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Abstract
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The Interplay of Low and High Current Constraints

Martin Brischetto

Chair of the Supervisory Committee:

Jihui Yang
Department of Materials Science & Engineering

Lithium-ion batteries lie at the heart of the energy transition away from fossil fuels.

They allow us to store intermittent renewable energy and dispatch it on demand in the

form of electricity. Mobile applications of lithium-ion batteries, such as in electric vehicles,

require high energy densities as the battery needs to propel its own mass, in addition to

that of the rest of the car. Much work has been devoted towards this end, with current

commercial state-of-the-art lithium-ion batteries reaching energy densities of 200Whkg−1

to 300Whkg−1. However, The United States Department of Energy has set the ambitious

goal of developing a cell with energy density above 500Whkg−1 that can cycle for more

than 1000 cycles and costs less than $60 kWh−1. Increasing the energy density of a cell often

involves trade-offs with respect to cycling stability, discharge rate, and cost. Understanding

these trade-offs is crucial.

In this dissertation, we develop a physics-based framework for characterizing and un-

derstanding discharge curves, rate performance data, and their relationship to the physical

rate-limiting mechanisms evolving within the cell. With these models in mind, we assem-

ble the largest, highest resolution, and highest quality rate performance data set of its



kind available in literature; consisting of 58 LiNi0.6Mn0.2Co0.2O2 and 86 LiFePO4 lithium

metal anode cells, across five loadings and three porosities, discharged through a densely

staggered series of galvanostatic discharge currents.

We identify four different rate-limiting mechanisms that play a role in the capacity

underutilization observed in LiNi0.6Mn0.2Co0.2O2 and LiFePO4 cathodes. At low currents,

LiNi0.6Mn0.2Co0.2O2 cathodes are limited by the ionic solid-diffusion in the active particles,

while LiFePO4 cathodes are limited by the phase-transformation rate of the active particles.

We find that the sharp capacity drop at high currents is generally caused by the growing

Ohmic and charge-transfer potentials, and not by the ionic liquid-diffusion limits often

ascribed to it. The ionic liquid-diffusion limits emerge in the thickest and most dense of

cathodes, and requires a very low threshold voltage to be visible beyond the Ohmic/charge-

transfer limit. The experimental data points to an optimal dense cathode thickness of

140µm to 160µm and our modeling suggests that the optimal thickness for cells with

porous anodes would be much smaller. Overall, this work provides a broad and nuanced

framework for understanding the design considerations in lithium-ion cells.
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1. Introduction

(Note. Substantial portions of this work are taken verbatim from the manuscript titled On
Rate-Limiting Mechanisms in NMC Cathodes: The Interplay of Low and High Current
Constraints by Martin Brischetto, Sicen Yu, Jun Liu, Jie Xiao, and Jihui Yang published
in Ref.1.)

The transition from fossil fuels to renewable energy sources is one of the most pressing
global challenges of the 21st century, and batteries are at the heart of this transforma-
tion. Among the various battery technologies available, lithium-ion batteries (LIBs) stand
out due to their high energy and power density, making them particularly promising for
a wide array of applications, most notably in electric vehicles (EVs). State-of-the-art,
mass-produced, LIB packs used in EVs have energy densities ranging from 200Whkg−1

to 300Whkg−1, yet there is a constant push for improvements2. For instance, the Bat-
tery500 Consortium has set an ambitious target of developing LIB pouch cells capable of
achieving energy densities of 500Whkg−1 with a cycle life of at least 1,000 cycles, thereby
significantly enhancing the potential for mass EV adoption and extended use in renewable
energy storage systems3.

At the core of improving LIB performance lies the optimization of their components
and design. A standard LIB consists of three primary active components: the anode,
cathode, and electrolyte. The ability of a battery to store energy is largely determined
by the selection and optimization of these active materials. However, the design of LIBs
is constrained by the presence of several inactive components, such as separators and
metal casings, which contribute to the overall mass without enhancing energy storage
capacity4. These inactive materials represent a fixed cost in terms of weight, meaning that
maximizing the proportion and utilization of active material within a given battery cell is
key to improving energy density.

One avenue of research that has gained significant attention is increasing the loading
of the cathode5–8. However, this strategy presents a significant trade-off; while increasing
cathode loading can improve the battery’s energy density, it simultaneously diminishes
the rate performance, limiting the power density. A variety of studies have explored the
rate-limiting mechanisms in cathodes, revealing that their rate performance is governed by
several factors. During normal operation of a battery, at lower currents, the rate-limiting
mechanism is determined by the nature of the active material, with LiNi0.6Mn0.2Co0.2O2

(NMC) cathodes limited by ionic solid-diffusion (ISD)9–13 and LiFePO4 (LFP) limited by
phase transformation (PT)14–16. At higher currents, the rate-limiting mechanism is gov-
erned by Ohmic/charge-transfer (OCT) resistance9,12,17,18, while in cathodes with higher
loading it is governed by ionic liquid-diffusion (ILD)9,12,19–21. In addition to the electro-
chemical trade-offs, thick cathodes also suffer from cracking and delamination8,22, prompt-
ing research into advanced fabrication techniques alleviating these issues23–26. These stud-
ies underscore the complexity of optimizing cathode design, as changes in thickness, poros-
ity, tortuosity, and the inclusion of conductive carbon additives all affect the balance be-
tween energy density and power performance.
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Much work has been put into describing and predicting how the rate-limits impact the
rate performance of cells. Gallagher et al. developed a model predicting that the critical
current is inversely proportional to cathode thickness, suggesting that ILD limitations are
the primary cause of the sharp capacity drop at high discharge rates20. This model was
expanded upon by Wang et al. to account for the distribution of dissolved lithium across
the entire cell, including the anode and separator21. The concentration gradient in the
electrolyte across the whole cell results in a reduced concentration in the cathode, sup-
pressing ionic liquid-diffusion. This effect is most pronounced in cells where the cathode
pore volume is small relative that of the separator and anode; e.g. in cells with porous an-
odes and/or thin cathodes. Interestingly, this means that, in terms of ionic liquid-diffusion,
Li-metal anodes allow for much larger currents and/or cathodes than porous anodes do.
However, Li-metal anodes have their own rate-limits related to the growth and structural
integrity of the solid-electrolyte interphase (SEI) during stripping and plating27–29, requir-
ing high-performance electrolytes to form a more stable SEI28,30. In thin films and single
particles, where ILD limits are absent, the capacity drops sharply at very high C-rates
(≳100C10,11) when the polarization pushes the knee of the discharge curve below the lower
threshold voltage. The polarization is a function of cell resistance which, in turn, depends
on cathode thickness, porosity, tortuosity, additives etc.5,18.

Despite the substantial advancements made in understanding rate-limiting mechanisms,
there remains considerable debate surrounding the identification and quantification of these
factors based on rate performance data10,20,31–40. One of the key challenges lies in the simi-
larity in the way different rate-limiting mechanisms manifest in rate performance data; with
a sharp capacity drop at higher currents35. Although substantial data has been gathered
and modeled to generate useful parameters for understanding these limits, some studies
have not measured currents high enough to observe a pronounced capacity drop, which
can cast doubt on certain conclusions about rate-limiting mechanisms35. Additionally,
the occurrence of these limits within a relatively narrow current density range (typically
1mAcm−2 to 10mAcm−2) across a broad spectrum of thicknesses (5 µm to 600 µm) com-
pounds the difficulty of distinguishing between them11,36. Furthermore, the widespread
use of C-rate rather than current density in evaluating rate performance can sometimes
obscure the real physical effects, particularly when trying to isolate the impact of loading
on performance20,32,38.

To address these ongoing challenges, a more comprehensive approach is needed to
better clarify the underlying mechanisms that limit rate performance. By improving our
understanding of these factors, we can more accurately pinpoint the design parameters
that need optimization to enhance battery performance. For example, if a cathode is
found to be limited by Ohmic potentials, increasing conductivity–through additives such as
carbon or by adjusting electrolyte and electrode properties–would be crucial. Conversely, if
ionic liquid-diffusion is the primary limitation, adjustments in cathode porosity, tortuosity,
thickness, or electrolyte diffusion characteristics may be necessary.

In this study, we aim to develop a more nuanced model that captures the relationship
between rate-limiting mechanisms and rate performance data. We develop physics-based
models describing the discharge dynamics in LFP and NMC cathodes and use these to an-
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alyze galvanostatic rate performance data. We assemble NMC|Li-metal and LFP|Li-metal
coin cells with cathodes of varying thicknesses and porosities, perform detailed rate perfor-
mance measurements across a densely staggered set of discharge currents. This amounts
to the largest, highest resolution, and highest quality rate performance data set available
in literature35,36. We inspect the discharge curves and rate performance data and use our
models to identify the governing rate-limiting mechanisms and the capacity drop current.
We use the models to predict the optimum cathode thickness at a given operating current.
We investigate the trade-off in the LFP discharge between the number of participating par-
ticles and their average transformation current. Furthermore, we investigate the interplay
between the various rate-limits by analyzing the discharge curves at different lower thresh-
old voltages, allowing us to better understand how the mechanisms interact under varying
operating conditions. This comprehensive approach will provide clearer insights into opti-
mizing LIB cathodes for high-energy applications without compromising rate performance,
ultimately contributing to the broader effort of improving battery technologies for future
energy needs. This dissertation begins with an in-depth description of the discharge pro-
cess in NMC and LFP cathodes and the mechanisms that lead to the underutilization of
capacity. The next section outlines how we assemble our coin cells, calculate the porosity
of their cathodes, and the rate performance program we put them through. After methods,
we use simulations of NMC cathodes to tie features in the experimental discharge curves
and rate performance data to physical events in the cathode. We use these insights to
identify the rate-limiting mechanisms in our experimental data. The subsequent analysis
is divided into two parts. First we treat the rate-limits at low currents; ISD in NMC
and PT in LFP. Second, we analyze the rate-limits at high currents that cause the sharp
capacity drop; ILD and OCT. Finally, we summarize our conclusions.

2. Background: Discharge Dynamics

A LIB consists of, at minimum, an anode in which lithium has a high electrochemical
potential and a cathode in which lithium has a low electrochemical potential, connected
into a circuit through an ion conductor (the electrolyte) and an electron conductor (external
wiring). During discharge, lithium ions spontaneously dissolve into the electrolyte at the
anode and, at the same time, lithium ions are spontaneously intercalated into the active
material in the cathode. The resulting concentration gradient in the electrolyte causes the
dissolved lithium to diffuse from the anode, across the separator, into the cathode.

During a galvanostatic discharge, a counteracting voltage is applied to maintain a con-
stant cell current. Simulations show that the process quickly reaches a quasi-steady-state
wherein the cathode active material is filled, the anode active material is depleted, and the
concentration gradient in the electrolyte is slowly evolving21,41. The applied voltage mea-
sured through a galvanostatic discharge is one of the most basic properties of an operating
battery. But in order to understand what the discharge curve tells us about the battery,
we must consider the process evolving between the current collectors. The nature of this
process depends on the nature of the active materials. Figure 2 illustrates the difference
between LFP cathodes and NMC cathodes.
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NMC cathode particles are relatively large (∼10µm) spherical agglomerations of small
primary particles. The material is a layered transition metal oxide wherein covalent layers
of O–[Ni|Mn|Co]–O are stacked, separated both by weak Van-der-Waals forces and by
small lithium ions loosely bound between the layers42. In the discharged state, NMC
has a lithium ion for every two oxygen atoms. When charging, the lithium is pulled out
by applying a voltage greater than ∼3.7V vs Li/Li+ (µmax

NMC in Figures 2a and d). The
equilibrium voltage increases as more lithium is pulled out. At 4.2V (µmin

NMC in Figures
2a and d), NMC has ∼42% of the lithium compared to that in the discharged state. The
relationship between the equilibrium voltage and the filling fraction, µNMC(cs), is shown
in Figure 2d with a black dotted line. When excessive amounts of lithium are pulled out,
the layered structure deteriorates and the oxygen is released, reducing the capacity of the
material43.

