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Abstract

Conversion cathode materials are gaining interest for secondary batteries due to their high theoretical energy and
power density. However, practical application as a secondary battery material is currently limited by practical issues
such as poor cyclability. To better understand these materials, we have developed a pseudo-two-dimensional model for
conversion cathodes. We apply this model to FeSo — a material that undergoes intercalation followed by conversion
during discharge. The model is derived from the half-cell Doyle-Fuller-Newman model with additional loss terms added
to reflect the converted shell resistance as the reaction progresses. We also account for polydisperse active material
particles by incorporating a variable active surface area and effective particle radius. Using the model, we show that the
leading loss mechanisms for FeSy are associated with solid-state diffusion and electrical transport limitations through
the converted shell material. The polydisperse simulations are also compared to a monodisperse system, and we show
that polydispersity has very little effect on the intercalation behavior yet leads to capacity loss during the conversion
reaction. We provide the code as an open-source Python Battery Mathematical Modelling (PyBaMM) model that can
be used to identify performance limitations for other conversion cathode materials.
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1. Introduction conversion reaction:

Due to the continually increasing demand for improved Lis_,FeSs + nLit + ne”™ == LiyFeS,, (1)
energy and power density in lithium-ion batteries, researchers LisFeSy + 2Lit 4+ 26~ —— 2Li,S + Fe - 2)
have begun exploring “next-generation” cathode materials
that offer theoretical capacities superior to existing mate-
rials [1, 2]. While commercialized intercalation chemistries
offer excellent cycle stability, the finite number of lithium
storage sites in the host crystal structure results in lim-
ited capacity. In contrast, conversion-type electrodes un-
dergo bond breakage and electrochemical transformation
into new phases upon (de)lithiation yielding much higher
capacities [3, 4, 5|]. One example of a conversion cathode
material is FeSy which undergoes a four-electron redox re-
action and is of particular interest due to its abundance,
low cost, and low toxicity [6, 7]. The reaction mechanism
for FeS, is currently debated, but the predominant pres-
ence of LisS at the end of discharge is universally agreed
upon [8, 9]. The most widely accepted mechanism for
the rechargeable reaction pathway under a limited win-
dow (2.4-1.0V) is described as a two-step intercalation-

In this work, we consider the lower conversion and interca-
lation reactions of FeSy by imposing a 2.4V window cut-
off. Starting from 2.4V, lithium intercalates Lis_,FeS,
to form LisFeSs which subsequently converts to form a
mixture of LizS and Fe [6, 10]. This behavior manifests
in the discharge curve in Fig. la as two distinct regions,
corresponding to the two distinct reactions.

Using the assumed two-step reaction pathway, several
questions and areas for optimization still exist before FeS,
could have widespread use as a cathode material in sec-
ondary batteries. Particularly, the experimentally obtained
capacities are far less than the theoretical capacity of 894 mAh/g
[6], FeSy shows poor cyclability when cycled over a wide
voltage range [11], and cells exhibit significant capacity
loss when moving to faster rates [8]. Several methods
have been proposed to improve the overall performance of
FeSs including suppressing polysulfide dissolution by lim-
iting the voltage window [12], physically confining polysul-
fides to prevent shuttling [13], and limiting the debilitat-
ing effects of particle expansion by pressurizing the system
[14] or designing nanonetworks to accommodate expansion
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[15]. Nevertheless, to unlock the full capacity of FeSs, one
must be able to isolate the exact reasons for the perfor-
mance limitations, which can be difficult experimentally
due to the complex reaction pathway and presence of mul-
tiple species during cycling.

Qualitatively, the two-step reaction mechanism can be
envisioned as shown in Fig. 1b for a half-cell. During dis-
charge, a variety of transport mechanisms contribute to
the overall cell performance. Particularly, lithium ions are
transported through the electrolyte (green gradient), orig-
inating from the separator (yellow). The ionic lithium sub-
sequently reacts at the surface of the particles to initially
undergo an intercalation reaction where the intercalated
lithium must then distribute throughout the active mate-
rial particles (blue gradient). As the discharge proceeds
to near completion, the overpotential will eventually reach
a threshold where the conversion reaction will become fa-
vorable and initiate, and the intercalated LisFeSs begins
to convert to a shell of LisS and Fe (purple), rather than
further intercalate into the particles. The shell region is
assumed to allow lithium ions to diffuse through it to the
reaction surface (blue-purple interface) as well as electri-
cal current out of it to the conductive binder (not shown).
The conversion reaction proceeds until either the inter-
calated core is completely consumed or the cell reaches
a cutoff voltage. To balance the charge for the reaction,
current is transported from the reaction surface to the cur-
rent collector (black) through conductive binder between
the particles (not shown).

The need to understand leading loss mechanisms for
an electrochemical cell has warranted significant interest
in electrochemical modeling. While mesoscale models are
able to resolve complex behavior over various length scales
and couple vast physical phenomena occurring within the
cell, they typically require significant computing resources
and are not efficient for testing wide sets of parameter
ranges or experimental conditions [16]. In contrast, con-
tinuum models, such as the single particle model (SPM)
or pseudo-two-dimensional (P2D) model, are widely used
due to their robustness and ability to capture macroscopic
effects accurately [17, 18, 19, 20]. The P2D model, also re-
ferred to as the Doyle-Fuller-Newman (DFN) model, con-
siders ionic and electrical transport throughout the elec-
trode in combination with species transport throughout
the active material particles to predict the overall behav-
ior of the cell [18, 21]. Despite its widespread use, the
model has primarily been applied to intercalation materi-
als. Several authors have attempted to extend continuum
models to account for phase change electrode materials
[22, 23, 24, 25, 26]. However, these attempts typically re-
quire assumptions such as a monodisperse system, pseudo-
steady-state for the solid-state diffusion, or neglect trans-
port equations in the electrolyte. As such, there remains
significant interest in development of an accurate, robust,
and high-throughput model for conversion cathode materi-
als, such as FeS,, which can account for complexities such
as polydispersity.

