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Abstract:

Microstructure and partial transport are key features that must be optimized in all-solid-state battery
(ASSB) composite electrodes. While from the measurement perspective, impedance spectroscopy is a
preferred method to determine partial transport because of its speed and simplicity, the
interpretation of the impedance spectra can be challenging. This is especially true for ASSB composite
electrodes, where two conductive species with similar conductivity are present and transmission line
models (TLMs) are often used to fit the spectra. In this study, we present three different TLMs and
their impedance responses in Nyquist plots, giving basic insights into how different combinations of
circuit elements result in specific spectra, from which partial ionic and electronic conductivities can be
calculated. The effects of applied stack pressure and temperature during the measurements on the
resulting spectra and their corresponding partial conductivities are evaluated. Combined

computational and experimental results show that the partial conductivities and the tortuosity
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depend on the thickness of the composite electrode. Moreover, our results demonstrate that well-
matched partial transport of ions and electrons in composite electrodes at 0% state-of-charge (SOC)
does not directly correlate with superior cycling performance. As such, we report on the limitations of
TLMs and advocate for additional techniques to evaluate other microstructural factors such as the

contact areas between components that cannot be quantified with transport measurements alone.

Keywords:
All-solid-state battery (ASSB), composite electrode, composite cathode, microstructure, partial

transport, transmission line model (TLM)

Introduction:

All-solid-state batteries (ASSBs) are promising next-generation systems with advantageous safety
characteristics and offering higher energy densities compared to conventional lithium-ion batteries
(LIBs).? However, the design of ASSB positive electrodes that employ sulfide-based solid electrolytes
(SEs) poses challenges different than positive electrodes for LIBs. In LIBs, the liquid electrolyte is added
during the battery cell assembly and provides sufficient ionic conduction by filling all pores in the
electrodes,® while for ASSB positive electrodes, the SE must be incorporated during the preparation
of the positive electrode. Therefore, special attention must be paid to the microstructure of the
resulting composite electrode, which is influenced by many factors such as the particle size
distributions of the materials,*> the compression profiles during processing,® the distribution
homogeneity of the materials that make up the composite,” and the ratio of the materials.®° A key
property closely linked to composite electrode microstructure is the partial transport, which must be
qguantified and optimized in positive electrode composites (CCs, as they are commonly referred to as

cathode composites) for good cycling stability and rate capability.

In ASSB positive electrodes, the ionic conductivity is mainly provided by the SE, whereas the positive
electroactive material (CAM, as it is commonly referred to as cathode active material), and sometimes

carbon-based additives, are responsible for the electronic conductivity. Although there are various
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methods to characterize partial transport,'¥12 a potentiostatic electrochemical impedance
spectroscopy (PEIS)-based method is favorable because the measurement is done on a timescale of
minutes. However, due to the presence of two different mobile conductive species, ions and electrons
in the CC in a three-dimensional inhomogeneous volume, the spectra cannot be analyzed with
simplified equivalent circuit models but instead need to be fitted with transmission line models
(TLMs). The latter have been previously deployed to describe the transport in porous electrodes of
LIBs.**1* In such cases, the electronic resistance was often neglected due to the much faster electronic
transport provided by carbon additives.’>® However, due to the reported instabilities of some solid
electrolytes against carbon materials,’’*® the incorporation of conductive additives is not always
desirable in ASSBs. In the absence of such additives, the electronic resistance of the composite
electrode is non-negligible and complicates the description of the partial transport using TLMs. The
latter results in more complex spectra and necessitates the use of TLM models that can be applied to
extract partial ionic and electronic conductivities depending on how the measurement was done and
the boundary conditions that apply to the system. In particular, the high-frequency response of CCs
can be interpreted in various ways including interfaces in the electronic line (describing the interfaces
between CAM particles),>® or interfaces in the ionic line (describing the interfaces between SE
particles).!® Moreover, for most porous electrodes used in LIB positive electrodes and also for some
ASSB CCs, a contact resistance between the current collector (aluminum, stainless-steel, etc.) and the
composite positive electrode is assumed to cause the high-frequency response.’>?* Geometric
impedances and constriction impedances (due to residual porosity) have been reported as the source
for additional features (often resembling semicircles) in the impedance spectra.?#?> While the latter
was not intensively investigated for positive composite electrodes yet, they cannot be disregarded.
Sometimes, even a combination of multiple factors is presumed and accounted for in the models.?®
Often, no guidance is given why a specific model was chosen for fitting the respective spectra. The

different approaches and explanations to describe the impedance spectra of CCs show the challenges
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of quantitatively analyzing experimental impedance data without (preliminary) assumptions that may

lead to overfitting or fits with minimal physical relevance.

The present study provides basic insight into how different resistances in TLMs show up in Nyquist
plots of CCs, the characteristic features of the resulting impedance spectra, how the spectra are
influenced by the addition of different circuit elements, and the challenges of assigning such features
to specific electrochemical processes. In a practical approach, a CC based on LiNio.s3Mno.06C00.1103
(NMC 83:6:11) and LigPSsCl is used to validate two different possible TLMs by varying the ratio of the
materials. The influence of various measurement parameters such as composite electrode thickness,
stack pressure, resting time and heating steps on the measured impedance spectra and the resulting
partial transport properties is shown. To support the experimental findings, numerical simulations
were carried out on the thickness dependence of partial transport. In the final step, we link partial
transport and cycling properties and highlight additional factors that are not covered by the partial
transport measurements but that have a significant influence on cycling properties. The basic
understanding of various parameters is important, as e.g. the results of symmetrical cells may not be
applicable to battery (half) cells used for cycling, if different thicknesses were used for both
measurement types. This work is an important first step to provide a better understanding of how
partial conductivities should be measured, and it shows potential pitfalls that should be avoided to

obtain reliable, comparable data that is applicable to battery cells used for cycling.