During a galvanostatic discharge, a voltage just below the equilibrium voltage is applied,
causing the lithium ions dissolved in the electrolyte to intercalate into the NMC. The
applied voltage must continuously decrease in order to maintain the constant cell current
as the particle surface is filled and its chemical potential increases. Simulations show that
the cell current is distributed across the cathode in discharges of NMC (see Section 4).
This is because the reaction rate at an NMC surface, j, depends on both the lithium-ion
concentration and the electrochemical potential in the electrolyte and the particle surface.
This relationship can be understood in terms of the Butler-Volmer equation.

j = j0

(
exp

[
−αF∆µ

RT

]
− exp

[
(1− α)F∆µ

RT

])
j0 = k0

(
cel
cel,0

)1−α(
cs,surf
cs,max

)1−α(
1− cs,surf

cs,max

)α

∆µ = µel(cel)− µs(cs,surf )

(1)

where α, RT/F , ∆µ, µel, µs is the charge transfer coefficient, the thermal voltage, the
cathode surface overpotential, and the electrochemical potentials of the electrolyte (teal
solid and dashed lines in Figure 2a and b) and solid (orange solid and dashed lines in
Figure 2a and b). The exchange current density, j0, is a function of the lithium-ion con-
centration in the electrolyte cel and at the particle surface cs,surf , and material constants
like the maximum particle concentration cs,max, rate constant k0, and reference electrolyte
concentration cel,0. Both the exchange current density and the cathode surface overpoten-
tial, and consequently the reaction rate, decreases as the particle surfaces fill. This has a
homogenizing effect on the reaction rate across the cathode, as it impedes the reaction at
surfaces that are further along while accelerating the reaction at surfaces that lag behind.
Although, the gradient in the electrochemical potential of the electrolyte has the opposite
effect, as it promotes a higher reaction rate closer to the separator. Once the first NMC
surfaces become fully filled (t2 and dashed lines in Figures 2b and d), the applied voltage
drops sharply in order to maintain the constant current, increasing the surface overpoten-
tial at the remaining NMC surfaces. This kicks off a spiral of an accelerating voltage drop
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as more particle surfaces fill. Soon thereafter, the threshold voltage is reached, ending the
galvanostic discharge. This means that the diverging voltage primarily tells us something
about the solid-diffusion properties of the active material and the homogeneity of the cath-
ode reaction rate. For instance, slow solid diffusion results in the surfaces filling up much
quicker than the particle as a whole, resulting in the voltage diverging early. Additionally,
a very homogeneous reaction rate results in a sharp voltage drop, as all particle surfaces
reach full filling simultaneously. We refer to this mechanism as the ISD rate-limiting mech-
anism, and it is what determines the capacity utilization at low currents. In section 5.1,
we develop a simple model to predict the relationship between discharge current and ca-
pacity utilization in an ISD limited discharge. We then use this relationship to identify the
discharge currents at which NMC|Li-metal leaves the ISD rate-limited regime.

Unlike in NMC cathodes, the discharge process of an LFP cathode is very non-uniform1,21.
LFP-particles transform one-by-one, where individual particles may transform at 3–4C
while the cathode as a whole dis/charges at 0.5–2C15,44,45. This is caused by the phase-
change mechanism by which the transformation occurs. LFP is stable at lithium con-
centrations below 5% and above 90%46. In between, LFP particles form high- and low-
concentration phases, separated by a narrow phase boundary. These phases take hours to
form15. While transforming however, the particle transforms like a solid-solution, through
a high potential transition phase15,44,47. In a collection of particles, this results in the pref-
erential transformation of those particles which have already begun transformation48,49.
However, LFP has been shown to reach a maximum transformation rate of about 14.2C16.
Thus, at the cell level, in a galvanostatic discharge the reaction is limited to a narrow
reaction zone (shaded region in Figure 2a) in the yet-to-be-transformed region traversing
the cathode from the separator to the current collector21. At some time t2, the reaction
zone reaches the current collector and the number of untransformed particles becomes
limiting, causing the applied voltage to diverge in order to increase the overpotential and
maintain the constant current (see black line in Figure 2c). A large reaction zone results
in the voltage diverging earlier and an average reaction zone C-rate close to the maximum
C-rate results in a sharp voltage drop, as the diverging voltage is not able to increase
the local C-rates. We call this the phase-transformation rate-limiting mechanism (PT), as
the discharge capacity is limited by the transformation rate of the particles. This is the
relevant rate-limiting mechanism at low currents and in low-capacity cells. It’s difficult
to observe this trade-off in an operating battery. However, time t2 is a moment where
we know both the amount of LFP participating in the discharge (the remaining capacity)
and what current they’re collectively delivering (the cell current), providing us with an
indication of their relationship. In section 5.2, we develop a simple model to extract the
average reaction zone C-rate from the galvanostatic discharge curves. We then extrapolate
its relationship to the cell current to find the current beyond which the full cathode is
required to deliver the cell current right from the start of discharge. We call this current
the phase-transformation critical current IPT

crit.
In both NMC and LFP, the driving force of the discharge process are the overpotentials

at the anode and cathode. A larger discharge current requires larger overpotentials and
results in steeper electrochemical gradients in the electrolyte. We refer to the sum of these
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potentials as the Ohmic/charge-transfer voltage ∆VOCT , indicated by dashed and solid
arrows in Figure 2.

∆VOCT = ηan +∆µel +∆µ+∆µs (2)

where ηan is the surface overpotential at the metal anode surface (indicated with arrows
for t1 in Figures 2a and b); ∆µel and ∆µs are the changes in electrochemical potential
difference along an arbitrary path from the lithium metal anode, across the electrolyte
to a reaction location, and from the reaction location across the conductive matrix of the
cathode, respectively (orange and teal lines in Figures 2a and b, solid lines for t1 and dashed
for t2); and ∆µ is the difference in electrochemical potential between the electrolyte and
the active particles at the reaction location. These can be expressed as

∆µel = µel,an − µel,

∆µ = µel − µs, and
∆µs = µs − µs,cat

where µel and µs are the electrochemical potentials of the electrolyte and the active ma-
terial, and where the indices an and cat represent their values at the anode and cathode
current collectors, respectively. At large enough currents, the OCT voltage becomes large
enough that the applied voltage reaches the threshold voltage before the ISD or PT limits
are reached. This can be identified on a discharge curve by the absence of a diverging volt-
age at the end of discharge. We call this voltage limit the margin voltage, ∆Vmargin, and
is the voltage difference between the equilibrium potential at full filling and the threshold
voltage, indicated with an arrow to the right in Figures 2c and d. The discharge current
beyond which ∆VOCT ≥ ∆Vmargin is the OCT critical current, IOCT

crit . Discharge currents
beyond this current result in severe underutilization of the cell capacity. In Section 6.2,
we derive expressions for the ∆VOCT as function of cell current. In addition, we mea-
sure ∆VOCT in NMC|Li-metal and LFP|Li-metal cells with varying cathode thicknesses
and porosities across a series of galvanostatic discharge currents. These are used to com-
pare the extrapolated IOCT

crit with the current at the sharp capacity drops identified as OCT,
IOCT
drop . In Section 6.2.3, we show how the choice of the margin voltage impacts the observed

rate-limiting regimes.
If the lower threshold voltage is set low and the cathode is thick and dense, the discharge

becomes limited by ionic liquid-diffusion. This occurs when the electrolyte is depleted faster
than it can be replenished through ionic liquid-diffusion, making the active particles in the
deepest section of the cathode inaccessible. The applied voltage diverges as soon as the
accessible active particles are filled, but unlike the PT and ISD rate-limiting mechanisms,
the ILD mechanism also results in a sharp capacity drop. In Section 6.1, we develop
simple descriptions of the concentration profiles across uniform reaction (UR) and (MZR)
anodes ILD and cathodes. We use these to calculate the critical current, IILDcrit , at which
the electrolyte is depleted at any location in the cathode. We find that the UR|Li-metal
type cells allow for the largest cathodes, while UR|UR type cells are the most prone to
ILD limits. In Section 4, simulations are used to further illustrate the ISD, ILD, and OCT
rate-limiting mechanisms and the origins of the resulting capacity underutilization.
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Figure 1: Discharge Dynamics and Cell Voltage. Figures (a) and (b) are schematic cross
sections of (a) an LFP|Li-metal cell and (b) an NMC|Li-metal cell, illustrating the Moving
Zone Reaction and Uniform Reaction Discharge Modes, respectively. The electrochemical
potential of the Li-metal, µLi/Li+ (marked with a horizontal solid and dashed line to the
left), is the sum of its chemical potential, µLi/Li+ (horizontal line at top left), and the
electrostatic potential supplied by the applied voltage Vapplied (indicated with an arrow
the left, solid for t1 and dashed for t2). The driving force for the dissolution of Li+ is the
anode surface overpotential, ηan, indicated with an arrow for t1. The colored lines represent
the electrochemical potential of lithium in the electrolyte, µel, (teal) and in the active
material, µs, (orange) at an early time t1 (solid lines) and just before the end of discharge
t2 (dashed lines). The driving force of the intercalation of lithium into the cathode active
material is the electrochemical potential difference between the electrochemical potentials
in the electrolyte and active material, ∆µ, marked with an arrow. The dotted lines mark
the electrochemical potentials of (a) LFP at full filling, µLFP , and at minimal filling µFP ;
and (b) NMC at full filling, µmax

NMC , and at the charged equilibrium voltage, µmin
NMC . The

slight slope represents the Ohmic potential in the solid phase. The yellow shading shows
the reaction zone, indicating a uniform reaction in NMC (b) and a narrow moving reaction
zone in LFP (a) at time t1 (left shaded zone) and t2 (right shaded zone). The sum of all
overpotentials and gradients across the cell is the OCT voltage, ∆VOCT (indicated with
an arrow to the right, solid for t1 and dashed for t2). Figures (c) and (d) illustrate the
potentials as they relate to the galvanostatic discharge curves for (c) LFP and (d) NMC.
The black solid line represents the discharge curve, Vapplied vs State of Discharge. The
white circles mark the times t1 and t2 illustrated in (a) and (b). The equilibrium voltage of
the two materials, µLFP (cs) and µNMc(cs), are represented with an orange dash-dot line in
(c) and a black dotted line in (d). In LFP, the individual particles must transform through
an energy barrier and do so one-by-one, while in NMC the chemical potential decreases
continuously with state of discharge. The orange and purple circles mark the chemical
potential of the solid phase at the cathode current collector and at the cathode/separator-
interface, respectively. In (d), orange solid and dashed lines mark the range of chemical
potentials at the NMC particle surfaces in (b) at times t1 and t2, respectively. ∆VOCT ,
indicated with an arrow for time t1, is the electrochemical potential difference between
the equilibrium voltage for the concentration at the cathode current collector, µNMC(cs,cc),
and the applied voltage Vapplied. The margin voltage ∆Vmargin, indicated with arrows in
(c) and (d), represents the upper limit for ∆VOCT beyond which the discharge becomes
OCT-limited.

3. Methods

3.1. Cell Assembly

NMC and LFP cathode films coated on aluminum foil were purchased from NEI corpo-
ration. The cathodes were received lightly calendered and had 5 different active mass
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loading. The NMC films consisted of 90wt.% NMC, 5wt.% conductive carbon (Super
P), and 5wt.% polyvinylidene fluoride (PVDF). The LFP films consisted of 88wt.% LFP,
7wt.% Super P, and 5wt.% PVDF. The cathode sheets arrived with a porosity of roughly
50%. Two additional batches of cathode discs were prepared by calendering two sets of
cathode sheets to porosities of roughly 27% and 19%. Four 1/2 inch diameter discs were
punched out of each sheet and dried overnight at 120 ◦C in a vacuum oven before being
transferred into a glove box with an Argon atmosphere. Localized high concentration
electrolyte (LHCE) was prepared by mixing lithium bis(fluorosulfonyl)imide (LiFSI, Nip-
pon Shokubai), Dimethoxyethane (DME, Gotion), and 1,1,2,2-tetrafluoroethylene 2,2,3,3-
tetrafluoropropyl ether (TTE, Synquest) in a molar ratio of 1:1.2:3. Each coin cell was
assembled with an Aluminum-clad stainless steel cathode case (MSE Supplies), an addi-
tional layer of Aluminum foil, a cathode disc, a 16µm PE separator (Nanoshel), 60µL
electrolyte, a 250µm Li-metal chip (MSE supplies), a 1mm stainless steel spacer (MSE
Supplies), a stainless steel spring (MSE Supplies), and a stainless steel anode case (MSE
Supplies). The cell stack was subsequently crimped at 50 kg cm−2 pressure with an MSK-
110 Hydraulic Crimping Machine (MTI) and then left to rest for at least 24h.