In this paper, we develop a P2D framework for poly-
disperse conversion cathode materials by using a core-shell
model to represent the partially converted active material,
with pseudo-steady-state solutions for ionic and electrical
transport used throughout the converted shell material.
Focusing on the lower conversion and intercalation reac-
tions of FeSy (2.4-1.0 V), we fit our model to experimental
lithiation data for FeSs to identify the leading loss mech-
anisms in the cell. Our results indicate that for slow rates
(C/20), lithium transport limitations in the active material
are the leading loss mechanism in the intercalation regime,
and poor electrical conductivity in the converted LisS and
Fe mixture is the leading loss mechanism in the conversion
regime. At faster rates (C/5), we show that the interca-
lation and conversion reactions become mixed and addi-
tional transport limitations associated with electrode and
ionic transport polarization become significant. We also
assess the role of polydispersity by comparing our results
to a monodisperse system and show that the intercalation
behavior of the cell can be represented as monodisperse
particles but that increasing polydispersity results in lower
predicted maximum capacities in the conversion regime.
Finally, we consider the role of ionic transport limitations
in the converted shell and show that incorporating signifi-
cant ionic transport limitations leads to a poor agreement
with the experimental data over varying discharge rates.
Although applied here to FeSs, the conversion P2D model
used throughout this work is robust and may be applied
to other conversion cathode materials to better understand
the performance limitations.

2. Methods

2.1. Conversion Model Development

The P2D model used throughout this work is based
off the half-cell DFN model, modified with an additional
ordinary differential equation added to represent the shell
thickness evolution during the conversion reaction and mech-
anisms to transport through that shell (see Fig. 1b). This
model includes domains in which transport is considered:
throughout the electrode and throughout the active parti-
cle core. The governing equations for our model are shown
in Table 1, and the boundary and initial conditions are
provided in Table 2 [18, 21]. A list of all parameters and
variables with their respective definitions may be found in
the nomenclature tables Tables 5 and 6 at the end of the
text.

Five differential equations are solved simultaneously:
electrical current transport through the solid phase net-
work (active material particles and conductive binder do-
main, Eq. (3)), intercalated lithium transport radially within
the active material particle core (Eq. (4)), current trans-
port in the electrolyte (Eq. (5)), ionic transport in the
electrolyte (Eq. (6)), and the active material particle shell
thickness (Eq. (7)). With the exception of Eq. (4), which
is solved in the radial particle domain, all equations are
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Figure 1: Illustration of the coupled intercalation-conversion reactions of FeSs. (a) Characteristic C/5 discharge data and open circuit voltage
(OCV) for the two-step intercalation-conversion reaction. (b) Diagram of half-cell P2D model showing (blue) the intercalated active material
core and (purple) the converted shell of Li2S and Fe. The ionic lithium reacts at the reaction surface (interface between active material core
and converted shell), and the current travels through the shell to the conductive binder (not shown) to eventually reach the current collector.

Table 1: Differential equations that comprise the model.

Variable Equation
Solid potential (V) 83 [(1 —e)? Iieﬁ%} =aFj (3)
x x
- . ' OCLi _ 1 0 ( 2 DLiFCLi 0Veq
Solid Li concentration (Cl;) % = 25 ( —RT or (4)
Electrolyte potential (V;) % [ebm (% —(1—t3) F?CRT 82;# )] =—aFj (5)
Lit
Electrolyte concentration (Cp;+) ea(gzﬁ = (% (ebDLi+ ag;i+ ) +a(l—ty)j (6)
Shell thickness (5) % = — Joom Mres, (7)
P (4 - zcmL;x)

Table 2: Initial and boundary conditions applied to the governing equations shown in Table 1.

Variable Initial Condition Boundary Conditions
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* Initial guess
! Evaluated at 7 = 0 instead of z = 0

! Evaluated at 7 = R, — ¢ instead of 2 = L



solved throughout the linear electrode domain (labeled z
in Fig. 1b). Note that in contrast to the traditional DFN
model, diffusion throughout the intercalated active mate-
rial is assumed to be non-ideal (i.e. follow concentrated
solution theory) where the lithium flux is driven by gradi-
ents in the equilibrium potential V4 rather than gradients
in the lithium concentration Cf;.

The total ionic lithium flux due to consumption through
electrochemical reactions j is the summation of two inde-
pendent fluxes from the intercalation reaction ji,; and the
conversion reaction j.ony. In the electrode transport equa-
tions, this surface flux is multiplied by the specific active
surface area a to obtain the volumetric flux. The conver-
sion reaction and intercalation reaction each obey separate
Butler-Volmer equations:

o . azln\ . _azFn; (8)
Ji = F exp RT exp RT )

where 7o is the exchange current density, « is the charge
transfer coefficient, z is the number of electrons in the
reaction, and the subscript ¢ corresponds to either the in-
tercalation int or conversion reaction conv. Note that both
reactions considered throughout this work are analyzed on
a per-electron basis, so z is fixed at 1 for our analysis. The
overpotential 7; is defined as:

i = Vs,in — Vijin — Veq,i (9)
where V in, Viin, and Veq; are the solid, liquid, and equi-
librium potentials, respectively, at the reaction surface.
The intercalating lithium flux into the particle at the re-
action surface (the second boundary condition for Cp; in
Table 2) is only governed by the intercalation reaction
Eq. (1), where the exchange current density depends on
both the intercalated lithium concentration Cp; and the

ionic lithium concentration at the reaction surface Cp;+ -

i,int = KintF (CLi)® (CLit in)” (Cmax — CLi)® (10)
where ki,; is a rate constant for the intercalation reac-
tion and Cp,ax represents the maximum lithium concentra-
tion in the active particles. The intercalation equilibrium
potential is an empirical function determined from ex-
perimental Galvanostatic intermittent titration technique
(GITT) measurements and depends on the lithium con-
centration, as discussed in the Supplemental Information
[27].

The conversion reaction Eq. (2) also contributes a source
for the current density through a separate Butler-Volmer
expression. However, unlike the intercalation reaction, the
conversion reaction does not provide a lithium source into
the active material. Instead, the reaction rate is linked
to the shell radius evolution Eq. (7) [28, 22]. As the con-
version reaction proceeds to completion, the intercalated
active material core will be converted to a mixture of LisS
and Fe (Eq. (2)). This consumption drives the reaction

surface (the interface between the intercalated core and
converted shell material) inward, thus resulting in a shrink-
ing core mechanism. The specific form used for Eq. (7)
ensures conservation of species and converts the molar re-
action rate to a volumetric flux.

