324 184 534
SEL-3 4C 69.2 0.232 237 2556 95 1031
SEL-3 6C 41.3 0.135 138 3736 56 1507
SEL-4 C2 174.5 0.642 651 349 263 141
SEL-4 1C 171.1 0.614 623 681 252 275
SEL-4 2C 134.6 0.468 474 1320 192 534
SEL-4 4C 71.9 0.241 244 2547 99 1029
SEL-4 6C 40.2 0.131 133 3723 54 1505
SEL-5 C2 173.6 0.641 642 346 261 141
SEL-5 1C 171.8 0.620 621 676 253 275
SEL-5 2C 151.5 0.529 529 1308 216 533
SEL-5 4C 86.5 0.290 291 2515 118 1025
SEL-5 6C 48.3 0.159 159 3706 65 1510
SEL-6 C2 174.6 0.645 635 341 260 139
SEL-6 1C 172.3 0.622 613 666 251 273
SEL-6 2C 148.2 0.519 511 1292 209 529
SEL-6 4C 93.0 0.313 308 2484 126 1017
SEL-6 6C 57.5 0.189 186 3637 76 1489
SEL-7 C2 174.3 0.645 630 337 259 139
SEL-7 1C 173.6 0.629 614 661 252 271
SEL-7 2C 161.5 0.564 550 1273 226 523
SEL-7 4C 99.9 0.335 327 2449 135 1007
SEL-7 6C 55.9 0.184 180 3604 74 1481
SEL-8 C2 174.3 0.647 613 329 256 138
SEL-8 1C 173.0 0.631 598 647 250 270
SEL-8 2C 168.5 0.593 562 1248 235 522
SEL-8 4C 124.2 0.419 397 2392 166 1000
SEL-8 6C 75.1 0.247 234 3499 98 1463
SEL-9 C2 173.8 0.644 596 321 252 135
SEL-9 1C 172.8 0.628 581 629 245 266
SEL-9 2C 157.3 0.556 514 1224 217 517
SEL-9 4C 116.5 0.395 365 2347 154 991
SEL-9 6C 80.2 0.266 246 3441 104 1453
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Table B-XII. Continued (5/5)

Design case Discharge | Specific Specific Volumetric | Volumetric | Gravimetric | Gravimetric
C-rate discharge energy energy power energy power
capacity (Wh/gactive) | density density density density
(mAh/gactive) (Wh/L) (W/L) (Wh/kg) (W/kg)
SEL-10 C2 175.0 0.650 592 317 252 135
SEL-10 1C 174.2 0.637 581 624 247 265
SEL-10 2C 172.1 0.610 556 1209 236 514
SEL-10 4C 140.7 0.476 434 2309 184 981
SEL-10 6C 88.4 0.294 268 3399 114 1445
SEL-11 C2 174.1 0.648 557 299 243 131
SEL-11 1C 173.7 0.636 547 589 239 257
SEL-11 2C 171.4 0.610 524 1145 229 500
SEL-11 4C 147.8 0.502 432 2188 189 956
SEL-11 6C 99.7 0.331 285 3208 124 1401
SEL-12 C2 174.5 0.650 522 280 235 126
SEL-12 1C 173.6 0.638 512 552 231 249
SEL-12 2C 172.6 0.617 496 1075 223 484
SEL-12 4C 156.9 0.535 430 2052 194 924
SEL-12 6C 108.0 0.361 290 3018 131 1359
SE+GE-1 C/5 174.0 0.652 651 140 263 57
SE+GE-1 C2 173.4 0.642 641 346 259 140
SE+GE-1 1C 172.5 0.627 626 678 253 274
SE+GE-1 2C 163.8 0.575 574 1310 232 529
SE+GE-1 4C 1123 0.379 379 2523 153 1020
SE+GE-1 6C 69.8 0.231 230 3700 93 1495
SE+GE-2 C/5 174.1 0.651 650 139 261 56
SE+GE-2 C2 173.4 0.643 641 345 257 139
SE+GE-2 1C 172.6 0.627 626 677 251 272
SE+GE-2 2C 164.0 0.575 574 1307 230 524
SE+GE-2 4C 110.9 0.374 374 2517 150 1010
SE+GE-2 6C 67.9 0.224 224 3690 90 1480
SE+GE-3 C/5 174.3 0.654 653 140 258 56
SE+GE-3 C/2 174.1 0.646 645 347 255 137
SE+GE-3 1C 172.9 0.629 628 680 249 269
SE+GE-3 2C 166.6 0.585 584 1313 231 520
SE+GE-3 4C 117.3 0.396 395 2523 156 999
SE+GE-3 6C 71.4 0.235 234 3687 93 1460