3.2. Cathode Thickness and Porosity

As each cathode was punched out of the larger calendered sheet, their masses were weighed
and their thicknesses were measured with a caliper. The film porosity was calculated for
each cathode using

ε = 1− ρcat
ρs

(3)

where ρcat and ρs are the geometric density and density of the solid phase of the cathode
film, respectively. ρcat is calculated with

ρcat =
Mcat

ALcat

(4)

where Mcat, A, and Lcat are the cathode film mass (disc mass minus the foil mass of
4.14mg cm−2), the disc area, and the film thickness (disc thickness minus the foil thickness
of 17µm). ρs is calculated with

1

ρs
=

wNMC

ρNMC

+
wPV DF

ρPV DF

+
wcarbon

ρcarbon
(5)

where wi and ρi are the mass ratio and density of component i. The densities of NMC,
Super P, and PVDF are 4.44 g cm−3, 1.6 g cm−3, and 1.78 g cm−3, respectively, resulting in
a solid phase density of 3.82 g cm−3. The measured active material loadings, porosities,
and nominal capacities are summarized in Tables 3 and 4 in Appendix D.1.

3.3. Rate Performance Experiment

All cycles start with the same charging step: (1) charge at C/10 until cell voltage reaches
the upper threshold voltage (3.8V for LFP, 4.2V for NMC), (2) hold the applied voltage
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until current decreases to C/200, (3) 1 h rest. The first three formation cycles define 1C as
160mAg−1 for LFP and 177mAg−1 for NMC. Subsequent cycles define the C-rate based
on the discharge capacity at the end of the formation cycles. After charging, the cell is
discharged at a constant current to 2.0V. Each cycling condition was repeated three times.
The experiment goes through three phases:

1. Formation Cycles:

(a) The cell is discharged at C/10
(b) Record the discharge capacity of the third formation cycle, Qnom

2. Rate performance (i starts at 0):

(a) The cell is discharged at (1mAcm−2)·1.15i

(b) Record the discharge capacity of the third cycle, Qi

(c) if Qi < 0.05Qnom, move on to the final phase, otherwise increase i by 1 and
repeat.

3. Final Cycles:

(a) The cell is discharged at C/10

The cycling program results in the cells being cycled 60–100 cycles, many of which at
relatively high currents. An LHCE was chosen as the electrolyte in order to limit the strain
on the Li-metal anode. LHCEs have exceptional stability against Li-metal, in particular at
higher currents28,30. In addition, the upper threshold voltage was limited to 4.2V, which
is significantly below the stability limit of the electrolyte30.

4. Simulating Rate-Limiting Mechanisms in NMC|Li-metal cells

Pseudo two-dimensional simulations based on Porous Electrode Theory50 were performed
to gain a better understanding of how rate-limiting mechanisms are impacted by cathode
thickness. We used the open-source software package MPET developed by Smith et al.41.
The details of the model are explained in Appendix A. Figure 2 shows the result of sim-
ulations where three NMC|Li-metal cells were galvanostatically discharged from 4.2V to
2.5V in a densely staggered series of discharge currents. We use these to illustrate how
the rate-limiting mechanism is interpreted from the discharge curves (see Figure 2a and b)
and rate performance data (see Figure 2f and g).

Figures 2a and b shows the applied voltage throughout each discharge for two cells
with 200µm and 50µm cathodes, respectively. Each line represents one discharge, with
those discharge curves reaching the higher voltages and capacities resulting from lower
discharge currents. Each current is 15% larger than the previous, like in our experiments.
The discharge capacity of these discharges are shown in Figures 2f and g, in addition to
those of a cell with a 100µm cathode, in units of mAh cm−2 vs. mAcm−2 and mAhg−1 vs.
h−1, respectively. Figures 2c,d, and e show the cross-sections of the simulated distribution
of lithium at the moment when the applied voltage reaches the threshold voltage, for a
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selection of discharges (marked with open markers in Figures 2f and g). The solid black
line represents the lithium concentration at the surface of the NMC particles; the dashed
black line represents the average particle concentration; and the blue line represents the
concentration of lithium dissolved in the electrolyte. Figure 2c shows the end of an ISD
limited discharge (red), defined as one where all particle surface are full at the end of
discharge. Figure 2d shows the end of an ILD limited discharge (blue), defined as one
where the electrolyte is depleted at any point in the cathode. Figure 2d shows the end of
an OCT limited discharge (yellow), defined as one where none of the surfaces are full at
the end of discharge.

We see that, at low currents, the discharge is ISD limited and its capacity decreases
slowly with discharge current. At higher currents, the capacity drops as the discharges
enter the ILD or OCT regimes. In the simulations, there is a difference in how sharp the
capacity drop is as the current enters the ILD and OCT regimes. This difference is not
observed in our experimental data; all sharp capacity drops are roughly equally sharp.
Instead, we look at the difference between the OCT (yellow lines) and ILD (blue lines)
discharge curves in Figures 2a and b. The OCT limited discharges end before the applied
voltage diverges, while in ILD limited discharges the voltage diverges. This is how the
rate-limiting mechanisms are identified. Although LFP cells are not included in Figure 2,
the OCT and ILD rate-limiting mechanisms work similarly and we use the same method to
identify the mechanisms, with the exception that the mechanism at low currents is assumed
to be PT rather than ISD.

The discharge curves, rate performance, and critical currents of all 86 LFP|Li-metal
coin cells and 58 NMC|Li-metal coin cells are shown in Figures 13A-D in Appendix D.2.

5. Rate-Limits at Low Currents

At low currents, the behavior of active material particles matter more than the design of
the cathode film. As discussed in Section 2, the LFP and NMC active particles discharge
in with different processes and consequently, their underutilization depends on different
mechanisms. In this section, we develop physics-based models describing the capacity loss
at the cathode level given the two different mechanisms. In NMC, the model is used as
a baseline to identify the ILD and OCT critical currents. In LFP, the model is used to
predict the PT critical current, beyond which the cell discharge capacity drops sharply due
to phase-transformation limits.

5.1. Ionic Solid-Diffusion Rate-Limit in NMC Cathodes

An ISD-limited discharge is one that finishes in a state of full surface filling (cs,surf =
cs,max). The distribution of lithium at the end of an ISD-limited discharge is shown in
Figure 2c. The surface filling (solid black line) is maximized throughout the cathode.
Due to the time it takes for lithium to diffuse from the particle surface to the center,
the average particle filling (black dashed line) is always lower than that at the surface.
This difference between surface and average filling represents an underutilized capacity.
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Figure 2: Results from simulations of discharges of NMC|Li-metal cells with cathode thick-
nesses of 50 µm, 100µm, and 200µm. (a-b) show the simulated discharge curves of cells
with 200µm and 50µm cathodes, respectively. (c-e) shows the distribution of lithium at
the end of (c) an ISD-limited discharge, (d) an ILD-limited discharge, and (e) an OCT-
limited discharge. (f-g) show the rate performance of the cells in units of mAh cm−2 vs.
mAh cm−2 and mAhg−1 vs. h−1, respectively. The discharges in (c-e) correspond to the
discharges marked in (f-g) with open black hexagons and in (a) with dotted lines. The
colors of the markers in (f-g), lines in (a-b), and backgrounds in (c-e) are defined by the
complete (red), partial (blue) and no (yellow) particle surface filling at end of discharge.
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Its magnitude is determined by the flux of lithium across the particle surface and the rate
of ionic diffusion within the particle. Higher discharge currents means that less lithium
has entered the particle by the time the surface is full. The specific discharge capacity of
the different cathodes in this region aligns closely, independent of cathode geometry (see
red diamonds, circles, and hexagons in Figure 2g). This suggests that the mechanism is
mostly independent of cathode geometry and depends mainly on parameters related to
solid diffusion. Based on this understanding, a simple model is developed in Appendix B
to fit the experimental data in the low-current region.

Q

M
= QM

(
1− (τR)n

)
(6)

τ represents the time constant of diffusion in the active particle, given the particle shape/size
distribution and diffusion coefficient. n represents the deviation from a constant solid-
diffusion coefficient model. Equation 6 resembles the rate fitting equation developed in
refs.35,51. In contrast, however, Equation 6 only applies in the low-current region, decou-
pling the low-current region from the other regions. This allows us to create a common
baseline for all cathodes made from the same active material powder (with similar solid-
diffusion properties) to compare other effects against. The understanding that the ISD
limited region occurs at currents below the critical current runs counter to some previous
analyses10,52. However, the sharp capacity drop in rate performance measurements of sin-
gle particles or thin films, where solid diffusion is emphasized, often occurs at very high
C-rates (≳100C10,11, ≳7.6mAcm−2 11), and are arguably caused by OCT limits.

Figure 3a shows the specific capacity of NMC|Li-metal coin cells with a range of cathode
thicknesses and porosities of ∼51%, discharged in a series of discharge currents. The
specific capacity is ∼150mAh g−1 when discharged at C/10. As the C-rate increases, the
capacity decays slowly until there is a sharp capacity drop. All cathodes follow the same
capacity decay at low currents, while the sharp capacity drop occurs at lower C-rates as
the cathode thickness increases. This general behavior matches that of the simulations
in Figure 2g. In order to investigate the rate-limits that cause the sharp capacity drop,
we need a common and consistent definition of the critical current. We fit Equation 6 to
the low current data of all 20 cells collectively. The ISD-limited data is marked with red
markers and the resulting fit is shown in Figure 3a with a wide red semi-transparent line.
This line is used as a baseline and the critical current (blue diamonds in Figures 3a and
b) is defined as the current where the data falls below 90% of this line (red dashed line in
Figure 3a).

Figure 3b shows the critical currents of the cathodes in Figure 3a. We see that the
critical current in the thick cathodes (≳100µm) follows an inverse-power relationship
(Icrit ∝ L−1.06

cat ), matching that predicted for ILD-limits20. In the thinner cathodes, on
the other hand, the critical current decays much more slowly (Icrit ∝ L−0.31

cat ). This sug-
gests that the sharp capacity drop in the thinner cathodes is caused by rate-limits other
than ILD. In the following section, we will show that these are caused by the OCT-limit.
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Figure 3: Experimental rate performance data (a) and critical currents (b) of NMC|Li coin
cells, with a range of cathode thicknesses, discharged over a series of current densities. The
wide semi-transparent red line in (a) represents the ISD-limited capacity. The red dashed
line in (a) marks 90% of the ISD-limited capacity, used to define the critical current. The
upper axis in (b) shows the nominal capacity based on the average volumetric capacity of
all cathodes. Note that (b) is a log-log plot. 1C is defined from the discharge capacity of
the formation cycles.

5.2. Phase-Transformation Rate-Limit in LFP Cathodes

LFP particles have a limited transformation rate16,48,49. This means that the current must
be distributed across many particles within a volume. The transformation rate of LFP is
described well by Marcus-Hush-Chidsey theory, wherein the reaction rate plateaus at high
overpotentials16. In 2014, Bai et al. measured the reaction rates of LFP in 5 µm porous
films using chronoamperometry16. They found an asymptotic C-rate of 14.2C that was
reached at an overpotential of ∼411mV. In a galvanostatic discharge of a thick cathode at
lower currents, there is a trade-off between the activation energy of untransformed particles
and the insertion energy of actively transforming particles48. This trade-off determines the
size of the reaction zone and the reaction rates of the particles. If the cell current I is
generated entirely within the reaction zone, it can be expressed with equation 7, shown
below.