For the conversion reaction, we use a second order ki-
netic rate expression that depends only on the ionic lithium
concentration at the reaction surface:

Z‘0,conv = keonv (CLi+,in)2 . (11)
The second order reaction with respect to the ionic lithium
concentration was found to represent the experimental data
over different discharge rates marginally better than a value
of 0.5 for the charge transfer coefficient (Supplemental
Information). We use a constant equilibrium potential
for the conversion reaction, Veq.conv = 1.6 V. Note that
throughout this work, we only consider the discharge be-
havior of FeSs to mitigate capacity fade mechanisms across
cycles and identify the intra-cycle polarization mechanisms.
As such, a conditional is placed on the voltage to prevent
the conversion reaction from proceeding in the reverse di-
rection above the OCV. If one were interested in simulat-
ing the charge behavior, this conditional would need to be
replaced with a conditional on the shell thickness as it ap-
proaches zero. The intercalation portion of our model is
already equipped for reversibility and does not need mod-
ification for charge simulations.

The presence of the converted shell on the outside of
the active material causes additional transport losses with
respect to the ionic lithium concentration and the cur-
rent in the electrode and electrolyte. For simplicity, we
assume that the transport through the shell is in pseudo-
steady-state, meaning that the steady-state solution can
be used to explicitly calculate the electrode voltage Vi in,
electrolyte voltage Vj i, and ionic lithium concentration
CLi+ in at the reaction surface (i.e. the surface between
the active material core and the converted shell):

JFR? (1 1
‘/3 in = Vs,out — o T 12
' out KRshell (Rc Rp ( )
CLi+,in \ RT
Viin = Viw +1In [ =20 ) 22 13
b hout (CLi+,out ) F ( )

jR? 1 1
C'LiJr,in = C'LiJr,out + 2Danell (Rc Rp) (14)
where j is the summation of the ionic flux from the inter-
calation and conversion reaction, kghen is the solid-phase
electrical conductivity in the shell, Dgpep is the ionic dif-
fusivity through the shell, R, is the total radius of the
particle (i.e. including the active material core and the
converted shell), and R, = R, —¢ is the radius of the active
material core. The in and out subscripts indicate whether
the quantity is at the reaction surface (blue-purple inter-
face in Fig. 1b) or at the outer surface of the converted
shell (green-purple interface in Fig. 1b). The outer surface



quantities are used in the electrode transport equations
and the reaction surface quantities are used in the kinetic
expressions. We provide the derivations for these equa-
tions in the Supplemental Information.

Finally, the growth of the shell layer affects the effective
solid phase electrical conductivity keg through a Brugge-
man effective medium approximation:

o ) Ri — Keff
0= ;@72% (15)

Ki+ eff

where ¢; is the volume fraction of the particular phase and
the index i corresponds to either the active material, con-
verted shell, or carbon-binder domain (CBD) phase [29].
Note that keg represents the effective conductivity of the
solid material, and the effect of the electrolyte is incorpo-
rated through the porosity dependent prefactor in Eq. (3).

Several assumptions underlie our model that should be
noted. Particularly, as the model is an extension of the
DFN model, the assumptions from the DFN model also
apply here. Namely, the electrode particles are assumed
to be spherical, the electrolyte is treated as a single phase,
and approximations are used to describe the effective prop-
erties across the electrode and electrolyte. Additionally, as
mentioned previously, we assume the transport through
the converted shell layer to be in pseudo-steady-state. We
are also using only a half-cell model, so effects associated
with the anode and separator are neglected, and we as-
sume that an infinite lithium-ion source is present at the
separator-cathode interface.

2.2. Incorporating Polydispersity

Our previous work on analyzing GITT measurements
for FeSy [27] suggested that for intercalation materials, a
polydisperse system of particles could be represented as a
system of monodisperse particles with an effective radius
equal to three times the ratio of the total volume to total
active surface area. However, for conversion materials this
approach is insufficient as the core radius is varying with
extent of reaction. We anticipate transport through the
shell will be the primary polarization loss mechanism and
that the surface reaction flux is approximately the same
for all particle sizes, and thus the shell thickness is approx-
imately equal for all particle sizes at a particular distance
across the electrode. This assumption is supported by our
previous analysis of the intercalation regime of FeSy [27]
and will be explored in Section 3.2. The increasing shell
thickness leads to the complete consumption of smaller
particles prior to that of larger particles and therefore a
change in the effective particle radius and available specific
surface area of the active materials with the extent of the
conversion reaction.

To address this, we implement a variable particle ra-
dius approach, in which we assume the shell thickness for
all particles at a specific distance across the electrode to be
equal. As the conversion reaction progresses, the smaller

particles will convert entirely leaving only the larger parti-
cles to continue participating in reactions. Figure 2a shows
the measured particle size distribution of our active mate-
rial. At an extent of reaction of 0.84, all particles with ra-
dius <0.565 pm have been fully consumed, as represented
by the purple shaded region. Therefore, only the particles
with radius >0.565 pm participate in further chemical con-
version. As a result, the effective particle radius R, o¢ will
increase, and the specific active surface area a, which con-
verts the surface lithium flux into a volumetric flux, will
decrease with increasing shell thickness. These results are
shown as a function of the extent of conversion reaction in
Figs. 2b and 2c. We provide the analytical expressions for
these quantities in the Supplemental Information.

Note that the shrinking core mechanism is still cap-
tured through the shell thickness evolution equation (Eq. (7)).
However, the outer particle radius in Eqgs. (12)—(14) is now
variable and increasing with the extent of conversion re-
action. To ensure we are conserving mass in the system,
we monitored the total moles of lithium during discharge.
The mass imbalance for our study was 0.3% which is likely
due to a combination of numerical issues and our assump-
tion that the intraparticle lithium profile is not affected by
the shrinking core. Nevertheless, this change in mass was
small, and we do not anticipate that it significantly affects
the results.

