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Broader context

Transport characterization of solid-state Li>FeS,
cathodes from a porous electrode theory
perspectivet

Tim Bernges,*® Lukas Ketter,®° Bianca Helm,“ Marvin A. Kraft, 2 ¢
Kimberly A. See (2 ¢ and Wolfgang G. Zeier () *2b

The abundance and cost of resources for current state-of-the-art cathode active materials makes the search
for alternative cell chemistries inevitable. Nonetheless, especially in solid-state batteries, establishing new cell
chemistries comes at the challenge of optimizing the transport of both charge carriers, electrons and ions,
through the electrode. Limitations in transport of either species lead to underutilization of the electrode
caused by insufficiently contacted particles and/or nonuniform reaction rates and state-of-charge gradients
through the electrode. In this work, we investigate the capabilities of LiFeS, as alternative active material in all-
solid-state cathodes by thorough investigation of the initial utilization and rate capability as a function of the
cathode loading. The cathode loading is increased from 1.8 to 7.3 mA h cm™ by increasing the fraction of
active material from 32 to 74 vol%, and the thickness of the composite electrode from 73 to 145 pm. Careful
characterization of the effective electronic and ionic transport, and consideration of the §-parameter from
porous electrode theory, guides the understanding of the electrode performances. With that, this work shows
that LiFeS, solid-state cathodes with high areal loadings and gravimetric energy densities can be realized.

Solid-state batteries are explored to replace lithium-ion batteries soon. However, a move from liquid electrolytes to solid
state electrolytes requires the fabrication of all-solid electrodes and with-it optimization of the composition, electrode
thickness and applied - as well as possible practical high - current densities. This work uses the active material Li,FeS, as
a case study to describe electrode transport by using a descriptor for electrode transport that allows a qualitative character-
ization of the quality of electrode transport of different active materials, solid electrolyte and additive systems for cathodes
and anodes alike in solid-state batteries. Overall, the discussion factors in the thickness of the electrode and the applied
current density, therefore setting the results and discussion in context of desired high-energy density electrodes and fast-
charging scenarios. This allows a first prediction of the onset of transport limitations when targeting practically desired
cell loadings in solid-state batteries.
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Li-ion batteries pose an integral part of todays energy econ-
omics but are expected to run into limitations of achievable
energy density in the future, motivating the investigation of
different technologies, e.g., solid-state batteries."* In both,
conventional Li-ion and solid-state batteries, the layered oxides
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LiNi;_,Mn,Co;_, 4,0, (NCM) are the most utilized and
thoroughly investigated cathode active material.® Nonetheless,
among other things, the relative scarcity of Co and Mn, and
resulting material costs make the search for alternatives a
promising endeavour.*® The cathode active material Li,FeS,
offers a cost-effective alternative given the large abundance of
both iron and sulfur,* comparable to the promised benefits of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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other alternative chemistries such as LiFePO, (LFP) and Li-
S.”® At the same time, moving from NCM to Li,FeS, means
higher mechanical compatibility, and moving from high- to
low-potential electrodes promises better alignment with the
stability window of the state-of-the-art sulfur-based solid-
electrolytes.’

In addition to these benefits, Li,FeS, on paper offers a two
electron reaction following full delithiation from Li,FeS, to
FeS,. Considering this range, the theoretical capacity of
Li,FeS, amounts to 400 mA h g_i, exceeding the theoretical
capacity of NCM811 that is ~280 mA h g~ but coming at the
disadvantage of a lower potentials of operation. Nonetheless,
Hansen and coworkers'® recently proposed that the reaction is
limited to the chemical space between Li,FeS, and Li, sFeS,
relating to a theoretical capacity of 300 mA h g™ in the investi-
gated voltage range, as corroborated by other reports.'* This
conclusion is reached by state-of-charge dependent character-
izations using in situ X-ray diffraction as well as ex situ Fe and
S K-edge XANES experiments.'® The proposed reaction mecha-
nism is as follows:'®'** first the delithiation of Li,FeS, to
Li, sFeS, is charge balanced by the oxidation of Fe** to Fe*". At
the nominal composition Li; sFeS,, an ordering of the Fe****
and Li" substructure occurs. Further delithiation takes place in
a two-phase regime between Li;sFeS, and LiysFeS,, where
charge is balanced by sulfur dimer formation, i.e., the formal
oxidation of S*7 to (S,)*”. In LiysFeS,, half of all sulfur ions
are dimerized and further delithiation faces a large energetic
barrier. This is in agreement with the computational work by
Wei et al.™ that suggests that while further delithiation from
Lig sFeS, to FeS, is hindered by a significant increase of the
formation enthalpies, it may be achieved if the potential
barrier is overcome.

While the cathode active material Li,FeS, has been success-
fully utilized in Li-ion batteries using organic liquid
electrolytes,'™"? its potential for solid-state batteries is scarcely
investigated to date.'>'® The transition from porous electrodes
infiltrated with liquid electrolyte to solid-state cathodes means
the change to solid-solid cathode composites containing
cathode active material (CAM) and solid electrolyte (SE). With
that the question of the optimal mixing ratio of both com-
ponents arises. From a transport perspective, the mixing (volu-
metric) ratio determines the effective ionic and electronic con-
ductivity in and through the cathode composite to a major
extent. With electrochemical reactions requiring both charge
carriers, sufficiently fast transport of both through the entire
thickness of the cathode is necessary for high cathode
utilization."”™*° Generally, electronic conductivity is contribu-
ted by either the CAM itself or by conductive additives,'”*°
such that the effective electronic conductivity increases with
the volume fraction of CAM in the composite. Opposed to that,
the effective ionic transport mainly provided by the SE
increases with its volume fraction and consequently decreases
with the CAM fraction in the composite.'” This interdepen-
dence of both conductivities on the volumetric ratio of the
components makes optimizing cathode composite transport a
challenging task.”*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The situation is further complicated by the general goal of
designing high energy density cathodes that are feasible for
application. An increase of the energy density of the cathode,
or its areal loading (in units of mA h cm™?), can be achieved by
increasing the CAM volume fraction given the simultaneous
reduction of formaly electrochemically inactive SE.> The
increase of the CAM fraction leads to an increase in the
effective electronic conductivity of the composite but has detri-
mental influence on the effective ionic conductivity."” This
leads to the system being ion transport limited, i.e., to insuffi-
ciently fast ion transport, when going to the desired high
volume fractions of CAM. Underutilization of the cathode and
saturation or decline of the achievable energy density follow.>’
The saturation behavior can be understood considering that
increasing the areal loading above a threshold of the CAM
volume fraction leads to a significant loss in cathode utiliz-
ations and a net-zero win in achievable energy density. This
trend is schematically depicted in Fig. 1 (red shading). Various
examples of ionic transport limitations leading to cathode
underutilziation can be found in literature, e.g., for LigPS5Cl-
Graphite anode composites,* in Li-S solid-state cells,'® and in
LigPS5Cl-LiNi, 4Cog.,Mn, ,0, cathodes.'”