I = (1− εcat)QV,s∆xrr̄ (7)

where QV,s is the volumetric capacity of the solid phase of the porous cathode, ∆xr is the
reaction zone width, and r̄ is the average C-rate of the LFP particles in the reaction zone.
The average reaction rate in the reaction zone can be estimated from the discharge curve.
The voltage drop at end of discharge corresponds to the moment when the number of
not-yet-activated particles in the cathode is depleted. At this point, all remaining particles
are participating in the discharge and the average C-rate can be estimated with equation
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8, shown below

r̄ =
I

QA −Qdrop

(8)

where QA is the nominal areal capacity and Qdrop is the discharged capacity when the
voltage drops. Given that the total current is the product of the number of participating
particles and their average C-rate (I ∝ r̄∆xr), fitting the reaction zone C-rate to a power-
law (r̄ = aIb) reveals the trade-off between the increases in the two. b = 1 corresponds
to a constant number of participating particles, while b = 0 corresponds to a constant
local C-rate. The critical current, IPT

crit, is the current beyond which the full cathode is
participating in the discharge. This current can be estimated by extrapolating equation 7,
inserting ∆xr = Lcat and r̄ = aIb, and solving for the critical current, shown below.

IPT
crit = (a(1− εcat)QV,sLcat)

1
1−b = (aQA)

1
1−b (9)

At discharge currents beyond this current, the overpotential grows larger until the particles
are transforming at their maximum transformation rate, reaching the maximum cell current
Imax = QArmax. We can gain some insight into the trade-off between r̄ and ∆xr by finding
the average C-rate of the participating particles just as the voltage starts to diverge. This is
the moment when all remaining particles are participating in the discharge. Knowing how
this trade-off evolves with cell current allows us to find the critical current, IPT

crit, beyond
which the discharge starts out with the cell voltage immediately diverging as the particles
are transformed.

Figure 4a-c shows the discharge curves of three LFP|Li-metal coin cells with thin
0.58mAh cm−2 cathodes calendered to different porosities, discharged over a series of cur-
rents. The markers show the location where the voltage diverges. This point is defined as
the time at which the voltage drops more than 100mV below the linear extrapolation of
the plateau. This extrapolation is based on the linear fit used for the analysis of the OCT
limit in Section 6.2. Figure 4d shows r̄ (see equation 8) extracted from Figures 4a-c plot-
ted against discharge current I. We fit a power-law to each of the data sets. The ∼C/10
formation cycles and final cycles (gray and open markers, respectively) are excluded from
these fits due to the large spread at low currents. At higher currents, the data fits the
power-law very well and is mostly independent of the degree of calendering. Figure 4e
shows the specific discharge capacity of the three coin cells against discharge current. The
vertical solid lines show the IPT

crit calculated with equation 9. The critical current of the
most dense cathode (blue solid line) matches the location of its sharp capacity drop at
around 40C. This drop is caused by the phase-transformation limits of the LFP particles.
In contrast, critical currents of the two more porous cathodes (yellow and red solid lines)
are far above their respective sharp capacity drop. These capacity drops instead match the
OCT critical currents (vertical dotted lines). Inspecting the discharge curves, we see that
the capacity drop of two more porous cathodes correspond to OCT limited discharges.

The exponents b of the fits from all 86 coin cells are plotted against cathode thickness
in Figure 4f. Each marker in 4f represents the average power-law exponent among 3-4
identical coin cells and the error bar represents their standard deviation. The cells have an
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average exponent of roughly b̄ = 0.552(94) that decreases with thickness and density. This
indicates that both the local C-rate and the number of participating particles increase by
roughly the square root of cell current. Figure 4g shows the coefficient a of the fits from
all cells. a corresponds to the average reaction zone C-rate at cell current of 1mAcm−2

and ranges from 6C in the most dense and thin cathodes to 2C in the most porous and
thick cathodes. This means that that thicker, more porous, cathodes distributes the cell
current across a larger number of particles.

Figure 4: Analysis of the phase-transformation rate-limiting mechanism. (a-c) show gal-
vanostatic discharge curves of three LFP|Li-metal 0.58mAh cm−2 coin cells with cathodes
of different porosities, discharged across a series of currents. The markers mark the mo-
ment when the cell voltage starts to diverge. The markers in (d) represent the average
reaction zone C-rate calculated using equation 8, plotted against discharge current. The
dashed lines are power-law fits of the reaction zone C-rates. The markers in (e) represent
the discharge capacities of the three cells plotted against discharge current. The top axis
shows the C-rate and is calculated with R = IQA

−1, where QA is the average nominal
areal capacity of the three cells. The solid vertical lines represent the PT critical currents
calculated by extrapolating the fits in (d) to the current where the cell C-rate matches
the average reaction zone C-rate. The dotted vertical lines represents the OCT critical
currents. Figures (f-g) show the coefficient and the exponent of the power-law fits for all
86 coin cells. Each marker represents the average slope of 3-4 identical coin cells and the
error bars represent their standard deviation.
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6. Rate-Limits at High Currents

At high currents, the geometry of the cathode becomes consequential. In many analytic
studies of ionic liquid-diffusion limited discharges, the critical current is found to be in-
versely proportional to the cathode thickness20. This conclusion is viewed as a hallmark
of ILD limited discharges and is often used to identify the mechanism35,36,52. As we shall
see in the next section, this is true only for thick cathode, and the ILD critical current
is reduced in medium-to-thin cathodes. A broader analysis was done in 2020 where the
concentration profile across the separator and anode21. Here, we use the methods in their
analysis to find expressions for the critical current in moving zone reactions (MZR) and
uniform reactions (UR). We then compare the critical current from this model with the
sharp capacity drop current in our ILD limited coin cells.

6.1. Ionic Liquid-Diffusion Rate-Limit

In this section, we derive simple expressions for the concentration profiles in moving zone
reactions and in uniform reactions. In both cases we use the mass conservation, stating that
the change in concentration (∂c/∂t) at any time and location is the amount that diffuses
into the location (∇(D∇c)) minus the amount that is intercalating into the cathode active
material (ir).

∂c

∂t
= ∇(D∇c)− ir (10)

where ∂c/∂t, D, and ir are the change in local electrolyte concentration, diffusion co-
efficient, and local reaction rate. We further assume that the system reaches a quasi
steady-state where the concentration gradient changes only slowly (∂c/∂t ≈ 0) and that
the diffusion coefficient is independent of electrolyte concentration (∇(D∇c) = D∇2c).
We also use the charge neutrality condition that the total amount lithium dissolved in the
electrolyte does not change.

c0(Lanεan + Lsepεsep + Lcatεcat) =

∫ xcc

xac

c(x)ε(x)dx (11)

where c0 is the initial concentration, and Lan/sep/cat and εan/sep/cat are the thickness and
porosity of the anode, separator, and cathode. We now set the boundary conditions that
define the discharge dynamics. We begin with the moving zone reaction21,53. In an idealized
moving zone reaction, the cell current is confined to an infinitesimally thin zone in the
cathode. This means that ir = 0 and D∇2c = 0 (from Equation 10) elsewhere, resulting in
a set of linear concentration gradients. The slope is J/Dcat, where J is the lithium-ion flux
and D is the diffusion coefficient through the cathode. The ion flux is proportional to the
discharge current with Faraday’s law (J = I/nF ). The resulting concentration gradient is
shown below.

cMZR
cat (x) =

cr +
J

Dcat

(xr − x) 0 ≤ x < xr (Surface Region)

cr xr ≤ x ≤ xcc (Deep Region)

(12)
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where cr is the concentration at the reaction zone and beyond and xr is the distance from
the cathode surface to the reaction zone. We now turn to the uniform reaction, where the
reaction rate is distributed uniformly across the cathode with ir > 0. Equation 10 then
dictates that the curvature of the concentration profile is ∇2c = ir/D. In addition, the
flux into the cathode from the separator and the absence of flux into the current collector
determines the slopes at those locations, with ∇c(0) = J/Dcat and ∇c(Lcat) = 0.

cUR
cat (x) = ccc +

J

DcatLcat

(x− xcc)
2

2
xsc ≤ x < xcc (13)

where the subscripts cc and sc refer to the cathode current collector and the separator-
cathode interface, respectively. There is no reaction in the separator, and its profile is
similar to that in the MZR case.

csep(x) = csc +
J

Dsep

(xr − x) xas ≤ x < xsc (14)

The profiles in the anode are similar, except that ir < 0. Below are the concentration
profiles in the anode.

cMZR
an (x) =


cas −

J

Dan

(x− xas) xas − xan
r ≤ x < xas (Surface Region)

cas +
J

Dan

xan
r xac ≤ x ≤ xas − xan

r (Deep Region)

(15)

where the subscript as refers to the anode-separator interface and xan
r is the distance to

the reaction zone in the anode. Next, the uniform reaction.

cUR
an (x) = cas −

JLan

2Dan

(
1− (x− xac)

2

L2
an

)
(16)

where the subscript ac refers to the anode current collector. We can now construct con-
centration profiles across the whole cell. Once these have been constructed, we can use
Equation 11 to normalize the concentrations and find IILDcrit , the current at which the elec-
trolyte is depleted by the end of discharge (ccc = 0 when xr = Lcat). This yields the critical
current

IILDcrit =
Id

Λcat|an (17)

where Λcat|an represents the average concentration in the cathode relative the initial and
Id is the diffusion limited current, given by

Id =
2nFDcatc0

Lcat

(18)
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We calculate Λan|cat for all combinations of discharge modes in the anode and cathode.
These are listed below.

ΛMZR|MZR = νcat + νsep(2 + κsep) + νan

(
2 + κsep + κan

(
3

2
− 1

q

))
(19)

ΛMZR|UR =
νcat
3

+ νsep(1 + κsep) + νan

(
1 + κsep + κan

(
3

2
− 1

q

))
(20)

ΛUR|MZR = νcat + νsep(2 + κsep) + νan

(
2 + κsep +

2

3
κan

)
(21)

ΛUR|UR =
νcat
3

+ νsep(1 + κsep) + νan

(
1 + κsep +

2

3
κan

)
(22)

νcat/sep/an and κsep/an are the relative pore volumes and the concentration drop in the
separator and anode relative that in the cathode. q is the NP-ratio, the ratio between
capacity in the anode and the cathode.

νi =
Liεi

Lcatεcat + Lsepεsep + Lanεan
κi =

Li/Di

Lcat/Dcat

(23)

All six cells are shown in Figures 5a-f, with cathodes to the right and anodes to the left.
The yellow electrodes have a UR type concentration profile and the red electrodes have an
MZR type profile. The profiles are shown with a shaded dark blue region. We see that the
to lithium metal anode cells have much larger cathodes than the others. This is because
much more of the electrolyte is retained within the cathode. In the cells with porous anodes
(c-f), the concentration profile shifts to the left, limiting the penetration depth into the
cathode. In Figure 5g, the critical current is plotted against cathode thickness for each of
combination of electrodes. The lithium metal anode cells have a much larger critical current
than those with porous anodes. This difference has been noted in previous analyses1,21.
The dotted lines show the critical current at the no-separator limit in the metal anode
cells, following the inverse-power-law in Equation 18. We see that the separator has a
great impact on the critical current of the UR cathode, but less so on that of the MZR
cathode. The porous anode cells are mostly independent of separator. This is because the
separator is a much smaller portion of the total pore volume. However, the impact of the
separator is diminished in thick cathodes, in which the ILD is the most relevant.

Both UR and MZR concentration profiles are highly idealized, and in reality the dis-
charge dynamic will exhibit a mixture of both. Cathodes with a narrow reaction potential
with respect, such as LFP, exhibit more of a MZR character while those with a broad and
concentration-dependent reaction potential, like NMC, exhibit a character closer to UR. As
discussed in Section 5.2, the reaction zone in LFP grows with current, approaching the UR
discharge at high currents. Graphite has a piece-wise combination, where the potential is
highly concentration-dependent at low concentrations and become flat towards the end21.
The analysis here shows the impact these differences may have on the ILD critical current.

Many of the LFP and NMC cells exhibited the ILD rate-limiting mechanism. As
discussed in previous sections, these active materials exhibit different discharge dynamics
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Figure 5: Critical Currents with different discharge modes. (a-f) shows the concentration
profiles of six cells with different types of anodes and cathodes, discharging at the same
critical current, such that they reach electrolyte depletion. Anodes are shown to the left
and the cathodes to the right. The yellow electrodes have a UR type concentration profile
and the red electrodes have an MZR type profile. The six panels share scale and line up on
the gray separator, sorted by cathode thickness. The cells in (a-b) have Li-metal anodes.
The concentration profiles are shown with a shaded dark blue region. The details of the
model are shown in the box in northwest corner. The solid lines in (g) represent the critical
currents of the six types of cells as a function of cathode thickness. The white circles mark
the cells in (a-f). The dotted lines mark the no-separator critical currents for the two cells
with metal anodes.
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that are expected to show up in the ILD limit. Here, we plot the measured ILD critical
current against cathode thickness, compare the trends with our expectations from the
previous section, and calculate empirical proportionality constants.