234




Table B-XIII. Summary of how previous publications have

electrodes (GEs) and structured electrode (SEs).

approached modeling graded

Studies Model Cathode | Anode | SE Battery C-rate Electrolyte
dimension geometry | Scale for volume
Analysis fraction
(EVF)
Chapter4 | 3D SE, GE, | UE Grid and | Multi-layer C/10-6C Systematically
and UE graphite | Line cell stack varied to
NMC622 compare to UE
and GE
Cobb and | P2D SE Lithium | Line Single-layer 1C Unconstrained
Blanco LiCoO; | Metal cell sandwich
[*] (Half
cell)
Dai and 1D GE GE N/A Single-layer | C/10-3C N/A
Srinivasan LiMn,0O4 | graphite cell sandwich
[
Qietal. 1D GE Lithium | N/A Single-layer 1C N/A
%] LiCoO; | Metal cell sandwich
(Half
cell)
Cobb and | P2D SE Lithium | Line Multi-layer C2-2C Constrained to
Solberg NMCI111 | Matel cell stack 2.2 g/cc and
['9 (Half (estimated 2.4 g/ce active
Cell) based on solid electrode
half-cell fraction
results)
Habedank | 3D UE SE Grid Single-layer | C/5-10C N/A
etal. [%] NMCI111 | graphite cell sandwich
Kraft et 1D UE SE Grid Single-layer | C/5-10C Constrained to
al. [%] NMCI111 | graphite cell sandwich a range of 5%
— 10% more
electrolyte
volume than
UE
Chen et 3D UE SE Grid Single-layer | 4C N/A
al. [2] NMC532 | graphite cell sandwich
Goel etal. | 3D UE SE Grid Single-layer | 4C Constrained to
['4] NMC532 | graphite cell sandwich an electrode
1D Lithium | SE Grid Single-layer | 6C volume
Metal graphite cell sandwich fraction of
(Half 0.895,
Cell) electrode
porosity
included
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APPENDIX C.

*The content in Appendix C is submitted as the supplemental material to a journal.

Model parameterization

4.2
4.0\5. "
3.8 I v
S3.6] -
N .-
(_409 ’/,,,./
> 3.4 ‘.“'
3.2 ‘ —— 1C discharge model 1C discharge Wu et al.
| —— 4C discharge model 4C discharge Wu et al.
I\‘ —— 6C discharge model 6C discharge Wu et al.
3.0 ‘\ 1C charge model 1C charge Wu et al.
—— 2C charge model 2C charge Wu et al.
—— 6C charge model 6C charge Wu et al.
2'80 20 40 80 100 120

Figure C1. Charge and discharge voltage profiles at 1C, 4C, and 6C for the UE models with a
cathode active material loading of 13.1 mgacive/cm? (UE-13) compared to experimental data from

Wu et al.'*° The model data is represented by the solid lines. Experimental data extracted from Wu

et al. are plotted in round markers.