Nonetheless, the energy density of the cathode can be
increased above this threshold by increasing the cathode thick-
ness (schematically depicted in Fig. 1, blue shading).® But, the
increase in cathode thickness can amplify and exacerbate
already existing transport limitations at medium to high CAM
fraction again limiting the achievable energy densities. This
can be intuitively understood by the elongated conduction
paths for both charge carriers, that require even faster effective
transport through the electrode. In agreement with this view-
point, Kato and coworkers'® reported on a decrease of the
cathode utilization in LiCoO,-Li;,GeP,S,, cathodes when
increasing the cathode thickness and simulations on a com-

Anode

Achievable energy density

— Thickness —

Fig. 1 Schematic representation of strategies to increase the energy
density considering only the configuration of the cathode. On a compo-
site-composition level, first the energy density can be significantly
increased by increasing the volume fraction of electrochemically active
material (vol% CAM). A maximum is reached given the onset of transport
limitations. At this stage, further increase of the energy density can be
achieved by increasing the thickness of the cathode. Nonetheless,
increasing the electrode thickness further amplifies transport limitations
that are decisive for the maximum achievable energy density.
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parable system using LizPS, as SE indicate that reaction fronts
and state-of-charge gradients are the underlying reasons.?>

In this work, we investigate the solid-state cathode system
Li5 5PS45Cl; 5 (SE)-LiyFeS, (CAM) with varying volume frac-
tions of CAM to identify potential onsets of kinetic limitations.
This is done by evaluating the effective conductivities using
chronoamperometry, impedance spectroscopy, and effective
medium modelling. Successively, the influence on cathode
utilization is investigated and related to the transport charac-
teristics of the system. The porous electrode theory developed
by Newman and Tobias®® is revisited and a dimensionless
descriptor identified to describe transport limitations of the
system. This descriptor is used to qualitatively guide the
understanding of our results. From this, it is shown that high
volume fraction CAM cathodes can be realized that show good
cathode utilization at low applied current densities even when
aiming for thicker electrodes. Nonetheless, lower rate capa-
bility at higher applied current densities is a consequence of
increasing the cathode loading, ie., the cathode energy
density. With that, this work shows the general capabilities of
Li,FeS, as CAM in solid-state batteries and reveals limitations
in the field of solid-state batteries in general that have to be
targeted by future research.

Experimental section
Sample preparation

Cathode composites of Li,FeS, and Lis;PS,5Cl; s were pre-
pared using a shaker mill with a frequency of 15 Hz for five
minutes. Synthesis details and quality control of the syn-
thesized materials are given in the ESI (Fig. S1, Tables S1 and
S27). The ZrO, shaker mill cup (15 mL) was filled with 200 mg
of a Li,FeS, and LissPS,5Cl; s mixture in the targeted volu-
metric ratio. Composites with Li,FeS, volume fractions of 0.32,
0.41, 0.51, 0.62 and 0.74 were prepared corresponding to
weight fractions of 0.4, 0.5, 0.6, 0.7 and 0.8. Twenty 3 mm ZrO,
milling media were filled in the shaker cup for the processing.
Sample handling and preparation was exclusively done under
inert atmosphere in an Ar-filled glovebox.

Partial transport characterization

Two techniques were employed to evaluate the partial conduc-
tivities of the composites. The electronic conductivity was
exclusively measured by chronoamperometry in electron con-
ducting/ion blocking conditions, created by placing the
sample between stainless steel current collectors. The ionic
conductivity is determined in electron-blocking but ion con-
ducting conditions by stacking SE and In/Liln symmetrically
on both sites of the sample. The polarization experiments were
performed in a range of —45 mV to 50 mV, and 1 mV to 8 mV,
for the electronic and ionic conductivity, respectively. All raw
data and details of the data evaluation are given in the ESLf
Potentiostatic impedance spectroscopy was conducted to cor-
roborate the partial ionic conductivity of the composites. The
spectra were collected in a half cell configuration of In/Liln|
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Lis 5PS4 5Cly 5|LiyFeS,/Lis sPS, 5Cly 5. The investigated  fre-
quency range was 7 MHz to 50 mHz, with 25 sampled frequen-
cies per decade using an excitation amplitude of 10 mV. The
response was analyzed using a Z-type transmission-line model.
Simultaneous determination of the partial electronic conduc-
tivities could not be done reliably. This is, because the signifi-
cantly lower resistance contributions lead to increased uncer-
tainties during fitting. Thus, the electronic resistance where
fixed to the expected value from chronoamperometry to stabil-
ize the fitting procedure. Details of the data evaluation are
given in the main text and the ESL{

Electrochemical characterization

Half-cells were constructed using 12 mg Li,FeS,/Lis sPS, 5Cl; 5
cathode composites (~73-85 pm), 80 mg of LissPS,5Cl; s
separator and a In/LiIn anode (In-foil towards separator, Li-foil
towards current collector) in a press cell setup (10 mm dia-
meter) with stainless steel current collectors.>® The separator
and composite are densified at a pressure of 370 MPa before
application of the anode. The relative densities of the compo-
site layer are in the range of 85 + 3% independent of compo-
sition. The anode is prepared by first placing In-foil (ChemPur,
0.1 mm, 99.999%) on the separator, followed by Li foil that has
been freshly prepared from a Li rod (abcr GmbH, 99.8%). For
the evaluation of thicker electrodes, the cathode mass was
increased to 18 and 24 mg. All cells were cycled at a controlled
temperature of 298 K with an applied pressure of 40 MPa and
with a rate of 0.134C (assuming theoretical capacity 300 mA h
g™ ). The rate capability was characterized by cycling the cells
for five cycles at step-wise increasing current densities starting
from 0.134C (x0.24 to 0.98 mA cm?) going to a maximum
applied current density of 5.1 mA cm > An overview of all
applied current densities in terms of C-rate and the approxi-
mated cathode thicknesses is given in Table S3 of the ESIL.{

Results and discussion
Porous electrodes in (solid-state) batteries

Extensive work has been done in the past to theoretically
describe the electrochemical behavior of electrodes that
consist of a porous, electron conducting active material
(matrix) infiltrated by ion conducting liquid electrolyte,>*>>2¢
The theory of porous electrodes aims to describe the spatial
distribution of current densities and reaction rates throughout
the electrode that depend on the electrode geometry, the
effective electronic and ionic conductivity, and the polarization
behavior of the active material. These distributions, if nonuni-
form, can be considered the underlying reason for cathode
underutilization, or the creation of state-of-charge gradients
over the electrode. Not considered specifically in the porous
electrode theory, the approximations commonly made to the
solvent-based electrolyte, e.g., no concentration gradients,
neglecting electrochemical double-layer formation and dis-
missing convection, are fulfilled in SE.>” Consequently, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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results of the porous electrode theory should persist to the
solid-state configuration.