Figure 6a shows the capacity-drop current of all ILD-limited LFP cells (red diamonds)
and ILD-limited NMC cells (blue markers) from work published in Ref.1, plotted as a
function of cathode thickness. Each marker represents the geometric mean critical current
among 3–4 coin cells, with error bars indicating the logarithmic standard deviation. We
find that the critical currents of the LFP cathodes match those of NMC cathodes with
similar porosity. This contrasts with the modeling in the previous predicting that a moving
reaction zone would result in a lower critical current than that of a uniform reaction. The
cathodes studied here differ morphologically, including in tortuosity, which affects ionic
liquid diffusion and is not controlled for in this work. This may explain the higher critical
current in our LFP cathodes. On the other hand, the NMC cathodes seem to deviate more
from the inverse-power-law than the LFP cathodes do. This is a feature of UR|metal cells.

The dotted lines represent log–log fits of the form IILDcrit = CL−1
cat, grouped by porosity

and cathode material. For the NMC cells, only the three thickest cathode groups at each
porosity are included to minimize separator-volume effects present in thinner cathodes. Ta-
ble 5 shows the geometric mean values of the measured proportionality constants LcatI

ILD
crit

and ε−1
catLcatI

ILD
crit for each group of cathodes. These can be used to find the optimal cath-

ode thickness for a given application. For example, the critical currents of the dense LFP
cathodes can be described by

Lopt ≈
704 µmmAcm−2

IILDcrit

≈ εcat
IILDcrit

· 2878 µmmAcm−2. (24)

It is often more useful to express this relationship in terms of C-rate, R, and areal capacity,
QA. Using I = RQA and Lcat = QA(1 − εcat)

−1Q−1
V,s, and taking the dense LFP cathodes

to have a geometric mean volumetric capacity of QV,s ≈ 461mAh cm−3, we obtain the
following expression for the ILD-limited critical C-rate:

RILD
crit ≈ 15 h(mAh/cm2)2

Q2
A

≈ εcat(1− εcat)

Q2
A

83 h(mAh/cm2)2. (25)

The geometric mean proportionality constants Q2
AR

ILD
crit for each cathode set are listed

in Table 5. Extrapolating these fits to a C/3 discharge rate (white markers) provides
an estimate of the maximum practical cathode thickness. We find that the densest LFP
cathodes could reach thicknesses of approximately 248µm, with similar values obtained
for NMC. However, the higher specific capacity of NMC results in larger attainable cell
capacities, as shown in Figure 6b, where the critical C-rate is plotted against nominal
capacity. The optimal cathode thickness for 1C discharge and the corresponding areal
capacity are summarized in Table 5 in Appendix 13.
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Figure 6: Analysis of ionic-liquid diffusion (ILD) critical currents on log–log axes. (a) ILD
critical current density IILDcrit (mAcm−2) as a function of cathode thickness Lcat (µm), and
(b) critical C-rate RILD

crit (h−1) as a function of nominal areal capacity QA (mAh cm−2).
LFP|Li-metal cells are shown as red diamonds, and NMC|Li-metal cells as blue circles,
diamonds, and squares. The legend lists the arithmetic mean cathode porosity, with par-
enthetical values indicating the arithmetic standard deviation, consistent with porosity
labeling throughout the manuscript. Dotted lines in (a) and (b) correspond to the scaling
relations IILDcrit ∝ L−1

cat and RILD
crit ∝ Q−2

A , respectively. Fits to the NMC data are restricted
to the three thickest cathode sets. White markers indicate the cathode thickness and nom-
inal capacity extrapolated to a critical C-rate of C/3. NMC data are taken from Ref.1.

6.2. Ohmic/Charge-Transfer Rate-Limit

In the next two sections, we look at the OCT voltage in the experimental data. We
use a section of the discharge curve at low currents to estimate ∆VOCT and its behavior
with respect to discharge current. We then extrapolate the trend to find the OCT critical
current, IOCT

crit , beyond which the polarization exceeds the margin voltage, ∆Vmargin, result-
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ing in severe underutilization. In the first section, we focus on LFP, for which most cells
were OCT-limited. We show that, although the OCT voltage is proportional to discharge
voltage, the Ohmic potential does not seem to be a major contributor, as d∆VOCT/dI is
mostly independent of cathode thickness. The next section focuses on our NMC cells, most
of which were ILD-limited. We use these cells to investigate the impact of the margin volt-
age, by analyzing the rate performance evaluated at different lower threshold voltages. We
show that the critical currents enters the OCT regime at threshold voltages at and above
2.5V. This is significant, as much of the literature use these threshold voltages, leaving
the cause of the sharp capacity drop ambiguous.

6.2.1. Ohmic/Charge-Transfer Rate-Limit in LFP Cathodes

At low currents, the continuously decreasing applied voltage corresponds to the increasing
electrochemical potentials as the distance from the current collectors to the reaction zone
changes. Figure 7 shows the analysis of this region of the discharge curves. Figures 7a-c
show discharge curves of three LFP|Li-metal cells with similar cathode thickness, but with
different porosities. We fit a line to a narrow section of the plateau regions of the discharge
curves. The fit is limited to a narrow section to avoid the influence from the slowly evolving
electrolyte concentration and electrolyte resistivity. The section is placed at a quarter of
the nominal capacity and spans a range of 0.1mAh cm−2, marked with black points. This
aims to ensure that the fit spans a specific reaction zone location within the cathode. The
analysis is limited to those cycles for which this range lies within the plateau region and
contains at least 4 data points.

The intercepts of the linear fits are plotted against discharge current in Figure 7d. The
drop in the intercept with respect to current corresponds to the ionic resistance of the
electrolyte through the separator and a quarter of the cathode, the electronic resistance
through the remaining three quarters of the cathode, and overpotentials at the anode
and reaction zone. Although this voltage drop is expected to exhibit both a linear and
logarithmic term, the data shows a predominant linear character. Therefore, the voltage
drop is fitted linearly, shown with dashed lines in Figure 7d. Extrapolating the voltage drop
to the threshold voltage yields the Ohmic/charge-transfer critical current, IOCT

crit , shown
below.

IOCT
crit =

U − Vthresh

dV/dI
(26)

Where Vthresh is the threshold voltage (here 2.0V) and U and dV/dI are fitting parameters
from the fit of the voltage drop. The markers in Figure 7e represent the discharge capacity
of the three cells plotted against specific discharge current and the three vertical lines
mark their extrapolated IOCT

crit . The extrapolated critical currents of the two more porous
cathodes match the sharp capacity drop very well. Inspecting the discharge curves, we see
that their sharp capacity drop corresponds to discharges reaching the threshold voltage
before the end of discharge; a hallmark of OCT limited discharges. In contrast, most dense
cathode exhibits a sharp capacity drop at a current much lower than the OCT critical
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current. Its discharge curves show that the capacity drop corresponds to the voltage
diverging before reaching the end of discharge; a hallmark of ILD limited discharges.

Figure 7f shows the voltage drop (dV/dI) of 86 cells across with cathodes across a range
of thicknesses and porosities. Each marker in 7f represents the average dV/dI among 3–4
identical coin cells and the error bar represents their standard deviation. dV/dI increases
with increasing porosity but is mostly independent of cathode thickness.

The linear voltage drop with respect to current and its reduction with increasing density
is consistent with a large Ohmic contribution. However, its independence on cathode
thickness runs counter to this conclusion. The larger cathodes have a smaller voltage
drop than what would be expected in a predominant Ohmic contribution. As discussed in
Section 5.2, this may be explained by the cell current being delivered by a larger number of
LFP particles in thicker cathodes. This would result in a smaller overpotential and larger
surface area, thus reducing the voltage drop in larger cathodes.

6.2.2. Interplay of Rate-Limiting Mechanisms in LFP

As discussed in the previous sections, the various rate-limiting mechanisms depend on
cathode thickness and porosity in different ways. In this section, we pull together the
analysis of the PT, OCT, and ILD in LFP cathodes. Figure 8 displays the discharge
current at the sharp capacity drops (Idrop), represented by circles colored according to the
rate-limiting mechanism (yellow for OCT, red for PT, and teal for ILD). Additionally, the
OCT and PT critical currents, denoted as yellow squares and red diamonds respectively,
are calculated using equations 26 and 9, plotted against the cathode thickness. Figures 8a,
b, and c present data from cathodes with porosities of 54.5(10)%, 39.4(2)%, and 23.6(2)%,
respectively.

Our analysis reveals that the capacity drop in the two more porous sets of cathodes
(Figures 8a and b) is exclusively governed by the OCT rate-limiting mechanism, with
the observed discharge current, Idrop, aligning closely with the OCT critical current IOCT

crit

(yellow squares). Notably, IOCT
crit remains predominantly independent of cathode thickness

while exhibiting a decrease with porosity. This observation aligns with results reported
for NMC cathodes in Ref.1, suggesting that Ohmic potentials across the electrolyte and
the conductive matrix of the cathode are not significant contributors to the overall voltage
drop, as these display a pronounced thickness dependence53. Alternatively, the thicker
cathodes may mitigate Ohmic potential effects by distributing the current across a greater
number of particles, thus reducing surface overpotentials, as discussed in Section 5.2

When the porosity is decreased further, to 23.6(2)% (Figure 8c), IOCT
crit increases from

∼10mAcm−2 to ∼20mAcm−2, while Idrop develops an inverse relationship to cathode
thickness, with Idrop remaining mostly unchanged among thicker cathodes. This is at-
tributed to the dominance of the ILD mechanism (teal circles) in the capacity drop, as
opposed to OCT. The thinner cathodes exhibit the PT mechanism (red circles), with Idrop
aligning with the predicted PT critical current IPT

crit (red diamonds). In most other cathodes,
IPT
crit is significantly higher than Idrop. Despite the PT mechanism being primarily relevant

for the densest, thinnest cathodes, the relationship between IPT
crit and nominal capacity,
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Figure 7: Analysis of the Ohmic/charge-transfer rate-limiting mechanism. (a-c) show
galvanostatic discharge curves of three LFP|Li-metal coin cells with 80µm thick cathodes
of different porosities, discharged across a series of currents. The black markers indicate
the region that is used for the linear fits. The markers in (d) represent the intercepts of
the linear fits of the discharge curves plotted against discharge current. The dashed lines
are linear fits of the intercepts. The markers in (e) represent the discharge capacities of the
three cells plotted against discharge current. The vertical lines represent the OCT critical
currents calculated by extrapolating the fits in (d) to the threshold voltage. Figure (f)
shows the slopes (dV/dI) of the linear fits for all 86 coin cells. Each marker represents
the average slope of 3–4 identical coin cells and the error bars represent their standard
deviation.

described in equation 9, provides important insights. Given that the phase-transformation
limit is characterized by the full utilization of the cathode, it makes sense that it increases
with loading QA. This increase is, however, moderated by the apparently lower average
reaction zone C-rate in thicker cathodes, causing the full utilization of the cathode at lower
cell currents. Absent these effects, one would anticipate that IPT

crit would correlate approx-
imately with Q2

A (b ≈ 0.5 and da/dQA = 0 in equation 9). Instead, IPT
crit is proportional to

less than QA (Q0.22
A , Q0.94

A , Q0.64
A for porous, mid, and dense cathodes, respectively).
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Overall, we observe three competing rate-limiting mechanisms that evolve with cathode
thickness and porosity that limit the discharge current. Exceeding the critical currents
associated with any of these mechanisms severely limits the discharge capacity. Notably,
within these cells, the primary limitation arises from the OCT mechanism. It is only by
calendering the cathodes to very low porosity that the OCT limit is elevated sufficiently
while the ILD limit is reduced, thereby transitioning to ILD-limited behavior. Furthermore,
the cells in this study were discharged to a notably low threshold voltage of 2.0V, which
serves to further elevate the OCT limit (see equation 26)1. In the next section, we use NMC
to show the impact of the choice of the lower threshold on the rate-limiting mechanism.