Experimental

Materials. LigPSsCl (MSE Supplies, 99.99%, Mesh 325) solid electrolyte (SE) was commercially sourced
and exhibited a total ionic conductivity of 2.2 mS-cm™ at 25 °C, the corresponding impedance
spectrum is depicted in Figure S13. Single crystalline LiNigs3Mno06C00.1102 (NMC 83:6:11, MSE
Supplies) with a D50 of = 3 um and single crystalline LiNio.60Mno.20C00.2002 (NMC 622, MSE supplies)

were used as cathode active materials (CAMs) and dried for 24 h at 150 °C prior to measurements.
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The electronic conductivity of pure NMC 83:6:11 was considered 5.22 mS-cm™ for the simulations, as

measured elsewhere.?”’

Composite cathode preparation. All composites were prepared in an Ar-filled glovebox (02 < 1.5 ppm
and H,O <0.3 ppm). For the preparation of the cathode composites (CCs) for the conductivity
measurements, the SE and the CAM were mixed in a ball mill (Pulverisette 23, Fritsch GmbH) for
15 minutes at 15 Hz using 5 mm diameter ZrO, balls. Three different weight ratios, 60:40, 70:30 and

80:20, were tested.

Cell assembly. All cell assemblies were carried out under inert atmosphere in an argon-filled glovebox
(0O2< 1.5 ppmand H,0 < 0.3 ppm). We utilized three different cell setups to characterize the CC. Firstly,
the partial ionic and electronic conductivities of the CCs were determined. For the measurement of
partial ionic conductivity, a symmetrical electron-blocking cell setup
SS|In/(InLi)x| SE|CC|SE|In/(InLi)x|SS was used. 60 mg of the SE powder was transferred into the PEEK
cell casing and distributed homogeneously and carefully hand-pressed, followed by a carefully
distributed 100 mg layer of CC and finally a second 60 mg SE layer. The whole setup was uniaxially
pressed at 380 MPa (Atlas Autotouch Press 25t, Specac Ltd., for 5 min. An In/(InLi) alloy was prepared
by pressing together indium foil (MaTeck GmbH, 99.999%, 0.1 mm thickness, 9 mm diameter, 45-
48 mg) and lithium (MaTeck GmbH, 99.8%, 1.5-1.6 mg, 6 mm diameter). The alloy was introduced on
both sides of the three-layered pellet to serve as a lithium reservoir, measurements were performed
under constant pressure of 50 MPa. The influence of the two SE and In/(InLi), was tested in a reference
cell, where 120 mg of SE was pressed at 380 MPa for 5 min and afterwards, In/(InLi), was attached on
both sides. The partial electronic conductivity measurements were performed in an ion-blocking cell
setup SS|CC|SS. 100 mg of the CC was uniaxially pressed into a pellet at 380 MPa for 5 minutes,
resulting in a =50 um thick layer. Afterwards, a frame pressure of 50 MPa was applied during

measurements.
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Lastly, the ASSB cells were prepared for the investigation of cycling stability. For the separator layer,
60 mg of pristine LisPSsCl were pressed into a 10 mm PEEK inlay. 12 mg of the respective CC sample
were evenly distributed on the separator layer. The whole setup was uniaxially pressed at 380 MPa
for 5 minutes. An In/(InLi)x alloy anode was prepared as described above and was added to the

opposite side of the separator. Measurements were performed at a frame pressure of 50 MPa.

Heat treatment. Some cells monitor the temperature-dependence of the impedance of CCs over a
range of 25 °C, 40 °C, 60 °C, 40 °C and 25°C. Each heating step is followed by 2 h of equilibration and
a PEIS measurement. The heat was controlled in a Binder Kiihlinkubator KT115. Different CCs were

prepared with NMC 83:6:11 or NMC 622 as CAMs and LigPSsCl as SE.

PEIS measurements. All PEIS measurements were performed with a Biologic VSP-300 potentiostat.
The amplitude was set to 10 mV, the frequency range was adjusted for the different setups. For the
partial ionic conductivity measurement, the frequency range was 7 MHz to 50 mHz, and for the partial
electronic conductivity measurement, it was 7 MHz to 25 mHz. The error bars originate from
measurements of at least three different cells per sample. To check the consistency of the
measurements, three measurements were performed for each cell. The PEIS measurements were
performed 2 h, 4 h and 10 h after assembly to check the consistency of the measurement. If PEIS

spectra are shown, a representative measurement after 4 h is depicted.

PEIS spectra fitting procedure. The fitting of the impedance spectra was done using the RelaxIS 3
software (rhd Instruments) using the SDK option where we implemented the code for T-type TLM
model. The spectra were tested for linearity via Kramer-Kronig relations and the high-frequency cutoff

adjusted accordingly prior to fitting.

Measurement under controlled pressure. The measurements at controlled pressures were conducted
with a Compre Drive (rhd instruments). A cell was prepared with 144 mg CC filled into the cell (12 mm
diameter, 59 um thickness), performing the measurements at the same loading as the other

measurements. The cell was then pressed at 380 MPa for 5 min. Then, a pressure of 50 MPa was
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applied. After 2 h of equilibration, PEIS was measured (10 mV amplitude, frequency range between
1 MHz and 100 mHz). The pressure was reduced in steps of 10 MPa down to 10 MPa, each pressure
step followed by 5 min of equilibration and a PEIS measurement. Then, the pressure was set back to
50 MPa and held constant, while the temperature was increased to 60 °C and decreased back to 25 °C.

Each temperature variation was followed by 2 h of equilibration and a consecutive PEIS measurement.

Cycling. All cells were cycled under constant pressure of 50 MPa at 25 °C with symmetric constant
current (j at a rate of 1C corresponds to values between 1.83 mA cm™ and 2.44 mA cm™) charging and
discharging at a MACCOR Battery Tester. The voltage window was set between 3.0V and 4.3V vs.
Li*/Li (assuming that O V vs. In/InLi = 0.62 V vs. Li*/Li). After 5 h of equilibration, the cells underwent
a pre-treatment process of five cycles, starting with two cycles at 0.05C (calculated with a theoretical
capacity of 200 mAh g for the CAM), followed by one cycle at 0.1C, a fourth at 0.05C and a fifth at
0.1 C. After that, for the cells with the different CAM:SE ratios, the C-rate was increased from 0.2C to
the final C-rate of 0.5C and then cycled for 300 cycles at the 0.5C rate. Each CC composition was cycled

at least in cell triplicates.