Newman and Tobias®® derived a description of reaction
current distributions through the electrode in one dimension.
In the one-dimensional approximation, the current densities
and reaction rates are only a function of the relative position x
in the electrode located between the separator (x = 0) and the
current collector (x = L) interface (schematically shown in
Fig. 2, left). The electronic current density i. in the active
material and ionic current density i, in the electrolyte are
described by Ohms law:>*?8

dog

de

AM .

lion = —Oion )
dx

le = —0¢ P and

(1)
where 6. and o;,, denote the effective electronic and ionic con-
ductivity, and @am and ¢ the electric potential in the active
material and (solid) electrolyte, respectively. Furthermore,
charge is conserved thus that:

%
dx

dl’ion

dx =0

(2)

In the model, it is assumed that charge is transferred exclu-
sively between the electrolyte and active material at their interface.
Charge transfer is a function of the polarization at the active
material-electrolyte interface, given by the general form of:

9 — a foast — ou). G)
where a represents the specific (CAM-SE) interfacial area and
f(|¢am — @ri1|) is any suitable function to describe the polariz-
ation at the interface as a function of the potential difference
|@am — @g1|.>* The function can take the general form of the
Butler-Volmer equation, a linearized approximation for low
overpotentials and a Tafel approximation for high overpoten-
tials of charge transfer.>®
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Newman and Tobias*® showed that this set of equations
can be cast into a differential equation to describe the reaction
current density distribution. The differential equation can be
solved numerically using appropriate boundary conditions.
From this assessment, dimensionless descriptors were identi-
fied that scale with and give a measure of the uniformity of the
reaction current density distribution. For Tafel polarization
and considering symmetric charge transfer coefficients in the
polarization equation, the uniformity of the reaction current
density distribution is proportional to a dimensionless current

density §:>*27
0.5 -n.-F 1 1
—_— . J— + s
R-T Oe  Oion

where i = {j,y + I, is the total applied current density, 7. is the
number of electrons partaking in the reaction and L is the
thickness of the electrode. The dimensionless current density
describes the relative ratio of Ohmic potential losses in the
cathode to limitations by (slow) reaction kinetics. For low
values of § < 1, the reaction current density distribution is
uniform and the kinetics of the reaction, ie., the exchange
current density, limit the system. This is the case for high
effective conductivities and oj,, = 0. low applied current den-
sities and in thin electrode configuration (blue line in Fig. 2a,
right). In contradistinction, Ohmic potential losses are domi-
nant and result in nonuniform reaction current densities for
high values of 6 > 1. High values of § are a result of low
effective conductivities, high applied current densities and
increasing the electrode thickness. If the effective electronic
conductivity is significantly higher compared to its ionic ana-
logue, i.e., 6ion < 0. the reaction in the composite preferably
takes place at the interface to the separator where ions are sup-
plied from (red line in Fig. 2a, left). Vice versa, in the case of
Oion > O Teaction rates are higher at the current collector inter-
face from where electrons are supplied. The spatial preference

§=1L-|i (4)

05-me:F (1 1
a) —I Current collector interface b) R-T  \0e Oion
N — 5
x 651 . .
) Ojon ® Oe¢
~ 1072
1 3
| § 10- D
n 2 5
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o
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Fig. 2

(a, left) Schematic of a cathode composite with length L consisting of an active material (blue) and a solid electrolyte (red). The relative posi-

tion within the cathode in porous electrode theory x is defined between the cathode-separator interface (x = 0) and the current collector interface
(x = L). (right) Schematic depiction of uniform reaction rate distributions (blue, 5§ < 1 and i, &~ 6. and for reaction rate distributions that are signifi-
cantly limited by ionic transport (5 > 1 and cion < o). (b) The 5-parameter as a function of the effective conductivities at a constant thickness and
current density (L = 200 pm, i = 5 mA cm™~2). Contour lines highlight the magnitude of 5.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of reactions due to imbalance of the effective ionic and
effective electronic transport ultimately leads to reaction fronts
that have been experimentally shown to exist in both lithium-
sulfur'® and NCM-based solid-state batteries.>°

Considering that both, the thickness and the applied
current density are desired to be high to improve energy
density and enable fast charging, the conductivity term is the
free composite design parameter for achieving low values of .
The §-parameter as a function of both effective conductivities
is shown in Fig. 2b for an exemplary thickness of 200 pm and
a current density of 5 mA cm™?. It shows that the §-parameter
is low, and reaction rates are uniform, when both conduc-
tivities are high and equal (diagonal in Fig. 2b). When one
effective conductivity is significantly lower than its counter-
part, § is high (lower and left boundaries in Fig. 2b). With that,
the uniformity of the reaction rate distribution, inversely pro-
portional to &, is limited by the lower conductivity.
Exemplarily, this means that changing o, in the situation ocjop
< 0, while keeping o;,, constant, does not lead to significant
changes in § until the condition 6., = 0. is reached (staying
on the contour lines in Fig. 2b). Opposed to that, changing
ion in the same case has drastic influences (“moving” perpen-
dicular to contour lines in Fig. 2b). By changing the volume
fractions of electrolyte and active material or the microstruc-
ture of the composite, both conductivities of the porous elec-
trode change simultaneously, complicating this assessment.

In this work, we consider the &-parameter as stated by
Newman and Tobias.?**” Nonetheless, similar descriptors are
derived by Wagner,”® Micka®® and Euler and Nonnenmacher?®
treating either specific electrode cases or considering different
polarization equations. In the following, we evaluate the poten-
tial of the §-parameter as a qualitative descriptor to guide the
design of solid-state battery electrodes by investigating the

Iion /NA
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4
60 - EI/
40 A (08 Ge_lDD ﬁlfﬁ
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= -1
> 201 D/ X Ojon
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Fig. 3

View Article Online

EES Batteries

transport and performance of cathode composites with chan-
ging SE to CAM volume ratio, changing thickness and applied
current density.

Effective conductivities of the cathode composites

Characterization of transport in cathode composites is impor-
tant for the understanding and improvement of cathode utiliz-
ation, both, proposed by the §-parameter analysis (Fig. 2b and
eqn (6)), and shown experimentally for various solid electro-

lyte-active = material composites such as LigPSsCl-
LiNip 6C0poMng 505, LizPS,;~LiNig ¢C00,Mny0, %%  and
LigPSsCl-Graphite.*® In this work, two experimental

approaches are taken: chronoamperometry (CA or direct-
current (DC) polarization) and electrochemical impedance
spectroscopy (EIS).