Figure 8: Critical currents and capacity drop currents plotted against cathode thickness
(log-log axes) for all 86 LFP|Li-metal cells. Each marker represents the geometric average
of 3–4 identical cells, and the error bars their geometric standard deviation. Subplots
(a), (b), and (c) show data from cells with similar porosities of 54.5(10)%, 39.4(2)%, and
23.6(2)%, respectively, plotted against cathode thickness (bottom axes). The top axes
shows the nominal capacity of the cells and are calculated with QA = QVLcat, where
QV is the average nominal volumetric capacity of the cells in the subplot. The discharge
currents at the capacity drop, Idrop, are marked with circles. Their colors represent the
rate-limiting mechanisms OCT (yellow), PT (red), and ILD (teal). Yellow squares and red
diamonds mark the calculated OCT and PT critical currents, IOCT

crit and IPT
crit, respectively.

The horizontal line at the bottom of the yellow region is the geometric mean of IOCT
crit . The

line at the bottom of the red region is the log-log fit of IPT
crit = C1 · LC2

cat. The line at the
bottom of the teal region is the log-log fit of IILDdrop = C · εcatL−1

cat (calculated from the ILD
limited data in (c)).
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6.2.3. The Impact of the Lower Threshold Voltage on the Critical Current

The OCT limit is the current at which the polarization exceeds the margin voltage. The
margin voltage is the difference between the equilibrium voltage at full filling and the
threshold voltage. This means that the operational parameter of the threshold voltage has
a significant impact on the rate performance of the cell. Figure 9 illustrates this effect. The
capacity drop mechanism can be interpreted by inspecting the evolution of galvanostatic
discharge curves over a series of discharge currents, shown for two NMC|Li-metal cells with
cathodes of different thicknesses in Figures 9a and b. In Figure 9b, showing the discharge
curves of a thick cathode (213µm), each discharge ends with the voltage diverging towards
the threshold voltage. The high-current discharge curves of the thin cathode (29µm, Figure
9a), on the other hand, reach the threshold voltage before diverging. This suggests that the
thin cathode is OCT-limited. We use Equation 26 to investigate further. Simulations of
porous electrode theory suggest that cathodes with solid-solution active materials, such as
NMC, quickly form quasi-steady-state distributions that persist for most of the discharge21.
As such, the initial voltage drop measured as soon as these distributions have formed will
be used to estimate ∆VOCT . This is done by fitting the early portion of the discharge curve
(here chosen as q < 0.3QM ) with Equation 27.

Vcell ≈ V0 −∆VOCT + kq + a exp

(
−qc

b

)
(27)

where q is the discharged capacity and k, a, b, and c are four fitting parameters. This fitting
is shown for a selection of discharge curves in the inset of Figure 9a and the resulting ∆VOCT

from both cathodes are shown with yellow diamonds and teal circles in Figure 9c, plotted
against discharge current. In order to estimate the OCT-limit, ∆VOCT is fitted against
discharge current using Equation 2854.

∆VOCT ≈ IROhm − RT

αF
ln

(
I

i0

)
(28)

where I is the discharge current, ROhm is the cell resistance, and i0 is the cell level ex-
change current density. Equation 28 takes into account the contributions from the Ohmic
resistance across the cell and the overpotentials at the anode and cathode interfaces. How-
ever, due to SEI growth and the evolution of the morphology of the Li-metal anode, in
particular when paired with high loading cathodes, ROhm and i0 are expected to evolve
somewhat throughout the experiment. This limits the use of the fit to that of a rough es-
timate of the current-dependence of ∆VOCT . Equation 28 is shown fitted to data in Figure
9c with teal and yellow dashed lines. The fit marks the boundary right of which (shaded
grey) the discharge capacity will be significantly limited by Ohmic/charge-transfer losses.
Extrapolating the fit to the margin voltages of 1.65V and 1.56V yields the OCT-limits
25.8mAcm−2 and 29.6mAcm−2, respectively, marked with horizontal and vertical dotted
lines in Figures 9c and d. Figure 9d shows the discharge capacities of the two cells plotted
against discharge current density in units of mAcm−2. The higher discharge capacity in
the thicker (higher loading) cathode reflects its lower C-rate when discharged at the same
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current density as the thinner (lower loading) cathode. The critical currents are marked
by white markers at their respective capacity drop. In the case of the thin cathode, the
capacity drops sharply when the current reaches the OCT-limit. In contrast, the thick
cathode experiences a sharp capacity drop at a much lower current. This suggests that the
capacity drop in the thin cathode is mainly caused by the OCT-limit, while it is caused
by some other effect in the thick electrode. Given its larger size and the diverging voltage
at the end of the discharges, the sharp capacity drop in the thick cathode is likely caused
by ILD-limits.

Equation 26 shows that the OCT-limit is strongly dependent on the choice of lower
threshold voltage, Vt. In order to illustrate this effect, the discharge capacity and critical
current are evaluated at different threshold voltages up to 3.4V, marked with a red solid
line in Figures 9a, b, c, and d. That is to say, the discharge curves are cut off at a
higher threshold voltage and the discharged capacities at this voltage are used as discharge
capacities for the purpose of calculating the critical current. The horizontal red dotted
line in Figure 9b marks the lower threshold voltage of 3.0V and the vertical red solid
line to the right of the discharge curves illustrate the resulting margin voltage, ∆Vmargin.
The discharge capacities at this lower threshold voltage are shown in Figure 9d with open
markers. The discharge capacities are lower at this lower threshold voltage and the critical
current is shifted to lower currents, marked by red markers. Note that the critical current
shifts much further in the thin cathode than in the thick cathode, such that they have very
similar critical currents at the 3.0V threshold voltage. This effect is better illustrated in
Figure 9c, where the critical currents are shown as a function of ∆Vmargin. Starting from
the white markers at Vt = 2.0V, as the lower threshold voltage increases towards 3.0V, the
margin voltage decreases and the critical currents follow the red lines to the red markers.
The critical current in the thin cathode (red/white diamond marker) follow the edge of the
OCT-limit. In contrast, the critical current in the thick cathode (red/white circle marker)
changes negligibly until it reaches the OCT-limit at around Vt = 3.0V, beyond which it
starts decreasing sharply as it follows the edge of the OCT limit. These results show that
the critical current is strongly dependent on the lower threshold voltage in thin cathodes,
while it is very weakly dependent in thick cathodes at lower threshold voltages below
3.0V. This implies that the discharge rate in thin cathodes are predominantly limited by
the OCT limit, rather than ILD limits. Furthermore, it shows that the critical current
becomes increasingly independent of cathode thickness as the lower threshold voltage is
raised. This is significant as NMC cells are often discharged to a lower threshold voltage
of 3.0V in rate performance experiments, making the rate-limiting mechanisms ambiguous
without further analysis32,36,55.

The analysis in Figure 9 showed that both the critical current and the rate-limiting
mechanism depend on both the cathode thickness and the lower threshold voltage. We
explore this interplay further by measuring the critical current and analyzing the rate-
limiting mechanisms across a range of cathode thicknesses and porosities. Each marker
represents the log-average critical current and thickness of each group of 3–4 NMC|Li-metal
coin cells. The first thing to note is that the critical current in the thickest cathodes of all
three porosities approximately follow an inverse power-law with respect to thickness. The
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Figure 9: Finding the OCT limit in a thin (29 µm) and a thick (213µm) NMC cathode
across threshold voltages. Figures (a-b) show the discharge curves of the (a) thin and
(b) thick cathodes. Figure (c) shows the initial voltage drop of the discharge curves and
the critical current calculated at lower threshold voltages from 2.0V to 3.4V. Figure (d)
shows the rate performance data at lower threshold voltages 2.0V (closed markers) and
3.0V (gray markers) as well as the critical current (red solid line, white marker, red marker)
as the lower threshold voltage is swept from 2.0V to 3.4V.

inverse power-law relationship is shown with three dotted lines as a guide for the eye in
Figures 10b-d. In addition, the critical current decreases with decreasing porosity. Both
these features are expected in ILD-limited cathodes according to Equation 18. Next, we
raise the threshold voltage and see how the rate-limiting mechanisms evolve. In Figure 10a,
the dotted lines delineate the OCT-limited cathodes (left) from the ILD-limited cathodes
(right) at threshold voltages of 2.0V, 2.5V, and 3.0V. At the experimental threshold
voltage of 2.0V, only the thinnest and most porous group of the cathodes exhibits an
OCT rate-limit (yellow diamond in Figure 10b). As the lower threshold voltage is raised to
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2.5V and 3.0V, thicker and more dense cathodes become OCT-limited as well, until only
the thickest cathodes are ILD-limited. Simultaneously, the critical current of the OCT-
limited cathodes (yellow markers in Figures 10b-d) decreases as the threshold voltage is
raised. At a threshold voltage of 3.0V (Figure 10d), the few cathodes that are ILD-limited
(blue markers), are relatively unaffected by the raised threshold from 2.0V to 3.0V. The
OCT-limited cathodes, on the other hand, reverse their trend with respect to porosity
between 2.0V and 3.0V, where the most dense cathodes (yellow circles) evolve to have the
highest critical currents.

Figure 10: Impact of porosity and threshold voltage. (a) porosity and thickness of all
NMC cathodes. Dotted lines delineate OCT-limited cathodes from ILD-limited cathodes
at threshold voltages 2.0V, 2.5V, and 3.0V. (b-d) log-log plots of the critical current
of three batches of cathodes with different porosities, evaluated at the different threshold
voltages. The colors of the markers in (b-d) represent the rate-limiting mechanisms of the
cathodes: OCT-limited (yellow) and ILD-limited (blue).

This trend-reversal can be explained by the enhanced conductivity brought by calender-
ing. Figures 11c and d show cross-sectional Scanning Electron Microscopy (SEM) images
of two as-received porous cathodes (∼50% porosity). The large open pores leave the solid
phase disconnected, leading to a high contact resistance. This can be seen in Figures 11a
and b, showing the Electrochemical Impedance Spectra (EIS) of three cathodes and the
corresponding Distribution of Relaxation time (DRT), respectively56. At short relaxation
times (∼ 10−5 − 10−4 s), corresponding to contact resistance, we find that the two porous
cathodes exhibit a large resistance. Calendering these cathodes presses the network to-
gether, as well as improves the contact with the current collector. Figure 11e shows the
SEM image of a thick calendered cathode (130 µm, ∼23% porosity). The solid network in
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this cathode is better connected. This is reflected in the DRT spectra in Figure 11b, where
the dense cathode exhibits a much smaller contact resistance. The peaks at the longer re-
laxation times (∼ 10−1−101 s) correspond to cathode charge transfer and diffusion in solid
particles. The thin cathode (0.7mAh cm−2) exhibits a much greater resistance than the
two thick cathodes (5.6mAh cm−2). This makes sense as these two processes are a function
of the total amounts of active material, which the thin cathode has less of. Similar trends
in the EIS spectra with respect to thickness have been observed in other studies18.

Figure 11: EIS (a) and DRT (b) of three NMC|Li-metal coin cells. SEM images of (c)
a Thick & Porous cathode (5.6mAh cm−2, 216µm, 47%), (d) a Thin & Porous cathode
(0.7mAh cm−2, 31 µm, 55%), and (e) a Thick & Dense cathode (5.6mAh cm−2, 130 µm,
23%).

7. Conclusions

In this dissertation, we developed a comprehensive model and framework to characterize
and understand the rate-limiting mechanisms in NMC and LFP cathodes for lithium-ion
batteries. We support it by creating the largest, highest resolution, and highest quality
rate performance data set available in literature35,36.

We used the voltage drop at the end of LFP discharge curves to show that the ac-
tively transforming particles increase both in number and in transformation rate as the
cell current is increased. Previous studies have shown that collections of LFP particles
prefer activating new particles over increasing the discharge rate of the already-activated
particles15,16,44,57. These studies focus on small collections of particles, either as thin films
or as individual particles. In our study, we use thick LFP cathodes with an abundance
of unactivated particles (up until the last moment) and a large cell current, requiring a
large number of particles. Our results show that, although an increase in cell current bi-
ases towards activating new particles, their average transformation rate also increases by a
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similar factor. The discharge curves and rate performance indicate that the thinnest and
densest LFP cathodes became phase-transformation limited at 40–60C, corresponding to
a current density of 20–40mAcm−2, much higher than the asymptotic maximum C-rate of
14.2C found in chronoamperometry experiments of thin LFP films16.