Figure C1 compares our UE model (UE-13) to the experimental data reported in Wu et al.
159 The parameters for electrode porosity, thickness, and loading in our models are based on the
information and data provided by Wu et al. The experimental data from Wu et al. indicated that
the graphite|NMC-622 cell exhibited a relatively stable discharge plateau voltage at 1C, 4C, and

6C rates. With a N/P ratio of approximately 1.14, the voltage of the graphite anode remained

Specific Capacity (mAh/g_active)
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around 0.1V until the end of discharge. This stable plateau voltage suggests that the overpotential
resulting from transport limitations did not significantly increase toward the end of the discharge.
Instead, the rapid drop in the full-cell voltage likely occurred because the NMC-622 cathode
approached full capacity (SOC of 1). The solid-phase diffusivity in our models was found to be
several orders of magnitude higher, as detailed in Table 5.1.

The open-circuit potential (OCP) equation for the graphite anode was referenced from a study
conducted by Srinivasan and Newman.* Our models were unable to achieve an exact fit to the cell
capacity and voltage from Wu et al using existing NMC-622 OCP equations from literature shown
in Figure C2. To resolve this, we conducted a parameter estimation to define an OCP equation for
NMC-622 that aligned better with the 1C charge and discharge results provided by Wu et al. Figure
C2 plots our NMC-622 OCP alongside other reported OCP equations from literature. It is assumed
that the voltage hysteresis between charge and discharge is negligible; therefore, the same OCP

equation was used for both charge and discharge modeling in this work.

—— Ansah et al. NMC-622
—— Verma et al. NMC-532

—— Colclasure et al. NMC-532
OCP used in this work

W
o]

Voltage (V)
w
[#)]

w
B

3.2

3.
%.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
SOC (unitless)

Figure C2. OCP used for the NMC-622 cathode in our models compared OCP equations reported

by Ansah et al., Verma et al., and Colclasure et al.!!3127:138
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The reaction rate constants presented in Table 5.1 were adjusted within ranges reported in
literature to fit the initial voltage drop observed in the charge and discharge data from Wu et al.!>
Reaction rate values are different for intercalation and de-intercalation reactions corresponding to
charge and discharge. Prior modeling work by Doyle et al. observed a larger film resistance in the
anode than the cathode.!' To improve the model fit to experimental data, a film resistance was
incorporated in our model for the charge models to account for the potential effects of the solid
electrolyte interphase (SEI). In contrast, no film resistance was applied on the cathode side or in
the discharge models, operating under the assumption of perfect contact between the electrodes
and current collectors.

Finite element meshes consisting of hexahedral elements were generated using the commercial
software, Coreform Cubit version 17.1.0.!7® This software enables the definition of geometry and
meshes to model electrode cells composed of a cathode, an anode, and a separator. The meshes
were exported to the Exodus file format and subsequently imported into VIBE-AMPERES.
Symmetry boundary conditions were imposed on repeating patterns SE patterns; Implementing
symmetry conditions helps to reduce computational run time while enabling effective 3D modeling
of the minimum unit cell necessary to accurately capture the discharge behavior of SEAs, SECs,
and SEA-SECs. In addition, the lithium-ion flux was assumed to be zero across the symmetry
boundaries. The meshes varied in size from 400 to 1292 hexahedral elements. The models took
0.5 to 8 hours to run, utilizing 1 to 4 parallel processes on an Intel® Core™ i15-1135G7 4-core
processor with up to 16GB RAM, or on an Intel® Xeon® Silver 4215 8-core processor with up to

64GB RAM.
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Summary of UE, SEA, SEC, and SEA-SEC design parameters and modeling results

Table C-I. Design parameters for the UE cells. The 1C applied current density for UE-13 is 2.30

mA/cm?, and the 1C applied current density for UE-18 is 3.22 mA/cm?.