2.3. Model Implementation

The model is implemented using the open-source Python
Battery Mathematical Modelling (PyBaMM) software [30,
31, 32]. The model contains two spatial dimensions: the
distance across the electrode from separator to collector
x (for Egs. (3), (5) and (6)) and the radial distance from
the particle center r (for Eq. (4)). Even though Egs. (4)
and (7) do not have derivatives with respect to z, Cr; and
6 do vary with z. All differential equations listed in Ta-
ble 1 are solved simultaneously, and additional algebraic
equations corresponding to the current density for both re-
actions (Eq. (8)) and the effective conductivity (Eq. (15))
are also solved numerically. Note that the current density
equations must be solved numerically as the solid voltage
at the reaction surface depends on the ionic lithium flux
(Eq. (12)).

Relevant parameters for the model are provided in Ta-
ble 3. When available, parameter values from literature
were used. Unfortunately, we were unable to find values
for the intercalated active material conductivity, the shell
conductivity, and the shell ionic diffusivity. The interca-
lated active material conductivity was found to have min-
imal effect on the results due to the presence of the CBD.
Here, we estimate the primary losses through the shell to
be due to poor electrical conductivity with negligible ionic
diffusive losses. This leaves the shell conductivity as a sin-
gle fit parameter, which was fit using the SciPy curve fit
function to the C/5 experimental data. The validity of
this assumption and incorporation of non-negligible ionic
diffusion losses in the shell will be discussed in Section 3.4.
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Figure 2: Particle size polydispersity evolution. (a) Particle size distribution (PSD) obtained from laser diffraction measurements with log-
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active. (c) Specific active surface area a as a function of extent of conversion reaction.

Table 3: FeSo parameters used in the model.

Parameter Symbol Value Unit Source
Bruggeman coefficient b 1.5 -

Initial electrolyte concentration Co 1 x 10° mol/ m> —
Electrode solid-state diffusivity Dy 8.74x 107 m?/s [27]
Electrolyte ionic diffusivity Dy;+ 6 x 10712 m?/s [33]

Shell ionic diffusivity Dghen 6 x 10713 m? /s Estimated*
Faraday constant F 96,485 s A/mol -
Conversion reaction rate constant Kconv 2% 107 m? /mols GITT
Intercalation reaction rate constant  kint 5.73 x 10712 m2'5/m010'5 s [27]
Electrode thickness L 30 pm Estimated
FeS2 molar mass Mres, 0.120 kg/mol [34]

Ideal gas constant R 8.314 J/mol K -
Temperature T 298 K -
Transference number ty 0.16 [35]
Charge transfer coefficient « 0.5 Assumed
Number of electrons z 1 -
Electrode porosity € 0.5 Estimated
Binder conductivity KCBD 1 S/m Estimated*
Electrolyte conductivity Ki 0.15 S/m [36]
Electrode conductivity Ks 0.001 S/m Estimated*
Shell conductivity Kshell 1x 1077 S/m Fit

FeSy density p 5010 kg/m? [34]

PSD (pm) In() mean W —0.411 [27]

PSD (pm) In() standard deviation o 0.427 [27]

* Indicates the estimated value had no significant impact on the results within several orders of magnitude.



The model is initialized with the shell thickness and
electrolyte voltage set to zero. The ionic lithium con-
centration starts at 1M, and the solid voltage starts at
2.4V — both values that are dictated by the experimental
setup. The solid lithium concentration starts at a value
corresponding to Lij oFeSs (50,100 mol/m?), which is the
delithiated state of the intercalation reaction|[10, 37]. Sim-
ulations are run until the voltage at the collector reaches
a cutoff voltage of 1V.

2.4. Ezperimental Methods

2.4.1. Materials Preparation

FeS; powder was purchased from Sigma and subse-
quently ball milled for a continuous 6 hours at 1000 rpm
in a Fritsch Pulverisette 7 Premium Line Planetary Micro
Mill using a 20 mL stainless steel Fritsch grinding bowl
and 3mm stainless steel Fritsch media (equal mass to the
sample being milled). FeSs slurry electrodes were made
by mixing the ball milled FeSs powder, Super P (Alfa
Aesar), and poly(vinylidene difluoride)(Kynar Flex 2801)
dissolved in N-methyl-2-pyrrolidone (Sigma-Aldrich) in a
80:10:10 weight ratio, respectively. Contents were mixed
using a mortar and pestle and subsequently doctor bladed
onto a carbon-coated aluminum foil current collector (MTI
Corp.). Slurries were dried in a vacuum oven at 120°C
for at least 12 hours and then directly transferred into
an argon glovebox (<1 ppm Oz, H30) for coin cell assem-
bly. FeSs electrodes used in this study had a diameter of
0.3751in, and the mass loading was 1-1.5 mg/cm?.

2.4.2. Materials Characterization

To determine the particle size distribution of FeSs par-
ticles, laser diffraction measurements were carried out us-
ing a Malvern Mastersizer 3000 instrument with a dis-
persion unit accessory. The dispersing solvent used was
Vertrel XF, the refractive index was set at 3.08, and the
absorption index at 0.01 before running the measurements.
The solvent was first added to the dispersion unit acces-
sory, after which 1-5 mg of sample was added in dry form.
Between sample measurements, fresh solvent was flushed
through the system to prevent cross-contamination and
faulty measurements.

2.4.8. Electrochemical Characterization

Two electrode coin cells were assembled using a Cel-
gard H1409 trilayer separator with 80nL of 1M LiFSI
PYR14TFSI ionic liquid electrolyte and a 0.5in diame-
ter lithium metal counter electrode. The same electrode
was used as the reference electrode, and we assumed the
plating/stripping overpotential for the lithium metal to
be negligible. An upper cutoff voltage of 2.4V was ap-
plied to avoid the upper conversion reaction in FeS,; and
mitigate polysulfide shuttling and dissolution [12]. There-
fore, the 2.4-1.0 V window used in this study captures the
lower conversion reaction and intercalation region. The
discharge rates used in this study (C/20 — 0.34mA /cm?,

C/10 - 0.67mA /cm?, and C/5 — 1.34mA /cm?) were based
off the full four-electron process capacity of FeSs (894 mAh/g)
GITT measurements used for OCV extrapolation were ob-
tained using a 20 minute pulse at C/20 followed by a 4 hour
rest step from 2.4-1.0V.