Simulations. To study transport as a function of volume fraction, particle size and electrode length,
virtual microstructures were generated (Figure S4). In the first step, composites consisting of
300 x 300 x 300 voxels were built with each cubic voxel representing a volume of (5/3 um)3. The
number of voxels describing either SE or CAM domains is determined by the specified volume
fractions. By clustering voxels representing solid electrolyte domains as described previously,?
particle size effects can be studied. While no clustering has been applied to build virtual composites
containing SE particles with d ~ 2 um (Figure S4a), cluster sizes of 110 voxels, 1000 voxels and
10000 voxels were specified to generate composites d = 10 um, 21 um and 45 pum (Figure S4d). In a
second step, each microstructure was divided into 2, 5, 10 and 20 equally sized parts along the x-axis.
Each of the slices corresponds to an electrode of length 250 um, 100 um, 50 um and 25 um,

respectively. The microstructures have been visualized using the software paraview.?
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Effective conductivities were calculated using a resistor network model.?”” The effective ionic

conductivity of the composites, the ionic conductivity of the SE phase was specified as 2.2 mS-cm™?,

whereas the CAM phase was taken as ionically insulating. Conversely, to calculate effective electronic
127

conductivities, the conductivity of the CAM phase was set to 5.22 mS-:cm™,*’ while the SE phase was

taken as electronically insulating.

The pytrax package was used to compute tortuosities of the virtual microstructures.®® In each
simulation, 10* walkers were initially placed randomly in the solid electrolyte and CAM domains to
investigate tortuosities of the ion- and electron conducting pathways respectively. Every time step the
walkers are then allowed to move to a neighboring site along the three spatial directions in the virtual
microstructure. To avoid spatial confinement of the random walkers, they enter mirrored
microstructure images when crossing the boundaries. A total of 10° time steps per walk was chosen
to exclude artifacts from closed pores. From the average axial square displacements (ASD;) of all

walkers as a function of the number of timesteps (t), the axial tortuosities (z;) are calculated via

t

- Eq.7
N ASD;’ (Eq.7)

Ti

with N representing the dimensionality.°

Results and Discussion

The efficient transport of ions and electrons in a composite positive electrode is necessary to enable
good cycling performance in ASSBs. Unlike mixed ionic electronic conductors in solid oxide fuel cells,
where ionic and electronic transport is provided by one material,3¥33 the transport of ions and
electrons in composite positive electrodes is enabled by different materials, the SE and CAM,
respectively. As such, a consistent interparticle connectivity throughout the composite electrode
volume enables the efficient transport of both charged species. To quantify the partial transport in

CCs, two different cell setups are used for the PEIS measurements. The ion-blocking setup consists of
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the CC being sandwiched between two stainless-steel contacts (Figure 1a). The stainless-steel contacts
are blocking for ions and conducting for electrons, allowing the determination of the partial electronic
conductivity of the CC at low frequencies. The electron-blocking cell setup is used for the
measurement of the partial ionic conductivity at low frequencies (Figure 1b). The two solid electrolyte
(SE) layers sandwiching the CC block the transport of electrons across the whole cell and the In/(InLi)x

alloy electrodes attached on both ends serve as lithium reservoirs.

a) lon-blocking setup b) Electron-blocking setup

Solid
Electrolyte

Solid

S Cathode Composite

Cathode Composite

Stainless
Steel
SiEEES
Steel
Stainless

Steel

7

7]
Q2
=
iy
9]

Figure 1: Schematic illustration of the cell setups used to quantify partial transport in composite electrodes, the arrows
indicate the transport of the unblocked species, which can be quantified at low frequencies via TLM fitting of the impedance
spectra. a) Shows the ion-blocking setup used to determine the electronic conductivity, b) the electron-blocking setup used

to determine the ionic conductivity in the composite.

Typically, TLMs are used for analyzing the resulting impedance spectra from the setups shown in
Figure 1. Such TLMs typically consist of two lines running in parallel that describe how the ions and
electrons are moving. Each line includes an infinite series of circuit elements. Between those two lines,
there is at least a capacitor present to describe the interaction between both charged species in the
CC. Here, we use a T-type TLM as initially derived by Siroma et al.3**® It describes symmetrical cell
setups with terminals for the same conducting species (electron-electron or ion-ion connection) on
both sides. This results in a Li*-Li* connection in the electron-blocking case and an electron-electron
connection in the ion-blocking one. Equation 1 describes the T-type TLM frequency-dependent partial

transport in the CC under ion-blocking conditions:3*
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Zion T Z.
cosh| L /—10“ el) -1
Zion Zel L+ 2 Ze12 W Zint . < Zint
. 3 [_ .
“lon * Zel (Zion + Zel)z sinh <L Zlon—+261>
Zint

with zion (Q-cm™) describing the impedance of the ions, ze (Q-cm™) describing the impedance of the

Zec(w) = (Ea. 1)

electrons, and zint (Q:cm) the interfacial impedance between the electronic and ionic path. The length
of the TLM, which corresponds to the thickness of the CC, is denoted by L (cm). For the description of
the electron-blocking setup, zion and ze must be interchanged in Eq. 1, which only affects the term

2 Zelz Zil’lt .
——— (for the full equation, see Eq. S1).

(Zion*Ze1)?

Prior to fitting the experimental data, the elements zion, Zel and zine must be defined. The simplification
of neglecting electronic resistance (ze = rei = 0), which is often done for LIBs due to the presence of
highly conductive carbon additives, is not valid for ASSB positive electrodes, if the partial electronic
and ionic conductivities are in the same range. Thus, the requirement to consider zs makes the fitting
and understanding of the resulting impedance spectra more challenging. To provide a better
understanding of how different impedances show up in PEIS spectra and affect the response, three
different T-type TLM models are considered here, and the corresponding simulated spectra are shown

in the following.