The electronic conductivities o, of composites in the com-
positional range @cay = 0.32 to 1.00, with @cay denoting the
volume fraction of cathode active material (Li,FeS,) in
Lis 5PS,4 5Cl, 5-Li,FeS, composites, were determined by chron-
oamperometry. To do so, the samples were placed between
stainless steel current collectors creating ion-blocking con-
ditions to exclusively measure the electronic current response
to the applied voltages. The resulting electronic currents
follow the applied voltages linearly in agreement with Ohms
law as exemplarily shown for ®@cay = 0.51 (Fig. 3a, blue
markers and axis). With that, . can be determined from the
electronic resistance, R. « slope, and the geometrical infor-
mation of the sample. An analogous experiment under
different boundary conditions can be conducted to determine
the ionic conductivity 6;,, of the composites. For this, SE and
In/LiIn layers are symmetrically applied to both sides of the
sample creating ion conducting, electron blocking conditions.
With that, the resulting current response can be related exclu-

b)

50

ZSE+1n/Liln

-im(2) /1 Q

(a) The results of chronoamperometry (CA) experiments in ion-blocking (blue markers and axis) and electron-blocking (red markers and axis)

configuration. The effective electronic and ionic conductivities are inversely proportional to the slope of the depicted linear fit. (b) Impedance
spectra of a half-cell at OCV after relaxation and before cycling of the cell. The data are described by the transmission-line model equivalent circuit
depicted in the inset. Zsg1n/Lin describes the impedance contributions of the reference electrode and separator, R,y and R. describe the ionic and

electronic resistance of the cathode.
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sively to the transport by ions. The ionic currents again follow
Ohm’s law (Fig. 3a, red markers and axis) allowing the deter-
mination of the ionic resistance R;,, and after subtraction of
the electrode contributions, the ionic conductivity of the com-
posites. These experiments reveal a significantly lower ionic
conductivity compared to the electronic conductivity through-
out the entire compositional range. While exemplarily shown
for @cam = 0.51, all chronoamperometry results can be found
in the ESI (Fig. S2-57).

To corroborate the results of the chronoamperometry
experiments, the effective ionic conductivity was determined
from electrochemical impedance spectroscopy of half-cells in
the configuration In/Liln|LissPS, 5Cly 5|LiyFeS,/Lis 5PSy5Cly 5.
A Z-type transmission line model®'?* was used to fit the
experimental results that describes ionic contact of the compo-
site in direction of the separator and In/Liln reference anode,
and electronic contact in direction of the current collector
(exemplarily shown for @cay = 0.51, Fig. 3b). The equivalent
circuit shown as inset in Fig. 3b consists of an impedance
Zsp+myLim describing separator (Rsg) and interface contri-
butions of the electrodes (parallel Ry, im,m and constant phase
element with Cry/1im) as well as infinitely expanding branches
of ionic and electronic resistances (Rj,, and R.) describing
transport through the composite. During the fitting procedure
R. was fixed to the value approximated from chronoamperome-
try. With that, the applied equivalent circuit leads to a good
description of the half-cell impedance response throughout
the entire compositional range allowing the determination of
the composite ionic conductivities. Again, all spectra and fits
are shown in the ESI (Fig. S67).

All conductivities are shown in Fig. 4a as a function of the
CAM volume fraction. In the case of 6., the average and stan-
dard deviations from both deployed techniques are depicted.
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Fig. 4
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The effective conductivities change exponentially as a function
of the volume fraction of the active material. The ionic conduc-
tivity increases from 6ioncam = 5.4 * 0.3 x 107" mS em™" to
Oion,sE = 6.1 + 0.2 mS cm™! between the pure phases, while the
electronic conductivity decreases between o, cam = 100 + 1 mS
em™' and cegp = 107° mS em™,* respectively. This is the
expected trend for the partial conductivities in composites
considering effective medium theory.***’

Effective medium theory describes the changes to the
effective transport parameter in a composite as a function of
the volume fraction of its constituents.****” Multiple vari-
ations of effective medium theories exist and the reader is
referred to the works by McLachlan and coworkers*®*” for an
overview. Here, we use the model derived by Wu and co-
workers® that is closely related to the general Bruggeman®*®
equation to describe the observed trends in the effective con-
ductivities. The model describes the relation between the
effective conductivity of the composite and the conductivity of
its constituents following:*®

Oeff — 01 Oeff — 02 0 (5)

1
k- oefs + 01 k- oets + 03

where o.¢ is the effective conductivity of the composite and
01, and @;, are the conductivities and volume fractions of
phase 1 and 2, respectively. Porosity is not specifically con-
sidered as third phase in this study, the effect of which is
expected to be negligible given constant degrees of porosity
between all composites in first approximation. The parameter
k is a constant that describes the connectivity of the phases
within the composite and determines the percolation
threshold. Subsequently, the data have been fit by solving eqn
(5) for cer and using k and the conductivity of the better con-
ducting phase (6e,cam fOr 6 and ion sk fOr 6i0n) as fitting para-

b)

103 4
102 4
W 10%
10° 4
10-1-
QbO 055 050 Q;S lbO
quAN1

(a) Effective ionic and electronic conductivities as a function of the active material volume fraction. The experimentally determined elec-

tronic (CA) and ionic (from CA and EIS) conductivities are shown as a function of the CAM volume fraction. Dashed lines correspond to the effective
medium theory (EMT) fit to the data while bold lines and shaded areas depict the uncertainty area of the fit. (b) Dimensionless current density & cal-
culated considering current densities corresponding to 0.134C, thicknesses corresponding to a mass loading of 15.3 mg cm™2 and the experimental
and effective-medium modeled conductivities depicted in (a). The 5-parameter shows a minimum at low ®dcam Where the electrode transport is

closest to fulfilling the condition cion % Ge.
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meters. With that, the experimental results of both conduc-
tivities can be well described (dashed lines in Fig. 4a) allowing
to approximate the effective transport between and closely sur-
rounding the investigated compositional space of the cathode.
The final fitting equation oeg(cy, 65, @1, P, k), the resulting
fitting parameters and details of the procedure are given in the
ESL{ Importantly, the effective medium model does not
account for any interfacial effects between both phases, or
grain boundary transport/resistance that can explain devi-
ations between fit and data.