Design Cathode Anode Cathode Active Material | Anode Active Material
Thickness Thickness Loading (mgnmc/cm?) Loading (mggraphite/cm?)
(xm) (xm)

UE-13 50 52 13.1 7.5

UE-18 70 73 18.4 10.5

Table C-II. Design parameters used for the SEC and SEA models

Design Cathode Anode Cathode Anode Active | “All- “All- EVF
Thickness | Thickness | Active Material electrolyte” | electrolyte”
(num) (um) Material Loading region Line | region Line
Loading (Mggraphitc/cm?) | Width Spacing
(mgnmc/cm?)
SEC-13-40% | 58 52 7.5 13.1 40 159 40%
SEC-13-45% | 63 52 7.5 13.1 40 114 45%
SEC-13-50% | 70 52 7.5 13.1 40 90 50%
SEC-13-55% | 77 52 7.5 13.1 40 77 55%
SEC-13-60% | 87 52 7.5 13.1 40 67 60%
SEA-13-35% | 56 50 7.5 13.1 40 310 35%
SEA-13-40% | 61 50 7.5 13.1 40 165 40%
SEA-13-50% | 73 50 7.5 13.1 40 92 50%
SEA-13-60% | 91 50 7.5 13.1 40 68 60%
SEC-18-40% | 82 73 10.5 18.5 40 194 40%
SEC-18-45% | 89 73 10.5 18.4 40 134 45%
SEC-18-50% | 99 73 10.5 18.5 40 104 50%
SEC-18-51% | 100 73 10.5 18.4 40 100 51%
SEC-18-55% | 109 73 10.5 18.4 40 86 55%
SEC-18-60% | 123 73 10.5 18.4 40 74 60%
SEA-18-35% | 79 70 10.5 18.4 40 380 35%
SEA-18-40% | 86 70 10.6 18.4 40 198 40%
SEA-18-50% | 103 70 10.5 18.4 40 106 50%
SEA-18-51% | 105 70 10.5 18.4 40 100 51%
SEA-18-60% | 128 70 10.5 18.4 40 75 60%
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Table C-III. Stack properties, specific capacity, and the resulting stack volumetric and gravimetric
discharge energy density and charge capacity for all models that have a 13.1 mgacive/cm? cathode
active material loading. “Number of SLCs” represents the number of single-layer cells (SLCs)

within the stack.

Stack Properties 6C Discharge Model Results 6C Charge Model Results

Design Number | gaciive’Kg | active/L | MAh/gacive | Whkg | WH/L | mAh/gacive | Ah/kg | Ah/L
of SLCs

UE-13 69 377 1005 146 175 467 107 36 97
SEC-13-40% | 65 366 946 151 178 461 120 40 102
SEC-13-45% | 63 360 916 155 180 458 121 39 100
SEC-13-50% | 60 354 883 159 182 454 124 40 99
SEC-13-55% | 58 346 847 160 180 440 126 39 96
SEC-13-60% | 55 337 800 161 176 418 127 39 92
SEA-13-35% | 67 372 978 146 175 458 113 38 100
SEA-13-40% | 65 366 946 146 172 444 115 38 98
SEA-13-50% | 60 353 878 146 166 414 119 38 94
SEA-13-60% | 54 335 791 147 158 374 124 37 88

Stack Properties 4C Discharge Model Results 4C Charge Model Results
Design Number | gactive’Kg | active/L | mAh/gacive | Whkg | WHh/L | mAh/gacive | Ah/kg | Ah/L

of SLCs

UE-13 69 377 1005 154 188 500 130 44 118
SEC-13-40% | 65 366 946 157 188 485 136 45 116
SEC-13-45% | 63 360 916 160 188 478 139 45 115
SEC-13-50% | 60 354 883 162 188 470 140 45 112
SEC-13-55% | 58 346 847 163 185 453 141 44 108
SEC-13-60% | 55 337 800 163 134 317 142 43 103
SEA-13-35% | 67 372 978 154 186 489 136 46 120
SEA-13-40% | 65 366 946 154 184 474 135 45 115
SEA-13-50% | 60 353 878 154 177 441 140 45 111
SEA-13-60% | 54 335 791 154 168 398 139 42 99
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Table C-IV. Stack properties, specific capacity, and the resulting stack volumetric and gravimetric

discharge energy density and charge capacity for all models that have an 18.4 — 18.5 mgactive/cm?

cathode active material loading. “Number of SLCs” represents the number of single-layer cells

(SLCs) within the stack.