Comparison of different Transmission Line Models

In the basic model, ionic and electronic impedances are described each by a resistor only, and the
interfacial impedance between the two lines is described by a constant phase element (CPE). This
model describes a system in which the ions move at a certain rate in a single phase (in our case, the
SE, described by rion), and the electrons move at a certain rate in another single phase (in our case the
CAM, described by re). The CPE gint describes the contact between these two phases in which some
charge accumulation and/or potential difference is expected. Here, we model a CPE instead of a pure
capacitor to capture non-ideal capacitive behavior due to the heterogenous nature of the interface

between the two phases in a CC. For our analysis, charge transfer between the SE and CAM is not
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considered, as the charge transfer resistance is very high for pristine, uncharged NMC (0% state-of-

charge, SOC). With this model, we can recast the impedance of the CC in the ion-blocking setups as

2 [ 1 a4 cosh| L
27‘el qint(l(‘))

3
(rion + rel)z

T; T,
ZCC (w) _ _lion el L+
Tion + Tel

(Ea. 2)

sinh| L

Note that the resistances rion and re;, written as lowercase letters, are incremental resistances whereas
the overall resistances Rion and Re are written as capital letters and describe the whole resistance
throughout the composite. Here, the overall resistances can be calculated from the incremental ones
(rion, re) by multiplying by the length L. The ion- and electron-blocking basic TLMs and the

corresponding simulated spectra are depicted in Figure 2a-c.

100 T T T T i 1
electron-blocking basic basic
ion-blocking Li* = — Li*
G Rion - R fion fion a
ss50F Ro= 1
.l\l Rl‘on + Re[ =
' /;'?J Gint ¥ Qint Y
RZ ol = Re\ on re‘ T Ie I
0 T L T V4 o e e — e
0 50 100 150 200 250
Z'Q
d) Interface in electronic line: TLM advanced,, e) Electron-blocking TLM f) lon-blocking TLM
100 T r r T T advanced,, advanced,,
R = Rion - Re = = = electron-blocking
' Rign +Ry === ion-blocking Li* _- -
_9 50 7 = Rion = Relbulk .7 - N R : fion
f\l.l 0 Rign + Rel.b\llk ’ s ‘ q\m mt
P Roe = R R R
| Y v e
0 50 100 150 200 250 Tel bulk
710 eI int QL in
g) Interface in ionic line: TLM advanced,,,, h) Electron-blocking TLM i) lon-blocking TLM
100 T T T T T ac{‘/ar'ce(jloﬂ adva]TCEdLOH
R Rign = Ret  =eeeee electron-blocking Fion,int lion,int
T ion-blocking Lit
e ettt .. n, bulk r: ul
~ 50 &, = Rion bulk * Rel RO =R 7 Gionint ™ Gon,int
N Rion bulk + Ret f .o v, 2o Qi .
-,,.-———...__,,-':',' RQ‘eI - Re\ .'..R‘M " n
o : : 4 L - ACT] I I
0 50 100 150 200 250 7 '
Z'Q

a) Only resistors: TLM basic

b) Electron-blocking TLM

c) lon-blocking TLM

Figure 2: Overview of different T-type transmission line models (TLM) and the corresponding modelled spectra. a) Nyquist
spectra for the basic electron- and ion-blocking TLMs shown in b) and c), where only resistive elements (rion, rel) Were

considered to describe the transport in the electronic and ionic lines. Here, Rion, Rel were set to 250 Q, 110 Q, respectively.
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d) Nyquist spectra for the advancede TLM models shown in e) and f), where R (el,int) and CPE (geiint) elements connected in
parallel are in series to a bulk resistor (re pui) in the electronic line. Here, Rion Was fixed at 250 Q and Re was split up into 20 Q
for Reipuik and 90 Q for Relint, for a total Re of 110 Q. g) Nyquist spectra for the advancedion TLM models shown in h) and i),
where R (fion,int) and CPE (Gion,int) €lements connected in parallel are in series to a bulk resistor (rionbui) in the ionic line are
considered instead. Here, Reywas fixed at 110 Q, but Rion was split up into 20 Q for Rion,buik and 230 Q for Rion,int, for a total Rion
of 250 Q. Note that the overall resistances (R) are calculated from the incremental ones (r) by multiplication with L. For all
models, the length of the TLM (L) was fixed at 1 cm to better demonstrate the appearance of the values. A CPE (Gint =

1-103 F-s*1.cm) describes the contact between the lines.

The Nyquist plot for the basic TLMs (Figure 2a) shows one arc in both the ion-blocking and in the
electron-blocking setup, respectively. These arcs possess a characteristic shape, sometimes referred
to as “half-teardrop shape”, which is mostly known for mixed ionic and electronic conductors that
show electronic and ionic conductivities of similar magnitude.3*2 The spectra show two intercepts at
the real impedance axis, a high-frequency intercept Ro, followed by a 45° angle response, and a low-
frequency intercept R,. Both the ion- and the electron-blocking spectra share the same intercept Ro
because at these timescales, both electrons and ions move within the applied electric field in the bulk.