In the next step, to understand potential transport limit-
ations in the cathodes, the model by Newman and Tobias for
porous electrodes is taken into consideration.”® Specifically,
we evaluate if the dimensionless current density § (eqn (4)) can
guide our understanding of transport related differences in
cathode performance as a qualitative descriptor. Again, § is a
function of the effective conductivities, the cathode thickness
and the applied current density and introduced as a descriptor
for the tendency of the cathode to show nonuniform reaction
rate distributions (§ > 1), the buildup of reaction fronts and
state-of-charge gradients.’®?° It must be considered that this
descriptor, without accounting for important microstructural
features like CAM-SE contact area, and kinetic parameters
such as exchange current densities, can only be evaluated as
qualitative, and not quantitative descriptor to predict potential
transport limitations in the cathode. Nonetheless, we expect
these transport limitations to scale with transport-related per-
formance properties of the cathode, e.g., the cathode utiliz-
ation (general contacting of CAM and SE) and rate capability
and these trends are reported in literature, where cathode util-
ization decreases because either o, or o. are insufficiently
high or when the cathode thickness and applied current
density are increased.'”'%2%22

The §-parameters characterizing the investigated Li,FeS,-
Lis 5sPS,;5Cly 5 cathodes are shown in Fig. 4b. The depicted
values are calculated according to eqn (4) using the experi-
mental (markers) and effective medium modelled effective
conductivities (dashed line and shaded area) as input para-
meter. Moreover, the thicknesses L and current densities i of
the cathodes later investigated as a function of the CAM
volume fraction are utilized for the calculation. These are in
the range of 85 pm to 73 um, and 0.24 mA cm™2 to 0.49 mA
em™ (0.134C) for @cay between 0.32 and 0.74 at constant
cathode mass, respectively. An overview of the parameters is
given in Table S3 of the ESL.f

The experimental §-parameters express a minimum of 0.3
at @cam = 0.41, with a steady increase to 2.8 at @cay = 0.74.
These values are close to or below the empirical condition of &
< 1 for which a uniform distribution of reaction rates is
expected.”®?” Considering 6;,, and o, from effective medium
theory, the minimum of § occurs at even lower ®cyy just
before the percolation threshold of electronic conduction is
reached. For fractions of @cay > 0.74, 6 increases significantly
as a consequence of reaching the percolation threshold of 6;,p.
With that, for pure Li,FeS,, a value of 300 is obtained indicat-
ing the onset of strong transport limitations (5 > 1).
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Following, cathodes relating to these d-parameters are investi-
gated in terms of electrochemical performance and the poten-
tial of 6 as a qualitative descriptor is evaluated.

Performance of the cathode composites

The electrochemical performance of the cathodes with varying
fraction of CAM have been investigated in half cells using a In/
Liln counter electrode and Lis 5sPS, 5Cl; 5 as separator. Initially,
cells with constant cathode composite mass loading (15.3 mg
cm_z) are characterized to evaluate the influence of ®@cay On
the performance at comparable cathode thicknesses. These
are, approximated by the relative density of the cathode and its
mass, in the range of 73 pm to 85 pm (Table S37). All compo-
sites were first cycled at a constant C-rate of 0.134C assuming
a theoretical specific capacity of 300 mA h g~ (corresponding
to 0.1C assuming a theoretical capacity of 400 mA h g™ for
full delithiation). Afterwards, rate capability was tested at con-
stant current densities instead. An overview of all 0.134C rates
in terms of current densities, and all current densities in
terms of C-rates, is given in Table S3 of the ESI.{ In addition,
scanning electron micrographs and energy dispersive X-ray
spectroscopy signals are shown in Fig. S8 characterizing the
composite microstructures.

The voltage profiles of the solid-state cathodes do not sig-
nificantly change as a function of the cathode composition. A
comparison of the profiles at the first cycle is given in Fig. 5a.
The charge profile is characterized by a monotonically increase
of the voltage with weakly pronounced features below 1.9 V. In
this regime, delithiation is charge balanced by oxidation of
Fe”* to Fe*" corresponding to the nominal compositional
range of LiFeS, to Li; sFeS, and the profiles of the solid-state
cathodes agree well with reports using liquid electrolyte
(dashed line in Fig. 5a)."° At 1.9 V, a voltage plateau represent-
ing the two-phase regime of Li,sFeS,-LiysFeS, establishes.
This region can contribute a theoretical capacity of 200 mA h
¢~'. This is the case in liquid electrolyte based cells,'® while
the plateau is generally lower capacity in the investigated solid-
state cathodes (Fig. 5a).

Furthermore, solid-state cells show significantly lower
Coulomb efficiencies in the first cycle with values between
77% and 82% in the solid-state, compared to ~90% in the
liquid electrolyte based cells.’® Low first cycle efficiencies are
common in other solid-state battery chemistries, e.g., using Li
(Ni,Co,Mn)O, as active material and generally, they are related
to contact losses between the active material and the SE due to
volumetric expansion as well as the formation of a SE-CAM
interphase (CEI).***° The capacity retentions reflect the low
initial efficiency in the first cycle, with gradual capacity losses
afterwards (Fig. 5b). The capacity retentions are comparable in
general, but cathodes with the highest &cay show a lower
overall capacity retention of 73% (average Coulomb efficiency
of 98.3%) compared to 85% (average Coulomb efficiency of
99.5%) for cathodes with the lowest @,y after 40 cycles. Given
the special role of the first charge cycle, these relative reten-
tions and average efficiencies are referring to or count from
the second charge onward. In addition to the capacity reten-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The legend in the top right defines datasets in all subplots. Additionally, a conversion from the 0.134C rates to the applied current densities
for cells with varying CAM volume fraction @cap is given color coded in the top right. (a) Voltage profiles of cells employing Lis sPS45Cly s—LixFeS,
cathodes of varying CAM volume fraction @cam during the first cycle under a rate of 0.134C. The profile of the first cycle is compared to LiFeS;
cathodes using liquid electrolyte'® (dashed line). (b) Capacity retention at a constant rate of 0.134C and (c) upon increasing the applied current
density tested for composites with three compositions (see inset). Standard deviations from triplicates for each dataset are given at an arbitrary

representative cycle.

tion with ongoing cycling, the rate capability was tested for
exemplary compositions of @cay = 0.32, 0.51 and 0.74
(Fig. 5¢). In agreement with the constant C-rate cycling, no
strong compositional trends can be observed in the rate reten-
tion upon first visual inspection of the data.

Based on this first assessment, we now discuss the perform-
ance as a function of the cathode configuration in detail.
Thereby, focus lies on performance parameters that are related
to the effective transport properties of the cathode discussed
beforehand (Fig. 4), the initial cathode utilization and the rate
performance.