3. Results and Discussion

3.1. Nominal Behavior at C/5

We begin our results by exploring the model predic-
tions for the highest experimental discharge data available,
C/5, in Fig. 3. The model results are compared to experi-
mental discharge data are shown in Fig. 3a. Additionally,
we provide a contour map showing the transient progres-
sion of the conversion reaction throughout the electrode
and several variables of interest at different distances from
the separator (indicated as the line color as defined in the
inset schematics of Fig. 3a) as a function of capacity. All
depicted parameters are at the reaction surface (subscript
in in the model formulation). Additional results for C/10
and C/20 are provided in the Supplemental Information.

The model prediction matches the qualitative behav-
ior of the experimental discharge profile in Fig. 3a and the
maximum capacity well. However, some deviation between
the model prediction and experimental results can be seen
primarily in the last half of the intercalation region. The
model over-predicts the capacity for the intercalation re-
gion indicating that some loss mechanisms in this region
are not fully captured. Due to the fact that we were able
to match the intercalation region well in our previous work
when the voltage was restricted between 1.6-2.4 V [27], the
poorer agreement with this region shown in Fig. 3a may
indicate that additional irreversible side reactions are oc-
curring at lower voltages that lead to capacity loss, which
is supported by literature [38, 39].

Model quantities within the solid phase of the elec-
trode show comparatively little variation across the cell
thickness. The reactions occur more quickly near the sep-
arator interface, as shown in the contour map for the con-
version reaction (Fig. 3b). For the intercalation reaction,
this leads to a slightly higher solid lithium concentration
during the intercalation phase(Fig. 3e). The lithium con-
centration then approaches an identical value across the
cell which is still below the maximum concentration of
83,500 mol/m3. The solid voltage (Fig. 3f) exhibits the
opposite trend, where little variation is seen for the inter-
calation reaction at early capacities followed by variation
across the cell during the conversion reaction. This is due
to the high conductivity of the binder phase which helps
to mitigate solid voltage polarization across the electrode.
Mathematically, this can be shown through Eq. (3) where
ket Will be large, requiring the spatial derivatives to be
small to maintain the equality. However, once the conver-
sion reaction begins, the solid voltage is more dependent
on the shell thickness, as electrons must cross the shell be-
fore reaching the conductive binder, and the shell thickness
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will vary across the cell as shown in Fig. 3d. Fig. 3f. This
identifies the solid electrical transport through the shell as
a leading loss mechanism in the conversion regime.

The electrolyte properties show much more significant
variation across the cell as seen in Figs. 3g and 3h, which is
due to ionic transport limitations that become especially
pronounced at faster discharge rates. Upon initiation of
the conversion reaction (around 100 mAh/g for the C/5
results, Fig. 3c), the model predicts a short transient in-
crease in the lithium-ion concentration and the electrolyte
voltage, most notably closer to the current collector, which
arises due to the initiation of the conversion reaction once
the overpotential becomes negative. The conversion reac-
tion first occurs closest to the separator as can be seen
in Figs. 3b and 3c, and the additional source of current
requires less load from particles closer to the current col-
lector. The decreased reaction rate at particles closer to
the current collector leads to a build-up of lithium ions
here which eventually relaxes as the conversion reaction
propagates toward the current collector. The transient in-
crease in the electrolyte voltage is due to the same effect,
as the electrolyte voltage and lithium-ion concentration
are inherently connected.

3.2. Polarization Loss Mechanisms at Varying Discharge
Rates

In Fig. 4a, we demonstrate that our model performs
well at multiple discharge rates of C/5, C/10, and C/20.
Upon increasing the discharge rate, the data exhibit capac-
ity loss both in the intercalation region and the conversion
region. The model matches the capacity loss that arises
when moving to faster discharge rates and several qualita-
tive features of the discharge curve. However, the model
fails to capture the exact quantitative behavior of the cell.
The discrepancies are similar in magnitude to those seen
for the C/5 results and are likely a result of model limita-
tions discussed in the previous section.

To better understand the limitations of the cell when
moving to faster discharge rates as well as at slow rates, we
consider several loss mechanisms, depicted in Figs. 4b—4d.
Each of these losses represents a voltage polarization mech-
anism that causes the resulting cell voltage to be lower
than the reaction’s equilibrium potential. The exact def-
initions for the various losses shown in Figs. 4b—4d are
listed in Table 4.

At slow discharge rates (Fig. 4d), the intercalation regime
occurs nearly exclusively until 150 mAh/g (Fig. 4g) of ca-
pacity is used, and solid-state diffusion of lithium within
the particles is the only polarization mechanism that is
significant. However, when the conversion reaction be-
gins, two loss mechanisms become important. Initially,
the reaction is kinetically limited, with a polarization loss
of ~0.6' V that remains relatively constant throughout the
conversion regime. Very quickly after the beginning of
the conversion regime, however, the particle shells, which
have a very low electrical conductivity, quickly grow, lead-
ing to electrical transport losses from the inner reaction

surface to the outer shell surface. This loss mechanism
is unique to conversion cathodes (compared to pure in-
tercalation materials) and grows exponentially as the con-
version reaction proceeds, accounting for nearly all of the
overall voltage drop late in the discharge and overall loss
of usable capacity within the specified voltage window.
Note that the solid-phase electrical losses through the elec-
trode are insignificant compared to the other polarization
mechanisms. This domination of shell electrical conduc-
tivity losses validates our assumption of this phenomena
discussed earlier (Section 2.2).

At faster discharge rates (Figs. 4b and 4c, the lead-
ing loss mechanisms are the same, but additional, non-
negligible losses associated with ionic transport polariza-
tion arise. The additional losses explain some of the ob-
served capacity loss at faster discharge rates, namely that
the reaction occurs in a diffuse front that begins near the
separator and slowly spreads and moves towards the col-
lector which can also be seen in Fig. 3b. The significance
of the shell electric polarization loss for all sampled C-
rates also helps to exemplify the need for the adapted
P2D model which accounts for an additional transport re-
sistance across the shell. Had the standard P2D model
been used for this material, the shell electric loss would
not be accounted for, and one would obtain significantly
worse predictions for a constant OCV in the conversion
regime. The standard P2D model would predict much
higher capacities as it would not account for the main loss
mechanism in the conversion regime.