The OCT limit is proportional to the margin voltage, which is often chosen as small
as possible to stay clear of side reactions at very low applied voltages. This results in all
cells being OCT limited until the margin voltage is made large enough to allow for other
limits. We illustrate this principle in NMC by evaluating the critical currents and rate
limiting mechanisms at different threshold voltages. At a threshold voltage of 3.0V, only
the NMC thickest cathodes were ILD limited, with the rest being OCT limited. The LFP
cells primarily suffer from OCT limits at high currents, even with a low threshold voltage
of 2.0V. This limit is pushed to higher currents by calendering and appears independent of
cathode thickness. This indicates that the Ohmic resistance of the electrolyte and the solid
matrix are not major contributors to the OCT voltage, ∆VOCT . Alternatively, it could be
that the Ohmic potential is compensated by the broader distribution of the cell current
among the LFP particles.

When thick LFP cathodes are densely calendered to porosities of ∼25%, the ionic
liquid-diffusion becomes limiting instead. In contrast, most NMC cells were primarily ILD
limited; with the only exception being the thinnest and most porous cathodes. This limit
is inversely proportional to the cathode thickness and further increases to the loading must
be compensated with a corresponding reduction in operating current. At normal operating
currents of 1C, we find that the optimum thickness of a dense cathode of either type is in
the range of 120–160µm, corresponding to capacities of around 4mAh cm−2 for LFP and
5.5mAh cm−2 for NMC. The fabrication of a cathode this size often requires new binders
or new fabrication techniques to avoid cracking and delamination26,58,59. Our model shows
that cells with lithium metal anodes have a much higher ILD critical currents than cells
with porous anodes. This implies that the optimum cathode thickness of cells with graphite
anodes is much smaller. However, it should be noted that lithium metal anodes have much
smaller surface areas delivering the cell current. This limits the currents to around 4–
10mAh cm−2, depending on the electrolyte27–29,60,61. In addition, lithium metal anodes
degrades from plating and stripping large capacities, limiting the cell capacity to below
4mAh cm−2 to maintain cycling stability61,62. Given this, the question of how large a
cathode should be in a lithium metal anode cell depends much more on the relationship
between the electrolyte and the lithium metal than it does on the transport properties of
the cathode.

Appendix

A. Modeling Details

The pseudo two-dimensional (P2D) porous electrode theory (PET) model couples two
one-dimensional scales, the particle scale and the electrode scale. We use the open-source
implementation in Ref.41. The particles are modeled as spheres where the lithium diffusion
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flux is governed by Equation 29, shown below.

Fs = −Ds
cs

cs,max

(
1− cs

cs,max

)
∇cs (29)

Boundary conditions are applied such that the diffusion is symmetric and the flux through
the surface matches the reaction rate.

∇Fs|r=0 = 0 and Fs|r=Rs
= −j (30)

The reaction rate at the surface of the particle is governed by the Butler-Volmer equation,
shown below.

jcat = j0,cat

(
exp

[
−αFηs,cat

RT

]
− exp

[
(1− α)Fηs,cat

RT

])
ηs,cat = U(cs,surf )− (ϕel − ϕs)

(31)

The exchange current density, j0,cat, can be described with

j0,cat = k0

(
cel
cel,0

)1−α(
cs,surf
cs,max

)1−α(
1− cs,surf

cs,max

)α

. (32)

The electrochemical potential in active NMC particles, U(cs), is modeled based on the fit
of a C/10 charge of a 28µm cathode with 55% porosity and 0.695mAh cm−2. The fitting
equation is shown in Equation 33 and parameters are shown in Table 2.

U(ĉs) = (m1 − k1ĉs)g(ĉs, q, p)

+ (m2 − k2ĉs)(1− g(ĉs, q, p)) +
r

ĉs − s

g(ĉs, q, p) =
1

2
− 1

π
tan−1 [(ĉs − q) · p]

ĉs =
cs

cs,max

(33)

The potentials in the solid and electrolyte phases, ϕs and ϕel, are determined implicitly
by the equations that govern the current through the phases across the cell. The electric
current through the cathode is governed by Ohm’s law, shown below.

is = −σs(1− ε)1.5∇ϕs (34)

The electric current through the electrolyte is modeled with

iel = σelε
1.5

(
−∇ϕel +

2RT

F
(1− t0+)ftherm∇ ln

[
cel
cel,0

])
. (35)

The conductivity of the electrolyte, σel, is related to the diffusion coefficient through the
Nernst-Einstein equation.

σel = Del
celF

2

RT
(36)
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The current in Equation 35 results in the flux of lithium through the electrolyte, according
to Equation 37, shown below.

Fel = −Delε
1.5∇cel − (1− t0+)

iel
e

(37)

where Del is the diffusion coefficient of the dissolved lithium in the electrolyte. As the
dissolved lithium flows across the cell and into the cathode particles, equal amounts are
dissolving into the electrolyte at the Li-metal surface. This process is governed by the
Butler-Volmer equation, except that the exchange current density, j0,an, is set constant. In
addition, at the anode, we include a film resistance Ran. This equation implicitly deter-
mines the anode overpotential, ηs,an, from the discharge current and material parameters.

Icell = j0,an

(
exp

[
−αF

RT
(ηs,an + IcellRan)

]
− exp

[
(1− α)F

RT
(ηs,an + IcellRan)

]) (38)

Boundary conditions are applied such that lithium diffusion is contained within the elec-
trolyte and the electric current is contained within the solid phase. These are shown below.

Fel|x=xan
= 0 iel|x=xan

= Icell

is|x=xsep/cat
= 0

iel|x=xcat/cc
= 0 Fel|x=cat/cc = 0

(39)

The particle and electrode scales are coupled through the mass and charge conservation
conditions, shown below.

0 = −∇ · is − eFR

0 = −∇ · iel + eFR

∂(εcel)

∂t
= −∇Fel + FR

(40)

where FR is the total reaction flux through all particle surfaces within a modeled volume
on the electrode scale, given by

FR = −(1− εcat)vAMjcat
3

Rs

. (41)

vAM is the volumetric ratio of the active material in the solid phase of the porous cathode.
The necessary parameters are listed in Table 1.

For the purposes of Figure 2, the rate-limiting regions are defined as follows:

• ISD-limited (red): cs,surf > 0.99cs,max at ALL locations within the cathode.
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• ILD-limited (blue): cel < 0.1 M at ANY location within the cathode, AND cs,surf <
0.99cs,max at ANY location in the cathode.

• OCT-limited (yellow): cs,surf < 0.99cs,max at ALL locations in the cathode, AND
cel > 0.1 M at ALL locations within the cathode.

Table 1: Model Parameters

Cathode
εcat 50 %
Lcat 50, 100, and 200 µm
σs 10 Sm−1

Ds 2.6 · 10−13 m2 s−1

cs,max 2.7523 · 1028 m−3

Rs 5.75 µm
k0 8.5 Am−2 63

α 0.5
Anode

j0,an 10 Am−2

Ran 6.5 · 10−3 Ωm2

α 0.5
Separator

εcat 42 %
Lsep 17 µm

Electrolyte
Del 2.9 · 10−11 m2 s−1

ftherm 1
t0+ 0.38

cel at t = 0 1700 molm−3

Table 2: U(ĉs) fitting parameters

m1 5.07333784 q 6.86850722·10−1

k1 1.97899504 p 6.56174271
m2 4.24827606 r 6.02791677·10−5

k2 4.47170779·10−1 s 1.00003

B. Solid-Diffusion Limit Model Development

During solid-diffusion limited discharges, the discharge ends when all particle surfaces are
full. Consequently, the amount of capacity extracted from the discharge is determined by
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the amount of lithium that had entered the particle by the time the particle surface became
full. Here we create a simple model to describe how the discharge capacity depends on C-
rate in the solid-diffusion region. We will consider a spherical active particle with a constant
diffusion coefficient D, a radius Rs, initial concentration cs,0, maximum concentration
cs,max, surface area A, and volume V . Lithium ions enters the particle at a constant flux J ,
establishing a steady-state diffusion gradient. Diffusion is governed by Fick’s second law
of diffusion (Equation 42), shown below.

∂c

∂t
= ∇(D∇c) (42)

where c is the active particle concentration and t is the time. Expressing Fick’s law in
spherical coordinates while ignoring angular components yields

∂c

∂t
=

D

r2
∂

∂r

(
r2
∂c

∂r

)
(43)

where r is the radial coordinate of the spherical particle. Transforming the variables with
r = ϕRs, t = τR2

s/D, and c = u(cs,max − cs,0) yields

∂u

∂τ
=

1

ϕ2

∂

∂ϕ

(
ϕ2∂u

∂ϕ

)
(44)

The constant flux and steady-state filling results in a uniform filling rate ˙̄u, shown below.

˙̄u =
∂u

∂τ
=

∂c

∂t

R2
s

D(cs,max − cs,0)
=

JAR2
s

V D(cs,max − cs,0)
(45)

Equation 44 is satisfied by

u(ϕ, τ) = ˙̄u

(
ϕ2

6
+ τ

)
. (46)

The discharge ends when the particle surface is full, corresponding to u(1, τend) = 1, re-
sulting in the profile given by

uend(ϕ) = 1− (1− ϕ2)
˙̄u

6
. (47)

Equation 47 is plotted with red lines in Figures 12a, b, and c. Integrating over the whole
particle (from ϕ = 0 to ϕ = 1) gives the final total filling fraction U , shown below.

U = 1−
˙̄u

9
(48)

Unpacking the transformation of this expression yields the final solid-diffusion rate-limit
at low currents in Equation 49, shown below.

Q

M
= QM

(
1− R2

s

9D
R

)
(sphere) (49)

37



where Q is the discharge capacity, M is the particle mass, QM is the specific capacity of the
active material, and R is the C-rate (defined as R = JA/V (cs,max − cs,0)). Equation 49 is
plotted with a red line in Figure 12. A similar process can be used to find the solid-diffusion
rate-limit for cylindrical particles with radius Rcyl and platelet particles with thickness Lpl,
shown below.

Q

M
= QM

(
1−

R2
cyl

6D
R

)
(cylinder) (50)

Q

M
= QM

(
1−

11L2
pl

24D
R

)
(plate) (51)

This model results in a capacity decay that is linear with C-rate with a slope that depends
on the size, shape, and diffusion coefficient of the particles. This very simple model does
not take into account the concentration dependence of the diffusion coefficient, the impact
of stress or strain, phase separation in the active material, nor particle swelling13,64,65.
These are all impacted by the concentration gradient in the particle which, in turn, are
impacted by the C-rate. Furthermore, real cathodes contain particles with a distribution of
sizes and shapes that will experience very different local C-rates while the cell as a whole is
discharged at a constant current. Nevertheless, this general form (see Equation 52) is used
to fit the solid-diffusion limited region of the data in order to somewhat match earlier work
on rate performance35,36,39. However, the physical meaning of the two fitting parameters,
τ and n, are reinterpreted. τ is the time constant of diffusion in the active particle, given
the particle shape/size distribution and diffusion coefficient. n represents the deviation
from this idealized diffusion model.

Q

M
= QM

(
1− (τR)n

)
(52)

Figure 12 shows the internal concentration profiles and the rate performance of a single
spherical particle with a constant diffusion coefficient. The markers represent results from
numerical simulations and the red lines show the analytical solutions in Equations 47 and
49. The simulations were performed using the open-source simulation program MPET in
Ref.41.
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Figure 12: Results from simulated single spherical particle discharges together with ana-
lytical solutions. (d) shows the single particle discharge capacities as a function of C-rate.
(a-c) show the internal lithium distribution at end of discharge. The black markers in (a-c)
and white markers in (d) represent results from numerical simulations. The red lines in
(a-c) and (d) represent the analytical solution in Equations 47 and 49, respectively.