Initial cathode utilization and areal capacity

The initial cathode utilization is related to the transport given
that it is a measure of the contacted and electrochemical active
CAM in the composite, i.e., how accessible and at which rate
active material particles are for both charge carriers. In the fol-
lowing, the initial cathode utilization is measured by the
average capacity per gram CAM Qcam. The average includes
both, the average over the first five cycles (excluding first
charge) of each individual cell, and the average and standard
deviation of all cells investigated with the same composition.
The comparison of Qcam as a function of @y acquired at
a rate of 0.134C shows no strong changes of the cathode utiliz-
ation, with a maximum difference of 15% between the highest

© 2025 The Author(s). Published by the Royal Society of Chemistry

capacity of Qcam = 229 + 28 mA h g7 at Gy = 0.62 and the
lowest of 195 + 10 mA h g™ at ®cay = 0.74 (Fig. 6a, left). Given
the absence of a strong loss of capacity utilization, and to
explore limitations of the cell chemistry, the areal loading is
further increased by testing the extreme of a pure Li,FeS,
cathode (Dcam = 1.0) and by increasing the cathode thickness
from 73 pm to 110 pm and 145 pm for a cathode with @cpy =
0.74. A drastic decrease of the cathode utilization occurs going
to @cam = 1.0, with a decrease by 90% to capacities of 25 +
3 mA h g7'. At the same time, increasing the thickness of the
composite only leads to a Qcam decrease from 195 + 10 mA h
¢ 'to 181 + 14 mA h g”" (7% decrease).

Porous electrode theory can guide the understanding of these
trends given that it aims to describes the reaction rate distri-
bution throughout the cathode, as quantified by the §-parameter
(eqn (4) and Fig. 2). With that, the §-parameter (eqn (4) and
Fig. 4b) should be capable of capturing qualitative trends in
cathode utilization. The capacities of all cells as a function of §
are depicted in the right subplot of Fig. 6a. As a reminder, é not
only considers changes to the effective conductivities by changing
®cam, but variations in the applied current density, a conse-
quence of using constant C-rates, and the cathode thickness.
Moreover, no strong changes to the cathode utilization should
occur for cathodes characterized by values of § < 1 that describes
the condition of uniform reaction rate distributions.

EES Batteries, 2025,1,172-184 | 179


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4eb00005f

Open Access Article. Published on 14 sausio 2025. Downloaded on 2026-03-16 01:49:15.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
B écam =032 B ¢cm=074
a) B ¢cam =041 B ¢cm=10
B ¢caw=051 [ dcam = 074,110 um
B 6caw=062 [ ¢caw = 0.74, 145 um
250 1
T
O 200 1
=
150 \ . \
e \ \
\
=2 100 v \
= \ \
S \
S 50 1] \
o 0.134C 0.134 C
[ n
0.5 1.0 100 10! 102
dcam 6
Fig. 6

View Article Online

EES Batteries

O
N

/

~ 810134 C e
§
= 6 ,/

< ’

E 4 /// /i
S~ 7 P d

%‘ Aﬁ’ /, /’i/’
<?] /4- \ AL

@} // \

’ i
2 4 6 8

Qa, theo. / mAh-cm™2

(a) Initial charge capacity per mass CAM (Qcam) as a function of (left) the CAM volume fraction and (right) the 5-parameter (egn (6)).

Uncertainties correspond to the standard deviation of at least three cells per composition. (b) The corresponding experimentally achieved areal
capacities as a function of the areal loading for the cells depicted in (a). The gray-dashed line gives a reference for full cathode utilization. A® and
AL highlight trends with increasing CAM volume fraction and cathode thickness.

This is the case for all composites in the range of @cay =
0.32 to 0.74 at 0.134C and with thicknesses between 85 pm
and 73 pm (Fig. 6a, right). For these cells, the §-parameter
ranges between 0.3 and 2.8 (Fig. 4b). Consequently, the §-para-
meter analysis predicts high uniformity of the reaction rate
distribution and gives a rational for the marginal changes in
cathode utilization. Increasing the cathode thickness and, con-
sidering constant C-rates, the applied current density,
increases the value of 6 from 2.8 to 6.3 and 11.1, moving away
from the desired condition of § < 1 and explaining the
decrease of the cathode utilization going to a thick electrode
configuration. For the edge case of pure Li,FeS, as cathode,
the §-parameter significantly increases to ~300 driven by the
orders of magnitude loss in effective ionic conductivity
(Fig. 4). This strong increase manifests as a 90% decrease of
the cathode utilization. With that, the §-parameter captures
the observed trends in the initially achieved capacities qualitat-
ively. Moreover, a decrease of Qcaym With the logarithm of § can
be observed, acknowledging the scattering in the dataset
(Fig. 6a). Not considered in this analysis is the residual poro-
sity of the electrodes. Nonetheless, given that the relative
density does not change significantly with an average of 85 +
3% for all investigated electrodes, the effect is assumed to be
negligible in first approximation.

This qualitative trend agrees with literature results consid-
ering the §-parameters approximated from reported values of
o, i and L. Systems that indicate first signs of transport limit-
ations and underutilization of the electrode are characterized
by values of ~19 (LiNig ¢C0p»Mng ,0,-LizPS,),>> & 22 (LiCoO,-
Li;0GeP,S;5)'® and =31 (Graphite-LigPS;Cl).>° Moreover,
Bradbury and coworkers'® showed that severe reaction fronts
occur in Li-S cells that are characterized by a §-parameter of
~200 agreeing with the significant utilization loss when going
to pure Li,FeS, (6 ~ 300).

180 | EES Batteries, 2025,1,172-184

The relatively small variations in Qcam by 15% between all
®cam of comparable thickness, and by 7% when doubling the
cathode thickness at constant composition, rationalized by the
S-parameter analysis, are promising outlooks for the Li,FeS,
battery chemistry. While these are significant changes to the
cathode utilization, the loss in utilization is marginal com-
pared to the areal loading increase from 1.8 mA h cm™ to
3.7 mA h cm™? with increasing @cay, and to 7.3 mA h em™>
upon increasing the cathode thickness. This increase of the
areal loading by a factor of approximately five compensates the
at maximum 22% loss in cathode utilization, so that the
achieved areal capacities increase from 1.2 mA h cm™
4.4 mA h cm™? going from the lowest to the highest areal load-
ings (Fig. 6b). Clearly, the higher § - for instance in thicker
electrodes - the more deviations of the attained capacity to the
theoretical capacity can be expected.

to

Rate capability

The analysis of the initial cathode utilizations and areal
capacities shows that LissPS,5Cl;s-LiFeS, cathodes with
high volume fractions of CAM can be realized successfully.
Moreover, the achievable areal capacities can be increased
further with the thickness of the cathode. Nonetheless, fast
charging is desired for application and the rate capability of
the electrodes needs to be considered. Therefore, electrodes
with @cay = 0.32, 0.51 and 0.74 (L ~ 80 pm), and with L = 73,
110 and 145 pm (for @cpy = 0.74) have been tested for five
cycles per current density step, starting with a current density
corresponding to the theoretical rate of 0.134C (respective
current densities listed in Table S31). Subsequently, the
applied current density was stepwise changed between 0.6 mA
em~? and 5.1 mA cm™2. This routine was chosen to compare
the composites at constant current densities despite changes
to the cathode loading and with that the C-rates. The average