Thus, Ro corresponds to the transport of both species and can be described as follows:33

Rion Rel (Eq. 3)

Ry™'=Rion' + R ' © Ry = ———
0 ion el 0 Rion + Rel

At very low frequencies, the blocking electrodes (or electrolyte layers) are entirely impermeable for
the blocked species, and only the non-blocked species moves entirely across the CC. Thus, the
intercept at low frequencies (R;) approaches the total resistance of the unblocked charge carrier,
which leads to Rj,ion = Rion (set to 250 Q) for the electron-blocking case and Rzl = Rel (set to 110 Q) for
the ion-blocking case (Figure 2a). It must be noted that these approximations only apply for a system
with ideally blocking electrodes, i.e. those that provide full reversibility for the unblocked species and

perfectly blocking conditions for the blocked species.
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In the second model, advanced.;, an additional parallel R/CPE element is added in the electronic line.
Thus, one resistor in the electronic line represents the bulk electronic resistance of the CAM particles,
whereas the additional parallel R/CPE describes the CAM particle-particle interface.>”° The models
and resulting spectra are shown in Figures 2d-f. Here, Rel,bui Was set to 20 Q and Reiint to 90 Q, giving
a total Rel = Relbuik + Reiint = 110 Q, which is the total electronic resistance used in the basic model. The
spectra simulated with the advanced. model show two semicircles, a suppressed high-frequency and
a drop-shaped low-frequency semicircle. The transition from one semicircle to the next is

characterized by a mid-frequency resistance (R1) defined by

R. — Rion Re (Eq. 4)
| =———
Rion + Rel

This mid-frequency intercept R; is equal to the high frequency intercept Ro in the basic model and is
the same in both the ion- and electron-blocking case. The additional semicircle approaches a different
high frequency value Ry gavanced,, COMpared to the basic spectra in Figure 2a, as it is shifted to lower
resistances in the case of the advanced. model. Ry qqvanced,, is determined by Reiouk instead of the

total resistance Re, and it applies for both the ion- and electron-blocking spectra:

R _ _Rion Rerbuic_ e
0,advancede; — Rion + Relbulk

Irrespective of the setup, however, the values of R; are exactly the same as in the basic model (Rz,ion =
250 Q, and Rz« = 110 Q), emphasizing the robustness of the values obtained at low frequencies to
describe the net partial transport of the unblocked species in composite electrodes when using the
right cell setup. Finally, we consider the advancedi.,-model, where the additional parallel R/CPE
element is incorporated in the ionic line instead, to describe e.g. the contribution of grain boundaries
between SE particles (Figures 2g-i).?® Here, Rionbulk is set to 20 Q and Rionint to 230 Q to match the total
Rion as used previously (250 Q). The spectra look like those of the advanced. model with the
appearance of two semicircles, the only difference is the high frequency resistance, which is now

defined as:
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Re) Rion,bulk (Eq. 6)
Re) + Rion,bulk

RO,advancedion -

It is evident that in both advanced models, i.e. irrespective of whether an interfacial contribution is
part of the ionic or electronic line, similar high-frequency semicircles are observed in both the ion- and
electron-blocking spectra. This makes the assignment of high frequency arcs to a particular process
difficult, as there are two conducting species with many possible ionic or electronic conducting
interfaces, decomposition products and interphases. However, the total resistance (Rz) is not affected
by interfacial processes within the TLM. This is evident by the invariability of R, across all models, basic

and advanced.

Finally, for the analysis of the electron-blocking spectra, it is necessary to consider the two SE and
(In/InLi)x layers that sandwich the CC. To determine their influence on the spectra, a reference PEIS
measurement was performed on a cell with SE sandwiched between two In/(InLi)x (i.e.
In/(InLi)x|SE|In/(InLi)x) only. The spectrum of this reference cell (Figure S1a) shows a depressed
semicircle and was fitted with a resistor Rse describing the resistance of the SE layer, and a parallel
Rsejin/inti-CPE element describing the two In/(InLi)«| SE interfaces. These elements must be connected
in series before the TLM to describe the two additional layers in the electron-blocking setup
(Figure S1b). This addition to the TLM results in a shift of the spectrum by the value of Rs (towards
higher resistances) and the In/(InLi)x|SE interface appears as part of the low-frequency semicircle.
Thus, the low-frequency intercept R,,on Of the electron-blocking spectrum, which was equivalent to
Rion in all three modeled spectra above, is now shifted by the values of Rsz and Rsgjin/nLix and is
therefore equivalent to Rion+Rse+Rsejin/intix- The shift of the spectra by these additional resistances is
depicted in Figure S2. A contact resistance, which may appear in ion-blocking measurements between

the stainless-steel electrode and the CC, would shift the spectrum in a similar way.
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Validation of the Transmission Line Models via varying CAM:SE
To validate the TLM, PEIS spectra were measured for three different CAM:SE ratios: 61:39 vol%,
48:52 vol% and 37:63 vol%. The ion- and electron-blocking spectra and the resulting conductivities are

shown in Figure 3.
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Figure 3: Representative impedance spectra for different positive electroactive material (CAM)-to-solid electrolyte (SE)-
ratios, measured in symmetric a) ion-blocking and b) electron-blocking measurement setups. The symbols indicate the
measured data, the lines the TLM fit using the advanced. model. Ry indicates the high-, R1 the mid- and R, the low-frequency
intercepts, the dashed lines highlight the evolution of the intercepts at different ratios. The percentage indicates the vol% of
CAM in the composite electrode. c) Partial conductivities obtained from the fittings of the spectra via TLMs, the electronic
conductivities are obtained from the ion-blocking, the ionic conductivities from the electron-blocking measurement. For all

samples, the thickness of the CC was in the order of 500 pum.

Since the CAM is the only electron conductor in the CC, we expect a decrease in the partial electronic
conductivity (Oef,el) as the content of the CAM is reduced. Figure 3a shows precisely this trend: as the
vol% of CAM decreases, the low-frequency intercept R, increases. Conversely, in the electron-
blocking configuration (Figure 3b), we observe a decrease in the low-frequency intercept R2,ion Which
is consistent with the CC increasing its partial ionic conductivity (Geftion). Figure 3c summarizes these
results more clearly: Oefrion increases and oefrel decreases as the vol% of CAM decreases in the CC.
Regarding the high- and mid-frequency intercepts, less CAM leads to a similar increase of both Ry,ion
ionRel

and Ra,e;, which is due to their definition by RR , and they should be the same after subtracting Rse
1

iontRe
and Rsgjin/intiix from Rijon. The high-frequency intercepts Rojon and Roel are higher for lower CAM