In addition to other loss mechanisms becoming rele-
vant at faster discharge rates, the intercalation and con-
version reaction also become more significantly mixed at
faster discharge rates. Although the mixed reaction regime
can be seen in the loss mechanisms, it may be seen more
clearly in the extents of reactions shown in Figs. 4e—4g as
a function of capacity. At slow discharge rates, the reac-
tions are distinct with the intercalation reaction going to
almost full completion before the conversion reaction be-
gins. However, at faster discharge rates, the reactions are
happening simultaneously which results in neither going
to full completion.

3.8. Polydispersity

All results presented thus far have been for a polydis-
perse system of particles using the methodology for incor-
porating polydispersity described in Section 2.2. To assess
the impact that polydispersity has on the results, we com-
pare the polydisperse simulation results to a monodisperse
system with radius equal to three times the initial total
volume to total surface area ratio of the active material
(R, = 1.045pm). The comparison is shown in Fig. 5a.

Similar to our previous results on GITT measurements
[27], the polydisperse and monodisperse results align in the
intercalation regime, as the effective particle radius equal
to three times the total volume to total surface area ra-
tio maintains the surface flux quantities for the electrode.
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Table 4: Definitions of polarization losses depicted in Figs. 4b—4d.

Loss Mechanism Description Formula

Shell electric Solid-phase electrical conductivity loss through the con-
verted shell material

Electrode electric Solid-phase electrical conductivity loss through the elec-
trode

sion based on average lithium concentration within the active
material.

Kinetic Overpotential required to drive the reaction

L
/
L
/
L ajF _
Solid-state  diffu- Difference between reaction surface (in) OCV and OCV / =— [Veqyin — Veq (CLi)] dx
0
/L
oL
Electrolyte Change in electrolyte voltage across the electrode /
0

The overbar represents the spatial mean across a particle.
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/5.
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However, in the conversion regime, incorporating polydis-
persity leads to a lower calculated capacity. The capac-
ity loss is due to the increasing effective particle radius
and the faster decrease in specific active surface area for
the polydisperse system (Figs. 2b and 2¢) when compared
to the monodisperse results. As shown through the lead-
ing loss mechanisms presented in Fig. 5b, the primary dif-
ference arises through the shell electric polarization. For
the polydisperse case, the small particles get entirely con-
sumed early on leaving only the larger particles, and thus
increasing the shell thickness and transport losses through
the shell as the reaction proceeds to completion.

3.4. Shell Ionic Transport Limitations

Our results indicate that electrical transport through
the converted shell material is the leading loss mechanism
in the conversion regime. However, a major uncertainty
in the model surrounds the material properties of the con-
verted shell, as few studies have investigated the compos-
ite Fe/LiyS material and the change in morphology of the
converted shell is not taken into account in our model.
To study the impact of this uncertainty, we can consider
ionic transport through the shell to be a non-negligible
factor by decreasing the assumed ionic diffusivity in the
shell region. A parametric study on the ionic diffusiv-
ity is shown in Fig. 6. To maintain agreement with the
maximum capacity, we approximately maintain the C/10
maximum capacity in all figures shown in Fig. 6 by in-
creasing the electrical conductivity to counterbalance the
additional ionic transport losses. Our results indicate that
with increasing ionic diffusion losses, the discharge curve
qualitatively displays a sharper drop-off at the end of the
conversion reaction. When compared to the data, non-
negligible ionic diffusion losses result in a poorer agree-
ment across different discharge rates which can be seen by
comparing the maximum capacities predicted for the C/5
test with the maximum capacities predicted for the C/20
test (Figs. 6b—6e). The poor agreement with experimen-
tal data when the shell ionic diffusivity decreases supports
our conclusion that electrical transport through the shell
is the leading loss mechanism for the conversion regime.

4. Conclusions

Throughout this work, we developed a model for con-
version cathode materials in a P2D framework which is
implemented as an open-source, PyBaMM model. We
achieved this by incorporating additional losses through
the shell region that can be applied for variables at the
reaction surface. Correspondingly, we also incorporated
a variable particle radius and specific active surface area
to reflect the consumption of small particles as the reac-
tion progresses. The model was able to accurately pre-
dict experimental data for FeS, cathodes at varying dis-
charge rates and provided insight into the physical pro-
cesses within the cell. Particularly, we showed that the
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relative variation in the solid properties across the elec-
trode are small compared to the relative variation in the
electrolyte properties across the electrode. However, the
magnitude of the electrolyte voltage is small compared
to the solid voltage and has a less significant impact on
the cell performance. We expect, however, that this elec-
trolyte transport loss would be exacerbated at discharge
rates higher than C/5.

The model also proved instrumental to understand-
ing limitations of the cell. We found that at low dis-
charge rates and in the intercalation regime, the leading
loss mechanism for the cell was associated with solid-state
diffusion polarization, and the leading loss mechanism for
the conversion regime was due to shell electrical polariza-
tion with some additional loss from kinetic polarization.
At faster discharge rates, we found that the intercalation
and conversion reactions become mixed, and additional
loss mechanisms arise from ionic transport polarization.
By incorporating polydispersity into the model and com-
paring to a monodisperse system, we verified our previ-
ous analysis that intercalation materials may effectively
be represented as a monodisperse system with radius equal
to three times the total volume to total surface area ratio.
However, in the conversion regime, increasing polydisper-
sity leads to capacity loss due to the consumption of small
particles at the beginning of the reaction.