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4eb00005f

Open Access Article. Published on 14 sausio 2025. Downloaded on 2026-03-16 01:49:15.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Batteries

capacity Qcam Of the five charge cycles per current density step,
and the average of triplicates as well as their standard devi-
ation, are considered in the following discussion. The rate
retention as a function of the applied current density is shown
in the ESI (Fig. S127). Here, we rescale the applied current
density to a practical rate of charge denoted r as proposed by
Tian and coworkers.”’ The practical rate in units of h™" is
defined, following:*!

r=1/Qexp(I), (6)

where I is the applied current (in mA) and Qeyp,(I) (in units of
mA h) is the experimentally achieved capacity at that current.
Thereby, this definition of rate differs from the definition of
the C-rate by relating the current to a practical rather than a
theoretical capacity. With that, the inverse of the practical rate
directly represents the time in which the charge was
acquired.*"

The cathode utilizations as a function of the practical rate
are shown in Fig. 7a. At the highest applied current density,
cathodes with @cyy = 0.32 and 0.74 and comparable thickness
achieve similar capacities of 55 mA h ¢”' and 51 mA h g,
respectively. Nonetheless, this capacity is achieved at a signifi-
cantly higher practical rate of 14.9 h™" (3.1C) for @cay = 0.32
compared to 8.2 h™" (1.6C) for @y = 0.74 showing better rate
performance of cathodes with lower CAM fractions. Increasing
the thickness from 73 pm to 145 pm for the composition @can
= 0.74 leads to further lowering of the rate capability. Again,
considering the highest applied current, the capacity per CAM
mass is lowered to 44 mA h g~ and acquired at an even lower
rate of 4.8 h™" (0.8C). This indicates a systematic decrease of
rate capability when increasing the areal loading of the
cathode, e.g., by increasing ®@ca or its thickness.

To test this hypothesis, we use the semi-empirical model
proposed by Tian and coworkers®' to quantify the rate behav-
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ior. The model relates the capacity, or cathode utilization
Qcam(r), to the practical rate r, following:**

Qcam(r) = Qeamp[l — (r7)" (1 — e*<’1)’")}7

7)

where Qcawm,o is the capacity achieved at the lowest rate and
and n are parameters to describe the data. While = and n are
related to physical properties of the system by the authors,*'
they are solely utilized to quantify the rate capability in this
work. In general, 7 (in units of h) is inversely proportional to
the turning point in rate at which accelerated capacity fading
sets on and n describes the slope of the accelerated capacity
fading with rate (see insets in Fig. 7a). Thereby, low values of ¢
and n describe good rate capability, i.e., the onset of acceler-
ated fading occurs at higher rates for low values of z, and the
accelerated fading is less pronounced for low values of n.*"
Applying this model, eqn (7) describes the rate performance
of the investigated cathodes (dashed lines in Fig. 7a).
Moreover, the resulting parameters 7 and n confirm the initial
hypothesis from visual inspection with both showing a detri-
mental linear increase with the areal loading of the cathode
(Fig. 7b). To understand this observation, we again consider
the é-parameter introduced in the porous electrode theory.
While at a rate of 0.134C, the §-parameter was close to unity
for most of the investigated cathodes, indicating uniform reac-
tion rates and explaining the good cathode utilization even at
high CAM volume fractions (Fig. 6a), the average §-parameter
over the investigated current density range d, is significantly
increased. At a composition of @cay = 0.32 this translates to
Oavg = 3, while for the highest CAM volume fraction and thick-
ness this value is increased to Ja, = 22. This significant
increase of 8, with increase of @can and the cathode thick-
ness indicates that nonuniformity of the reaction rate distri-
bution, measured by J..g, can occur as consequence of apply-
ing higher current densities. In fact, the parameters = and n
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(a) Capacity retention of cells with varying cathode composition and thickness as a function of the practical rate r as defined in the main text.

Dashed lines correspond to fits to the data using the semi-empirical analytical model proposed by Tian et al.*! (b) The parameters 7 (blue) and n (red)
obtained from fitting the data shown against the areal loading of the cells and (c) the average § over the investigated current density range.
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quantifying the rate capability increase linearly as a function
of 8,g (Fig. 7¢) corroborating this hypothesis.

With that, it can be assumed that the decrease of rate per-
formance with areal loading (Fig. 7b) can at least be partly
explained by the onset of reaction rate nonuniformities at
higher rates (Fig. 7c). Nonetheless, it must be noted that Qcam
cannot be unambiguously related to §. An overview of all
Qcam(Pcam, L, ©) as a function of §(Pcam, L, 7) is shown in the
ESI (Fig. S137). Other factors such as poor ionic contacting of
the CAM at high @cay and the increased likelihood of isolated
CAM regions in thick electrode configuration can contribute to
the decreased cathode utilization and rate performance
additionally and are not captured by the §-parameter analysis.

Energy density and transport balancing of the cathode

After examination of the initial capacity retention (Fig. 6) and
the rate capability (Fig. 7), cathode composites are now evalu-
ated regarding their (rate dependent) gravimetric energy
density. In agreement with the discussion of the rate capa-
bility, the energy density is calculated from the average
capacities of five cycles at a certain current density step, and
the average and standard deviation of triplicates (with that
relating to the data depicted Fig. 7a). Furthermore, only the
mass of the cathode, the In/Liln and the separator are con-
sidered for calculation of the gravimetric energy density. The
latter two are constant for all investigated cathodes.
Comparing the gravimetric energy densities for cells with
DPcam = 0.32, 0.51 and 0.74 as a function of the practical rate
(eqn (6)), it becomes evident that the gravimetric energy
density can be significantly increased from 11.4 to 41.4 W h
kg™ by increasing ®cay and the cathode thickness L (Fig. 8a)
at low rates. This is, because the areal loading of the cathode
is increased from 1.8 to 7.3 mA h cm™2, while the simul-
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taneous cathode utilization decrease is negligible in compari-
son in agreement with the &-parameter analysis (Fig. 6b).
Nonetheless, this strong energy density increase is relativized
going to higher rates, ie., higher applied current densities
(overview in Table S3t). At higher rates, and with that upon
increasing ¢ significantly, the energy densities of all investi-
gated cells start to converge to ~5 W h kg™" given the systema-
tic decrease of the rate capability (Fig. 7) when increasing the
areal loading of the cathode.