contents.
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To identify the appropriate TLM to be used from those outlined above, fitting was performed with
both the advancedi,n and advanced. models (see Table ST1 for detailed resulting fits). Note that the
basic model was not considered as two processes and not a single half-teardrop shaped spectra was
observed irrespective of the setup or CC composition. In order to assess which of the advanced models
is more appropriate, the anticipated changes in the various resistances were carefully considered for
each model as a function of the CC composition. Generally, grain boundary resistances cannot be
deconvoluted for pure LisPSsCl at room-temperature,®® making advancedio, the less suitable model.
Additionally, for the advancedi,» model to apply, we expect that Rion,intand Rionbuik Should both decrease
with less CAM in the CC. However, such a decrease is not observed for Rion buik. Conversely, if advanced.
is the correct model, an increase of Rel,int and Relpui is expected with less CAM, because there are less
CAM particles throughout the CC offering bulk and interfacial conductivity, thus increasing their total
resistance contribution throughout the CC. This is the case for the values obtained from both the
electron- and ion-blocking measurement when fitted with advanced... Accordingly, while both models
could be used to fit the impedance spectra with low errors in the fitted values, only the fits with the
advanced. model follow the expected trend and reasonably describes the physics of the composition-
dependent CCs. Taken together, the advanced.s model including electronic bulk and interface
resistances (Reibuk and Rei,int) is used for all further fittings (with serial connection of Rsg and the parallel
Rsejin/ani/ CPE element for the electron-blocking case), neglecting possible influences of a contact
resistance and other effects. The comparison of different TLM models should generally be done when
a new system is investigated, followed by the comparison and validation of the respective fitting

results. The conductivities in Figure 3c were obtained with advanced...

Since a very similar TLM is used to fit the spectra of both ion- and electron-blocking cell setups, and
since the partial transport of nominally equal CC samples is evaluated, the extraction of the same
values for the ionic and electronic resitances would be expected from both measurement setups. To

validate the robustness of the TLM advanced. model, the fitting results of ion- and electron-blocking
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measurement are compared in Table 1, and additionally plotted in Figure S3. In general, the values
obtained from the two measurement setups follow the same trend and are in a similar range, but not
equal.

Table 1: Comparison between the calculated partial conductivities obtained from the ion-blocking and electron-blocking
measurements. Oeftel IS Usually obtained from R, in the ion-blocking measurement, and 0eft,ion from Ry in the electron-blocking

measurement. The latter results are depicted in bold. Italicized are the values obtained from “the wrong cell setup”. The

errors stem from triplicate measurements.

Ocfi,el / MS-cm? Ot jion / MS-cm'?
CAM:SE
lon- Electron- Error % Electron- Error % (compared
ratio / lon-blocking
blocking blocking (compared to ion- blocking to electron-
vol% setup
setup setup blocking setup) setup blocking setup)

37:63 0.35 £ 0.06 0.21 +0.02 -40% 0.267 + 0.009 0.36 £ 0.02 +34%

48:52 0.89 +0.03 0.63 +£0.03 -29% 0.17 £ 0.03 0.13+0.01 -24%

61:39 3.0+0.5 1.6+0.2 -46% 0.033£0.003 | 0.035%0.009 +6%

On the one hand, for all three CAM:SE ratios, the electronic conductivity ge el is higher when obtained
from the ion-blocking setup. Thus, there seems to be a general overestimation of Oefrel in the ion-
blocking measurement or a general underestimation in the electron-blocking measurement,
respectively. The overestimation cannot be explained by additional resistances (e.g. a contact
resistance) outside the TLM, as these would further reduce the total electronic resistance and result
in even higher values for oeftel. Therefore, it is more likely that the reason for the deviation lies in the
electron-blocking measurements, as the cell setup is more complicated and there may be some error
due to the consideration of the resistances of the two SE layers and especially the resistances of the
SE|In/(InLi)x interfaces on each side of the composite that might deviate from those of the reference
cell. Additionally, in the electron-blocking setup, the CC layer which is sandwiched between the two
SE layers is assumed to be perfectly cylindrical and to have planar interfaces. However, in the

experimental cell, the interfaces between the CC and LPSCI will be non-planar due to the powder
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layers being stacekn on top of each other. This might lead to higher resistances compared to those in
the ion-blocking measurements. On the other hand, the values of Oestion deviate less, and for two of
the three CAM:SE ratios, they are within each other’s error ranges. In general, both measurements
are suitable for extracting a general trend for Rion and Re, but both measurements should be
performed for more reliable values. Namely, to determine gefte1an ion-blocking setup and for gesfon an
electron-blocking setup should be employed as the determination of the total resistances at low-

frequencies is most reliable.

Thickness-dependent evolution of the ion-blocking spectra

The effective conductivities in composite positive electrodes are usually determined at large
thicknesses (= 500 um). However, lab-scale composite positive electrodes used for cycling are usually
much thinner (between 30 um and 120 um). To evaluate if conductivities and tortuosities show a
thickness-dependence and to test the ability of TLMs to describe the spectra of thinner composite
positive electrodes, we measured the impedance of the 48:52 CAM:SE CC at three different

thicknesses.
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Figure 4: a) Nyquist plot showing the ion-blocking and electron-blocking spectra taken at three different positive electrode
composite thicknesses, b) thickness-dependence of the effective conductivities. All spectra were obtained with a CC with the
CAM:SE volume ratio of 48:52. g is obtained from the ion-blocking and gion from the electron-blocking spectrum, each by
fitting with the TLM advancede. c) Virtual microstructures of different lengths representing composites with equal volume
fractions of SE and CAM. The average SE particle diameter corresponds to d = 10 um. d) Simulated ionic and electronic
conductivities for composites with various SE volume fractions, particle sizes and electrode lengths. The data shown
correspond to the mean conductivities over all simulated electrodes, whereas the error bars represent the simple standard

deviations.