Stack Properties 6C Discharge Model Results 6C Charge Model Results

Design Number | gaciive’Kg | active/L | MAh/gaciive | Whkg | WH/L | mAh/gacive | Ah/kg | Ah/L
of SLCs

UE-18 53 414 1096 126 162 430 78 29 77
SEC-18-40% 50 402 1033 138 174 448 85 31 79
SEC-18-45% | 48 394 993 146 182 458 92 33 83
SEC-18-50% | 46 387 955 152 186 459 98 34 84
SEC-18-51% | 46 384 943 153 186 457 100 35 85
SEC-18-55% | 44 376 905 156 186 447 103 35 84
SEC-18-60% | 41 365 853 158 183 427 105 35 81
SEA-18-35% | 52 407 1062 123 157 411 80 29 77
SEA-18-40% | 50 400 1024 123 156 399 86 31 79
SEA-18-50% | 46 384 943 124 150 369 95 33 81
SEA-18-51% | 45 383 935 124 150 366 95 33 80
SEA-18-60% | 41 363 845 124 143 332 99 33 76
SEA-SEC-18-
51%-parallel- | 40 357 822 156 178 409 120 38 88
aligned
SEA-SEC-18-
51%-parallel- | 40 357 822 156 178 409 118 38 88
misaligned
SEA-SEC-18-
51%- 40 357 822 156 179 411 119 39 89
perpendicular

Stack Properties 4C Discharge Model Results 4C Charge Model Results
Design Number | gactive’kg | active/L | MAh/gacive | Whikg Wh/L | mAh/gacive | Ah/kg | AW/L

of SLCs

UE-18 53 414 1096 138 183 484 110 41 109
SEC-18-40% 50 402 1033 149 192 493 117 43 109
SEC-18-45% | 48 394 993 155 196 494 124 44 111
SEC-18-50% | 46 387 955 159 199 490 127 44 109
SEC-18-51% | 46 384 943 160 198 486 126 44 108
SEC-18-55% | 44 376 905 161 195 470 128 43 104
SEC-18-60% | 41 365 853 161 191 446 130 43 100
SEA-18-35% | 52 407 1062 140 183 476 114 42 110
SEA-18-40% | 50 400 1024 141 180 461 118 43 109
SEA-18-50% | 46 384 943 141 174 427 122 42 104
SEA-18-51% | 45 383 935 141 173 423 122 42 103
SEA-18-60% | 41 363 845 141 165 383 126 42 97
SEA-SEC-18-
51%-parallel-
aligned 40 357 822 160 187 429 137 44 102
SEA-SEC-18-
51%-parallel-
misaligned 40 357 822 160 186 428 136 44 101
SEA-SEC-18-
51%-
perpendicular | 40 357 822 160 186 429 137 44 101
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Figure C3. Charge and discharge voltage profiles at (a) 4C and (b) 6C for UE-18, SEA-18-51%,
SEC-18-51% are shown. In addition, modeling results for the three SEA-SEC configurations are
shown: SEA-SEC-18-51%-parallel-aligned, SEA-SEC-18-51%-parallel-misaligned, and SEA-

SEC-18-51%-perpendicular. All cases have a cathode active material loading of 18.4 mgactive/cm?.
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Data interpolation for SEA-SEC cases
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Figure C4. Close-up of the charge voltage profiles at (a) 4C and (b) 6C at the end of charge for
SEC-18-51 SEA-SEC-18-51%-parallel-aligned, SEA-SEC-18-51%-parallel-misaligned, and
SEA-SEC-18-51%-perpendicular. The empty circle markers are modeling results from VIBE-
AMPERES. The solid triangle markers are the high-resolution voltage versus capacity data
interpolated based on the VIBE-AMPERES modeling results and cut off at 4.2V. The interpolated
capacity data at 4.2V was used as the charge capacity of SEA-SECs.
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