This highlights that high energy densities can be practically
achieved at low rates, but Li,FeS,/LissPS,5Cl; 5 solid-state
cathodes require further improvement regarding their rate
capability. This can be achieved, e.g., by improving the proces-
sing of the solid composites and by controlling the particle
size distribution of its constituents. Both strategies have the
ability to improve the transport properties**** of cathodes at a
constant @cay and with that are suitable attempts to increase
the rate performance for cathodes with high areal loading.
Nonetheless, Li,FeS, solid-state electrodes show overall prom-
ising performances, especially given the vast design space that
has yet to be explored for this novel CAM, e.g., the use of coat-
ings to increase the longevity, or further processing to control
crystallinity in addition to the particle sizes.

The comparison of achievable energy densities further
highlights the importance of evaluating cell chemistries at rea-
listic, application-relevant areal loadings, ie., high CAM
volume fractions, in thick electrode configuration and at high
applied current densities, given the strong influence on elec-
trode utilization. These trends, often intuitive for battery scien-
tists, can be understood qualitatively by considering the &-
parameter introduced by Newman and Tobias.*

With that, a widespread analysis of electrodes considering
this descriptor can guide electrode design and detect or

-O- LFs/LPSCILS

-\ nempsct T} Lmojic

log(6)
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(a) Gravimetric energy density as a function of the practical rate (eqn (6)). A®dcam and AL highlight trends with increasing CAM volume frac-

tion and cathode thickness. (b) Partial ionic and electronic conductivity of different electrode composites with varying CAM volume fraction in
context of the 5-parameter (eqn (4), L = 200 um, i = 5 mA cm™2). The depicted data correspond to Li,FeS; (LFS)/LissPS45Cly s (LPSCIL.5, this work),
LiNio.6C00.2Mng 20, (NCM)/LigPSsCl (LPSCL, Minnmann et al.*’) and LiMn,O,4 (LMO)/LisInClg (LIC, Hendriks et al.*%). The s-parameter scale is calcu-
lated for a two-electron reaction (ne = 2 in eqn (4)) with that slightly overestimating the expected values for NCM and LMO.
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predict potential problems heading to application, even in the
early stages of research and development. Considering the
transport of different active material/electrolyte systems, e.g.,
Li,FeS,/Lis 5PS, 5Cly 5 (this work), LiNiy 6C0g,Mng ,0,/LigPSsCl
(Minnmann et al."”) and LiMn,0,/LizInCl, (Hendriks et al.**),
on this unified é-parameter scale, allows their direct compari-
son from a transport perspective (Fig. 8b). At a thickness of
200 pm and an applied current density of 5 mA cm ™2, the most
transport-optimized  LiNiy sC0p,Mn,,0,- (triangles) and
Li,FeS,-based (circles) electrodes are characterized by § ~ 30
(LiNiy 6C0¢,Mny,0,) and =11 (Li,FeS,) and with that are
expected to still show reasonable performance. This is sup-
ported by the results in this work, where cathodes with low
CAM volume fraction show the best rate performance (Fig. 7a),
and in agreement with the reported rate performances by
Minnmann and coworkers."” In both cases, this optimum in
rate performance is achieved in cathode compositions closest
to the condition of 6. & oj, (diagonal in Fig. 8b) that mini-
mizes the conductivity term of the §-parameter (eqn (4) and
Fig. 2b). Moreover, this analysis shows that the investigated
system is strongly limited by 6i,, and that increasing the cell
performance is intimately tied to the improvement of the ionic
conductivity in the composite (to reach the condition of o, ~
Oion)- The highest electrode utilization in the system LiMn,O,/
LizInCls ** is also reported at the composition fulfilling the
condition o, & ojon in agreement with the §-parameter assess-
ment. Nonetheless, the analysis predicts that the system
should suffer from transport limitations in thick electrode con-
figurations and during fast charging (6 ~ 160) even at the opti-
mized composition given the lower order of magnitude in both
conductivities.

In general, this assessment shows that solid-state cathode
composites are limited by their ionic conductivity that is <1 mS
em™, while the electronic conductivity between active materials
spreads a wide range and can be optimized more freely by intro-
ducing electron conducting additives. Consequently, the search
for faster ion conducting solid electrolytes, and the improvement
of the solid electrolyte percolation in the electrode, are of highest
importance for the development of solid-state batteries in
outlook on application. This need for higher conducting solid
electrolyte is further emphasized by the exponential loss'”** in
ionic conductivity (Fig. 4a) when increasing the CAM volume frac-
tion in the cathode that is necessary to enable high areal load-
ings. This additionally shows that good ionically conducting
active materials should be explored, as they promise a softening
of the loss in effective (ionic) conductivity when going to high
volume fractions of active species.

Lastly, it has to be noted that while the §-parameter gives
an intuitive way of comparing chemistries regarding their elec-
trode utilization, and potential challenges in rate retention, it
does not include information about other important metrics
such as cycle stability. In addition, the transport discussion in
this study is based exclusively on as-prepared cathodes, but
state-of-charge dependent conductivities should be considered
to provide a full understanding of transport-related effects on
performance, if available.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

In conclusion, this work highlights the importance of balanced
transport in composite cathodes and shows that the “transport
quality” of the electrode can be qualitatively captured by the &
parameter derived in porous electrode theory. With that, it is
shown that transport is sufficiently balanced in Li,FeS,/
Li5 sPS, 5Cl; 5 cathodes, allowing cathode configurations with high
areal loadings of 7.3 mA h cm™ to perform well at low rates with
initial capacities of 4.4 mA h cm™>. Nonetheless, increasing the
areal loading by deviating from optimal transport balancing sub-
sequently leads to a worsening of the rate performance, as both,
the increased cathode thickness (73 to 145 pm) and current den-
sities (0.6 to 5.1 mA cm™?) amplify existing transport limitations.
These trends can be understood considering the &§-parameter.
Moreover, the §-parameter has the potential to unify the assess-
ment of electrode quality and potential of different cell chem-
istries. For example, introducing an arbitrary cut-off in &, the
maximum CAM volume fraction, thickness (areal loading), and
applied current densities, achievable before reaching this con-
dition, can be evaluated. Porous electrode theory proposes the
absence of transport limitations for § < 1 and the onset of signifi-
cant cathode utilization losses are observed in the range 1 < 6 <
10 in this work, with higher sensitivity for changes in current
density than electrode thickness and CAM volume fraction.

The loss in rate capability with increased areal loading
motivates studies that focus on processing optimization and par-
ticle size matching as strategies to improve transport in cathodes
with high areal loading. This is because improving the partial
ionic conductivity will lower the &-parameter independent on
electrode thickness and applied current density. Moreover, this
work highlights the importance of investigating electrodes with
realistic energy densities already on the lab-scale. Thereby, the
potential of new cell chemistries in outlook to application can be
evaluated from the start and problems can be targeted before
upscaling of the technology is attempted.
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