The overall shape of the impedance spectra is consistent across all layer thicknesses (Figure 4a).
However, halving the thickness results in more than a halving of the total resistance, regardless of
whether the measurements were conducted under ion- or electron-blocking conditions. Therefore,

we quantify a decrease of partial conductivities as the thickness of the composite electrodes increases.
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(Figure 4b). To understand the latter trend, simulations on virtual electrode structures (Figure S4)
have been performed. A resistor network model is utilized to study effective conductivities,?” while
random walk simulations are performed with pytrax®° to study the tortuosities of the respective ionic
and electronic pathways (Figure S5). In the first step, binary virtual microstructures consisting of SE
and CAM are constructed as described previously.?” Both, the volume fraction (¢se) and mean particle
size (d) of the SE phase are varied in the composites to systematically investigate the influence of
microstructure on transport. Each microstructure is subsequently divided into thinner equally sized
electrodes (Figure 4c) to enable analysis of transport as a function of electrode length (L). In the
resistor network simulations, the SE phase is set to be purely ion-conducting with gien = 2.2 mS-cm’?
(ionic conductivity of LigPSsCl measured in this work), while the CAM phase is set purely electron-
conducting with ge = 5.22 mS-cm™ (electronic conductivity of NMC 83:6:11).%” The computed et and
Oeftion are shown in Figure 4d as a function of SE volume fraction and electrode length (more simulated
conductivities in Figure S6). Data are shown for virtual composites with a mean SE particle size of
~ 10 um (corresponding to the SE particle size determined in this work) and for composites

incorporating larger SE particles of = 45 pm.

Across all simulations, a rapid decrease in Geftjon and a corresponding increase in Oef el is observed with
decreasing SE and increasing CAM volume fraction. The particle size trends in simulated conductivities
of large structures (500 um, typical for partial transport measurements) align well with literature
reports and become increasingly more pronounced close to the percolation thresholds. In agreement
with experimental findings by Schlautmann et al.,> the gefrjon decreases when the size of the SE
particles in an electrode composite is increased from = 10 um to = 45 um. Conversely, the use of
larger SE particles leads to higher oes e of the composites, since a continuous conducting phase is less
tortuous when large blocking particles are introduced than when the same volume fraction but smaller

particles are used.%’
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In agreement with the experimental findings of this work, higher partial conductivities are observed
when thinner electrodes are considered. This behavior can be attributed to the decreased tortuosity
of the respective carrier pathways in thinner electrodes (Figure S5). As with the particle size trends,
the effects of different electrode thicknesses are amplified when compositions close to the
percolation thresholds are considered. Further, these differences are much more significant when
large SE particles are used compared to small particles. The dependence of transport on electrode
length shows up more drastically in the ionic conductivity than in the electronic conductivity trends.
This is because the particle sizes of the ion-conducting phases were explicitly varied throughout the
simulation series while the continuous electron-conducting phase only changed as a consequence
when constructing the virtual microstructures. The observed length dependence of the transport
properties can be attributed to finite size effects, that come into play when the investigated system
size of a random composite is smaller than the representative volume element.3®3° Finite size effects
become increasingly more pronounced, when the ratio of obstacle size (e.g. electronically isolating SE
particle) to system size increases.*®*! This explains the larger differences in transport behavior with

layer thickness when larger particles are used compared to smaller particles.

In summary, finite size effects can become relevant in electrode composites. Particularly when large
particles (> 10 um) are used, the conductivities determined in a transport measurement (= 500 um)
can differ significantly from those relevant in practical electrodes (= 50 um). In such cases, electrode

thickness must be considered to get a complete understanding of the overall transport behavior.

Time-, Pressure- and Temperature-dependence of Partial Transport

We evaluated the temporal evolution of the CC to attain a better understanding of interfacial
phenomena between the CAM and the SE phases. Similar studies have been conducted before and
report a net increase in the total resistance of the cells but with different magnitudes and
explanations: either mechanical relaxation** of the cell and its components after cell assembly or

chemical degradation reactions between the CAM and the LPSCI SE, supported by XPS
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measurements.?® Due to the (electro)chemical instability of the LPSCI SE against oxide-based CAMs,**~
4 we expect that the total resistance of the CC increases over time. However, unlike previous studies,
we conducted these experiments in ion- and electron-blocking configurations to quantify via TLM fits
to the impedance spectra which of the components is contributing the most to the resistance increase.
For both ion- and electron-blocking cells, an increase in the total impedance is observed over time,
but the absolute resistances obtained are different (Figure 5). Using the advanced.; TLM model, we
quantified all resistances and observe that they all scale linearly against t¥/2 for both the ion-blocking
(Figure 5a) and electron-blocking (Figure 5b) setups, suggesting a chemical degradation process.?® The
linear fits are depicted in Figure 5c, the slopes from the linear regression are shown in Table ST2. The
slope of the resistance increase k, also referred to as growth rates, is the highest for Rion (7 Q-h0%,
determined from the electron-blocking measurement), and lower for the total Re (3 Q-h®%,
determined from the ion-blocking measurement), mainly due to the increase in Rei,int (in the same
range as k for Re), whereas almost no change is observed for Reipuk (0.1 Q-h>) over time. Comparing
the results from the two different measurement setups (Figure S7), the trend in the slopes is the same
in both measurements, validating the measurement. However, the slopes are always higher when
determined from the “wrong” measurement setup. In contrast, the relative increase (Figure S8) of
each Rion and Re over time is similar regardless of the measurement setup. The results indicate a
decrease of both the electronic and ionic conductivity over time, for the electronic conductivity this is
due the increase of interfacial resistance (Reiint), suggesting a chemical degradation reaction at the
NMC interface. The growth rates (k) we quantify here are in the same order of those reported for
solid-state battery half-cells that contain Zn-doped chloride-rich lithium argyrodite as a catholyte with
LiNio.83C00.11Mno.0s02 as CAM and held at a potential of 3.5 V vs. Li*|Li.*® The latter suggests that, even
at 0% SOC, the LPSCl and NMC are not chemically stable and the formation of degradation products
and/or the cathode electrolyte interface (CEl) already ensues prior to cycling. The latter has strong
implications when considering the storage of prepared composite electrodes and the long-term

storage of uncycled solid-state battery cells.
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Figure 5: Evolution of a) the impedance of an ion-blocking cell over 68 h at 25 °Cand b) the impedance of an electron-blocking
cell over 20 h at 25 °C. c) Electronic and ionic resistances, obtained from the fits of the ion-blocking and electron-blocking
measurements, respectively. The resistances are plotted versus the square root of time and show a linear behavior with R?2
values > 0.99. The composite positive electrode with a CAM:SE volume ratio of 48:52 and thickness of =500 um was used in

the measurements.