It should be noted that the model neglects several fea-
tures that may affect the overall performance. Particu-
larly, we neglect the mechanical deformation of active ma-
terial particles and the electrode during the conversion re-
action, which can result in irreversible particle breakage
and cracks. The inability of the current model to account
for this expansion may explain some of the deviation with
experimental data in the conversion regime. Additionally,
the current model fails to account for solid-electrolyte in-
terface (SEI) formation, non-spherical particle geometry,
and direct inclusion of the CBD. We intend to explore
all these features in a future mesoscopic modeling study.
Nevertheless, we believe the model’s robustness and effi-
ciency lend itself for use in a variety of other systems such
as sodium-ion batteries and other conversion cathode ma-
terials (e.g. transition metal fluorides, oxides, selenides,
or sulfides). For extension to other conversion chemistry
systems, one only needs to modify the appropriate pa-
rameters (i.e. open circuit voltage, solid and electrolyte
diffusion coefficients, electrical conductivities, equilibrium
potential, molar mass, density, and rate constants) and ex-
perimental conditions (porosity, electrode thickness, parti-
cle radius, electrolyte concentration, and discharge rates).
Although we apply the model to FeSs in this work, the re-
sults presented demonstrate the various insights that can
be obtained from the model to better understand cell lim-
itations for other materials.
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1. GITT Measurements

To evaluate the open circuit voltage (OCV) and reaction rate constants k in the model, we performed
galvanostatic intermittent titration technique (GITT) measurements on the cell from 2.4-1.0 V according to
the protocol described in [1]. Note, the 2.4-1.0 V measurements were only used to evaluate the conversion
reaction properties, and the intercalation reaction properties were all evaluated from the previously published
GITT measurements on the isolated intercalation regime [1]. The experimental results are shown in Fig. 1.
We evaluated the OCV by exponentially extrapolating the rest steps:

m(OCV V) =k — L, (1)
T

where V' is the voltage, k1 and 7 are constants, and ¢ is the step time for the relaxation. At 1.6V, we
observed a plateau in the OCV indicating the conversion reaction has begun. Thus, we elected to use a
constant value of 1.6V for the conversion OCV. Note that the decrease in OCV at the end is likely due
to deviation from exponential behavior arising from additional sources of transport limitations. For the
intercalation regime, we fit a high order polynomial to the OCV data:

201\ ° 201 \° 20 \*
OCV = —56.192( L ) + 506.297 <L> - 1882.986( L )

max max max

201 \* 201 \ 2 2014 2
+3692.354( L ) —4016.451( L ) —1—2290.362( L ) @)

max max Cmax

— 530.220,

where the OCV is evaluated in units of volts.
We evaluated the rate constant for each GITT pulse from the initial change in voltage (over the first 2
seconds) upon switching the current on/off by first solving:

(3)

FAV
Aicenn = 2ig ;a sinh (a ),

RT
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Figure 1: GITT measurements on FeSz from 2.4-1.0 V. For each pulse, the cell was subjected to C/20 for 20 minutes
followed by a 4 hour rest step.

for the exchange current density i ;. This value can then be used to determine the rate constants for the
intercalation and conversion reactions by using their respective definitions for the exchange current densities
provided in the main text. As we determined separate rate constants for each GITT pulse, the single value
used throughout the main text is a median of all obtained values. Note that we only used GITT pulses
entirely in the intercalation regime (2.4-1.6V) and entirely in the conversion regime (1.6-1.0V) for the
respective rate constants.

2. Conversion Reaction Charge Transfer Coefficient

The exchange current density for the conversion reaction is defined as:

7:0,conv = kconvF (C’LiJr,in)o(COnv (4)

where ¢ony corresponds to the charge transfer coefficient for the conversion reaction. Throughout the main
text, we use a value of 2 for this parameter. A comparison between a value of 2 (indicated as the solid lines)
and a value of 0.5 (indicated as the dashed lines) is shown in Fig. 2 compared to the experimental data.
Overall, this parameter plays a small role in the model behavior. However, a value of 2 gives slightly better
results than that of 0.5 which was used for the intercalation reaction.

3. Shell Pseudo-Steady-State Transport Derivations

To approximate the transport losses through the converted shell, we used pseudo-steady-state approxi-
mations for the change in solid voltage, electrolyte voltage, and lithium-ion concentration. The solid voltage
change is derived from Ohm’s law for current conservation in spherical coordinates:

10 (4,  OVi\
?"725 (7" Kishellar) =0, (5)
with the boundary conditions:
Vs (T = Rp) = ‘/s,out (6)
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Figure 2: Conversion reaction dependence on the charge transfer coefficient. Solid lines represent a value of 2 for
the conversion charge transfer coefficient (cconv), dashed lines represent a value of 0.5, and the dotted lines represent the
experimental data.

IV

shell = =jF. 7
Foshell or r=R. J ( )
Upon solving the above differential equation, we obtain the solution for the solid voltage throughout the
shell: PR
JFR; (1 1 )
V; r)= V; out — - — = |, 8
(1) = Vi = 225 (1 0

which can be applied at the reaction surface R. to obtain the voltage drop.
The electrolyte voltage drop and change in lithium-ion concentration are derived from the differential,
steady-state, Nernst-Planck equation in spherical coordinates:

1o/, oC;  zFC; OV \| _
2o Do (G + S5 )| =0 ©)

where ¢ indicates the ionic species. If we assume a two-ion system with electroneutrality for simplicity, we
achieve the necessary condition Ci;+ = Crgr- to solve the above equation for both species subject to the
boundary conditions:

Vi(r= Rp) = Viout (10)
Cri+ (7' = Rp) = CL1+,out (11)
9C1, FCri+ 0V, .
Dri+ shenl < 617j+ + Rli’+ 87“1) o = (12)
0Cpg1- FCri+ 0V
Drgsi- shell ( ;TSI R;+ 87’l> T 0. (13)

Solving this system for the ionic lithium concentration and electrolyte voltage throughout the shell gives:

jRE (11
Crit (r) = Cy.s 2Dis o \r R !
it (1) Litout + 2Dri+ shell (7“ Ry "



(15)

. T
Vi(r) = Viouw +1n (CM> %7

CLi+,out
which will reduce to the equations provided in the main text when applied at the reaction surface R.. Note
that the two-ion assumption differs from the assumptions of the DFN model used throughout the electrode.
Nevertheless, we do not anticipate that this alternative assumption significantly affects the results as the

voltage and ionic concentration drop throughout the shell were found to have little impact on the overall
results.