C. Impact of Concentration Profile on the OCT limit

In this section, we derive expressions for the OCT potential, ∆VOCT , given the concentra-
tion profiles developed in the previous section. We limit the derivation to the |MZR cell
profile. We assemble the profile from the expressions for the separator in Equation 14,
the MZR cathode in Equation 12, the transformations in Equations 18 and 23, as well as
defining unitless time as θ = xr/Lcat.

c(x)

c0
=



1 + 2
I

Id

[
θ − νcat

(
θ2 − θ

2

)
− νsep

(
θ +

κsep

2

)
− x− xsc

Lsep

]
xas ≤ x < xsc

1 + 2
I

Id

[
θ − νcat

(
θ2 − θ

2

)
− νsep

(
θ +

κsep

2

)
− x− xsc

Lcat

]
xsc ≤ x < xsc + xr

1− 2
I

Id

[
νcat

(
θ2 − θ

2

)
+ νsep

(
θ +

κsep

2

)]
xsc + xr ≤ x < xcc

(53)

C.1. Ohmic Potential

Moving Zone Reaction systems were studied and developed mathematically by Newman et
al. in 199553. Their treatment focuses on the Ohmic contribution of the electrolyte. Here,
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we include the Ohmic potential of the conductive matrix as well, shown below.

∆ΦOhm =

∫ xr

−Lsep

ielρel dx+

∫ Lcat

xr

isρs dx = ILsepρel,sep + Ixrρel,cat + I(Lcat − xr)ρs (54)

where Lsep and Lcat are the separator and cathode thicknesses. This assumes uniform
and constant ionic resistivities in the separator and cathode. Given that the resistivity is
concentration-dependent66, this assumption applies in the absence of steep concentration
gradients. The location of the reaction zone, xr, can be expressed with

xr =
It

QV

(55)

Inserting equation 55 into Equation 54 yields

∆ΦOhm = I(Lsepρel,sep + Lcatρs,cat) +
I2t

QV

(ρel,cat − ρs,cat) (56)

The Ohmic contribution is the largest at end of discharge, when Itend = LcatQV , shown
below.

∆Φend
Ohm = I(Lsepρel,sep + Lcatρel,cat) (57)

If the Ohmic contribution exceeds the margin voltage, ∆Vmargin = V0 − Vthresh, the dis-
charge will reach the threshold voltage, Vthresh, before the reaction zone reaches the current
collector. The capacity beyond this point will remain unutilized. This limits discharges to
currents below IOCT

crit , shown below.

IOCT
crit =

∆Vmargin

Lsepρel,sep + Lcatρel,cat
(58)

These expressions assumes uniform resistivities. However, ionic resistivities are inversely
proportional to concentration (in dilute solutions) according to the Nernst-Einstein rela-
tion, shown below67.

ρel =
RT

n2F 2Delc
(59)

where R is the gas constant and F is the Faraday constant. We insert this expression into
equation 54, shown below.

∆ΦOhm = I
RT

n2F 2

(
1

Dsep

∫ xsc

xas

1

c(x)
dx+

1

Dcat

∫ xsc+xr

xsc

1

c(x)
dx

)
+ I(Lcat − xr)ρs,cat (60)

Inserting the concentration profile of the |MZR cell in Equation 53 yields the Ohmic con-
tribution shown below.

∆ΦOhm =
RT

nF
ln

(
1 + 2

I

Id

[
θ + κsep

1− I
Id

[
θ2(1− vsep) + (κsep + 2θ)νsep

]])+ Iρs,catLcat(1− θ)

(61)
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The logarithm approaches infinity as the denominator approaches zero. This reflects the
fact that the resistivity approaches infinity as the electrolyte concentration is depleted. In
contrast to the |MZR cell, the Ohmic potential in the |UR cell is not expected to diverge as
the electrolyte is depleted. This is a consequence of the uniform reaction allowing for more
reaction locations that can accelerate to compensate for the shortfall at depleted regions.

C.2. Concentration and Anode Overpotentials

Both the concentration overpotential ηel and the anode surface overpotential ηan depend
on the electrolyte concentrations at the anode and reaction zone. We approximate the
oxidation at the anode with the Butler-Volmer equation67. For simplicity, we ignore the
reduction term. The concentration at the anode is found in equation 53 with cas = c(xas).
This yields the anode surface overpotential shown below.

ηan =
RT

nF
ln

(
I

k0(cas/c0)α

)
(62)

=
RT

nF

[
ln

I

k0
− α ln

(
1 +

I

Id

[
(θ(2− θ) + κsep)(1− vsep) + κsep

])]
(63)

where I is the cell current, k0 is the rate constant at an electrolyte concentration of c0, and
α is the symmetry factor. The concentration overpotential is here simplified with that of
a dilute solution and we ignore the thermodynamic factor, shown below.

ηel = −RT

nF
ln

(
cr
can

)
(64)

=
RT

nF
ln

(
1 + 2

I

Id

[
θ + κsep

1− I
Id

[
θ2(1− vsep) + (κsep + 2θ)νsep

]]) (65)

C.3. End of Discharge

The Ohmic/charge-transfer critical current is the current where the cell polarization ex-
ceeds the margin voltage (∆Vmargin = U − Vthresh) before the end of discharge. The size
of the cell voltage at end of discharge is found by inserting θ = 1 into on equations 62, 64,
and 61, shown below.

ηendan =
RT

nF

[
ln

I

k0
− α ln

(
1 + 2

I

IILDcrit

[
1 + κsep

1 + νsep(1 + κsep)
− 1

2

])]
(66)

ηendel =
RT

nF
ln

(
1 + 2

I

IILDcrit − I

[
1 + κsep

1 + νsep(1 + κsep)

])
(67)

∆Φend
Ohm =

RT

nF
ln

(
1 + 2

I

IILDcrit − I

[
1 + κsep

1 + νsep(1 + κsep)

])
(68)
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C.4. Low Currents

At currents low enough for the concentration gradients to be negligible (where I << IILDcrit ,
ln(1 + y) ≈ y, and c(x) ≈ c0), these potentials can be expressed as

ηlowan =
RT

nF
ln

I

k0
− Iα

(
ρel,catLcat(1− vsep)

[
θ − θ2

2

]
+ ρel,sepLsep

[
1− vsep

2

])
(69)

ηlowel = I [θLcat(ρel,cat − ρs,cat) + ρel,sepLsep + ρs,catLcat] (70)

∆Φlow
Ohm = I [θLcat(ρel,cat − ρs,cat) + ρel,sepLsep + ρs,catLcat] (71)

Inserting these into the expression for the cell voltage shows us the cell voltage in the
plateau region of the discharge curve at low currents, shown below.

V low
cell =U + ηr

+
RT

nF
ln

I

k0
+ IθLcat (ρel,cat [2− α(1− vsep)]− 2ρs,cat)

+ I
θ2

2
Lcatρel,cat(1− vsep)α

+ I
(
2ρs,catLcat + ρel,sepLsep

[
2− α

(
1− vsep

2

)])
(72)

The cell voltage increases quadratically with time and both linearly and logarithmically
with current. This expression can be parameterized as

V low
cell = A+B ln(I) + I(Cθ2 +Dθ + E) (73)

We use this fitting function to fit a region of the discharge curve. We then extrapolate the
fitted voltage to the threshold voltage to find the current at which the polarization exceeds
the margin voltage. This serves as an upper limit of the OCT critical current IOCT

crit as long
as I is below the ILD critical current.
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D. Experimental Data

D.1. Sample Data

Table 3: Sample data grouped by cathode sheet. Each row corresponds to all cathodes
punched from the same set of sheet with equal loading, although with different degrees of
calendering. The numbers show the geometric averages with the multiplicative standard
deviation in the parenthesis, such that x(g) denotes the interval x/g to xg. The active
material loading is calculated by multiplying the measured cathode mass with the supplied
active material mass ratios of the sheets (90% for NMC and 88% for LFP). The nominal
capacity is average discharge capacity of the C/10 formation cycles and final cycles, divided
by the cathode area.

Cathode Cells Active Material Loading Nominal Capacity
Material # # (mg cm−3) (µm·mAh cm−2)

LFP 86

20 3.60(1.02) 0.585(1.02)
19 6.74(1.03) 1.08(1.03)
16 10.7(1.03) 1.70(1.03)
16 13.6(1.04) 2.15(1.04)
15 16.7(1.08) 2.65(1.08)

NMC 58

16 4.76(1.04) 0.709(1.03)
16 9.10(1.03) 1.38(1.03)
12 18.2(1.04) 2.72(1.03)
12 26.6(1.07) 3.98(1.07)
18 36.6(1.04) 5.37(1.03)

Table 4: Sample data grouped by degree of calendering. Each row corresponds to all
cathodes calendered to the same target porosity, although with different loading. The
numbers show the geometric averages with the multiplicative standard deviation in the
parenthesis, such that x(g) represents the range from x/g to xg. The porosity is calculated
from the cathode mass and thickness, according to the method described in Section 3.2.
The volumetric nominal capacity is the areal capacity divided by cathode thickness.

Cathode Cells Porosity Nominal Capacity
Material # # (%) (µm·mAh cm−3)

LFP 86
20 54.6(1.01) 209(1.04)
38 43.1(1.17) 256(1.13)
28 23.5(1.11) 352(1.03)

NMC 58
20 50.7(1.04) 259(1.04)
19 25.9(1.09) 383(1.03)
19 18.9(1.15) 428(1.05)

43



Table 5: Measured proportionality constants and optimized thickness at 1C for ILD-limited
LFP and NMC cathodes of varying porosity. Values are reported as geometric means;
parenthetical values indicate the geometric standard deviation (multiplicative uncertainty),
such that x(g) denotes the interval x/g to xg.

Active εcat QV,s LcatI
ILD
crit ε−1

catLcatI
ILD
crit

Material (%) (mAh cm−3) (µm·mAcm−2) (µm·mAcm−2)
LFP 24.5(1.07) 461(1.01) 704(1.25) 2878(1.23)
NMC 20.3(1.11) 527(1.02) 642(1.16) 3169(1.20)
NMC 27.4(1.06) 517(1.01) 803(1.14) 2933(1.13)
NMC 49.1(1.02) 523(1.02) 1212(1.08) 2468(1.07)
Active εcat QV,s Q2

AR
ILD
crit ε−1

cat(1− εcat)
−1Q2

AR
ILD
crit

Material (%) (mAh cm−3) (h−1·(mAh cm−2)2) (h−1·(mAh cm−2)2)
LFP 24.5(1.07) 461(1.01) 15(1.24) 83(1.23)
NMC 20.3(1.11) 527(1.02) 27(1.17) 167(1.22)
NMC 27.4(1.06) 517(1.01) 30(1.13) 152(1.13)
NMC 49.1(1.02) 523(1.02) 32(1.08) 129(1.08)
Active εcat QV,s Lopt at 1C QA at Lopt

Material (%) (mAh cm−3) (µm) (mAh cm−2)
LFP 24.5(1.07) 461(1.01) 142(1.12) 3.907(1.11)
NMC 20.3(1.11) 527(1.02) 124(1.07) 5.192(1.08)
NMC 27.4(1.06) 517(1.01) 146(1.07) 5.488(1.06)
NMC 49.1(1.02) 523(1.02) 214(1.04) 5.678(1.04)
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D.2. Discharge Curves, Rate Performance, and Critical Currents

Figure 13: Supplemental Figures A-D show the experimental data from all 86 LFP|Li-metal
coin cells (A and B) and all 58 NMC|Li-metal coin cells (C and D). Each panel in Figures
A and C show the discharge curves, applied voltage vs discharged capacity throughout a
discharge, of the rate performance experiment of a Li-metal anode coin cell, described in
Section 3.3. Each panel in Figures B and D show the rate performance of a coin cell, the
discharge capacity at the end of discharge vs discharge current. The sharp capacity drop
is marked with a vertical purple line. The grid is organized in 2x2 groups of cathodes
punched from the same sheet. These groups are ordered with ascending cathode thickness
from left to right, and with ascending porosity from bottom to top. The cathode thickness
and porosity are listed in the top right corner of each panel and are plotted in the panel
on the top right. The markers represent groups of cells with similar porosity. The colors
of the markers and of the panels correspond to the type of critical current (teal for ILD,
yellow for OCT, and red for ISD). They are determined by looking at both the discharge
curves and the rate performance.

OCT The capacity drops sharply and the applied voltage reaches the threshold without
diverging.

ILD The capacity drops sharply and the applied voltage diverges.

ISD/PT There is no sharp capacity drop, but a slow decrease to zero at high currents.
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