4. Polydisperse Derivations
We used a log-normal distribution to represent our particle size distribution, where the probability density

function f for particle radii R, is given by:

(In (R,) m?]_ 16)

1
f(Ry) = Ryovas P [— 952

Here, o is the PSD (pm) In() standard deviation, and y is the PSD (pm) In() mean. During conversion, the
effective particle radius R, .g can be evaluated from the distribution as:

3VTot,out (5) fé R3dR
ATot,out (6) f(;oo f(R )RQdRP

Ry o = (17)

where 9§ is the thickness of the converted shell. Note the lower bound of the integrals represents the maximum
particle radius that is still active in the reaction as smaller particles will be entirely consumed prior to larger
particles. It is also important to note that the effective particle radius defined here corresponds to the the
effective outer radius for all particles still active, not the inner core radius. The shrinking of the core is
captured in the specific active surface area a which can be evaluated as:

3057 f( ,, R, —6)*dR,
I f R3dR

€ ATot,in((s)
VTot,out (6 = 0)

a=(1-

=(1-¢) (18)

All relevant integrals can be evaluated analytically for the log-normal distribution as:

> 1 9052 30 —In (6
i f(Rp)Rf’,dRp = 5 exp <3u + 2) {1 + erf <,u+\[20n()ﬂ (19)

p+ 202 —In( 5))]

V20
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)
et

V20
w4202 —In (6) )]

/f RQdR—lexp(2u+20 [1+erf<

V2o

o) 2
f(Ry)R}AR, = exp (3,u + 9;) (22)

+ % exp (2u + 202) [1 + erf (

By substituting the above integrals into Eq. (17) and Eq. (18), we can obtain analytical expressions for
the effective particle radius and specific active surface area, respectively, as a function of the converted
shell thickness. The expressions can be recast as a function of the extent of conversion reaction &.ony by
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numerically solving for § as a function of &.,ny according to:

e do
VTot,out (gconv = O) = 47T/5 f(Rp) (R;n - 6(§conv))2

—— _dR,. (23)
(‘Econv ) dECOIlV P

5. Model Checklist

Table 1: Model checklist from [2].

Manuscript Title: A Pseudo-Two-Dimensional (P2D) Conversion Chemistry Model for FeS; Cathode
Lithium-Ion Batteries

Submitting Author*: Scott A. Roberts
Question: Y/N/NA

1. Have you provided all assumptions, theory, governing equations, initial and boundary conditions, Y
material properties (e.g., open-circuit potential) with appropriate precision and literature sources,

constant states (e.g., temperature), etc.?

Remarks:

2. If the calculations have a probabilistic component (e.g., Monte Carlo, initial configuration in NA
Molecular Dynamics, etc.), did you provide statistics (mean, standard deviation, confidence interval,

etc.) from multiple (>3) runs of a representative case?

Remarks: There is no probabilistic component to this work, and we do not consider uncertainties or variabil-
ities of any model parameters.

3. If data-driven calculations are performed (e.g., machine learning), did you specify dataset origin, NA
the rationale behind choosing it, what information it contains, and the specific portion of it being

utilized? Have you described the thought process for choosing a specific modeling paradigm?

Remarks: No data-driven modeling is included. Comparisons to experimental data is thoroughly discussed.

4. Have you discussed all sources of potential uncertainty, variability, and errors in the modeling N
results and their impact on quantitative results and qualitative trends? Have you discussed the

sensitivity of modeling (and numerical) inputs such as material properties, time step, domain size,

neural network architecture, etc. where they are variable or uncertain?

Remarks: Time step and domain size were found to have no effect on the results. There are surely uncertainties
in many of the model parameters, but a careful study of that is outside of the scope of this paper.

5. Have you sufficiently discussed new or not widely familiar terminology and descriptors for clarity? Y
Did you use these terms in their appropriate context to avoid misinterpretation? Enumerate these

terms in the “Remarks”.

Remarks: The only not widely familiar terminology may be the polarization losses outlined in Table 4 of the
main text.

*I verify that this form is completed accurately in agreement with all co-authors, to the best of my knowledge.
a Y = the question is answered completely. Discuss any N or NA response in “Remarks”.

6. C/10 and C/20 Results

The model comparison with experimental data and predictions for various quantities of interest at dif-
ferent distances across the electrode as a function of capacity are shown in Fig. 3 and Fig. 3 for C/10 and
C/20, respectively. The results for the slower discharge rates agree with those presented in the main text for
C/5 in that the most significant changes across the electrode manifest in the shell thickness and lithium-ion
concentration. However, at slower discharge rates, these variations across the electrode become less signifi-
cant and the cell as a whole becomes less polarized. The reduction of polarization can particularly be seen
in the solid voltage and conversion percent of total reaction rate, both of which are nearly uniform across
the electrode at all times for a C/20 discharge rate in contrast to the results shown in the main text for C/5.
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Figure 3: Model predictions and comparison to experimental data for a C/10 discharge rate. (a) C/10 experimental
discharge data and model prediction. Inset shows a schematic of the cell with colored lines used in (c)-(h) marking their different
locations across the cell. The texture within the cell reflects the porous electrode/electrolyte system with a thickness of 30 pm.
(b) Contour map showing the volumetric reaction rate for the conversion reaction as a function of the specific capacity and
distance from the separator. (c) Percent of total reaction rate that corresponds to the conversion reaction, (d) shell thickness,
(e) solid lithium concentration, (f) solid voltage, (g) lithium-ion concentration in the electrolyte phase, and (h) electrolyte
voltage are all shown as a function of capacity and evaluated at the reaction surface.
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Figure 4: Model predictions and comparison to experimental data for a C/20 discharge rate. (a) C/20 experimental
discharge data and model prediction. Inset shows a schematic of the cell with colored lines used in (c)-(h) marking their different
locations across the cell. The texture within the cell reflects the porous electrode/electrolyte system with a thickness of 30 pm.
(b) Contour map showing the volumetric reaction rate for the conversion reaction as a function of the specific capacity and
distance from the separator. (c) Percent of total reaction rate that corresponds to the conversion reaction, (d) shell thickness,
(e) solid lithium concentration, (f) solid voltage, (g) lithium-ion concentration in the electrolyte phase, and (h) electrolyte

voltage are all shown as a function of capacity and evaluated at the reaction surface.
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