To investigate the hypothesis of mechanical relaxation as a cause for the observed increase in the
resistances, we studied the influence of the applied pressure during measurement (stack pressure) on
the resulting impedance spectra of ion-blocking cells. In the measurement performed under
controlled pressure, the impedance was measured after initial compression (380 MPa) at a stack
pressure of 50 MPa. Then, the stack pressure was lowered in steps of 10 MPa down to 10 MPa, and
an impedance spectrum was measured at each pressure step (Figure 6a). In general, we expect an
increase in the resistances as the stack pressure is reduced, and we quantify this trend in Figure 6b
using the calculated partial conductivities. These results emphasize the importance of sustained
interparticle contact (in this case via applied stack pressure) to enable the transport of ions and
electrons in composite electrodes, as well as to maintain contact with the stainless-steel electrode.
Interestingly, upon repressing the CC to the initial stack pressure of 50 MPa, the resistances do not
return to the initial values, but rather to higher values, resulting in a net lowering of 38% for Oefre and
45% for oefrion. These results confirm the existence of mechanical relaxation and its effect on the partial

transport in composite electrodes. To understand this behavior, one must consider the expected
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processes during powder compression. In general, powder compression can be divided into three
phases. Initially, particle rearrangement takes place, accompanied by local elastic deformations. This
is followed by a regime where plastic deformations come into play, along with elastic contributions.
At very high pressures, the whole pellet behaves elastically. For the sulfide-based SE t-Li;SiPSs, plastic
deformations starts at around 500 MPa.*’ Similar measurements for LPSCI| show plastic deformations
above 100 MPa, depending on the SE particle size.*® Upon pressure release, spring back behavior and
elastic recovery cause pellet relaxation by an increase of the pellet thickness, which is accompanied
by a density decrease and reduction of the ionic conductivity.*” This spring back is likely one cause for
the observed reduction of effective conductivities in CCs after readjusting the stack pressure. As the
Young modulus of LPSCI (22.1 GPa)* is much lower compared to the one of NMC (above 150 GPa,
depending on the determination method and composition),*° the latter is expected to be deformed
less under the applied pressure. An immediate conclusion from these results is that opening cells to
modify the measurement setup for a specific CC sample is not a reliable approach. For example,
converting a sample characterized in an ion-blocking cell after some rest time and impedance
measurement to an electron-blocking by opening it, adding two SE and two In/(InLi)x layers on each
side and repressing,® will lead to a different partial transport in the composite electrode and an
incomparable measurement because of the sample history. Note that it is unlikely that the temporal
behavior in Figure 5 is solely originating from the mechanical relaxation effect because the timescales
studied are very different, namely the pressure-dependent measurements reported here encompass
less than an hour of total measurement time in the stack pressure range studied. Therefore, the most
likely explanation of the time-dependent increase in the resistances of CC is chemical degradation,
and we have been able to pinpoint the formation of a new interphase on the CAM as the most likely

cause based on our TLM analysis of the impedance spectra.
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Figure 6: lon-blocking impedance measurements of the CC (CAM:SE 48:52 vol%) performed under controlled pressure. a)
Nyquist plots as a function of stack pressure. Here, the stack pressure was lowered from 50 MPa initially to 10 MPa in steps
of 10 MPa. Afterwards, one more measurement was performed at 50 MPa (repressing). b) Calculated partial conductivities
obtained from the TLM advanced.; model. The percentages shown state the change of the conductivity after the repressing

step to 50 MPa. The thickness of the pellet was 590 um after the measurement.

As heating steps may be required during processing or cycling of composite positive electrodes, the
influence of stepwise heating on the partial conductivities of CCs was investigated. Here, the
impedance spectra of symmetric ion- and electron-blocking cells were measured at 25 °C, 40 °C and
60 °C during heating and at 40 °C and 25 °C during cooling, after 2 h of equilibration time at each
temperature step. Figure 7 shows the temperature-dependent impedance spectra of the CC with the
48:52 vol% NMC 83:6:11:LisPSsCl ratio (in the following referred to as reference sample) measured in
an ion- and electron-blocking measurement setup, and their corresponding Arrhenius plots. As
expected, the impedance spectra measured at 60 °C show reduced high-, mid- and low-frequency
intercepts for both the ion- and electron-blocking setup. However, a drastic change of the spectra is

visible after cooling the cells back to the initial temperature of 25 °C.

In the following, we discuss the evolution of the ion-blocking spectrum (Figure 7a). After cooling back
to 25 °C, the low-frequency intercept R, (equal to Re) and the mid-frequency intercept Ry« are at
higher resistances compared to the initial values. This increase in resistance after heating corresponds
to a decrease in Oefrel, Which is depicted in the Arrhenius plot in Figure 7b. As a result, different

activation energies (E.,«1) are determined during heating and cooling, i.e. lower activation energies are
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observed during heating, and higher ones are observed during cooling. To exclude that this observed
effect is due to pressure changes caused by cell deformations during heating of the cell casing, frame
and stamps, a reference temperature-dependent measurement was performed at fixed pressure
(Figure S9). The trends in activation energies under these controlled conditions are consistent with
those obtained from press cells. To investigate whether this effect is related to interfacial
decomposition reactions, we repeated the ion-blocking measurement with another material
combination. When LiNigsMno2C00,0, (NMC 622) is used instead of NMC 83:6:11, a lower total
electronic conductivity and a much less pronounced decrease in 0eel Of only 6% (Figure S10) is
observed after the heating step. The lower el is explained by the lower electronic conductivity of
pure NMC 622 compared to NMC 83:6:11.°¥>3 The activation energies of the CCs, extracted during
heating, are 0.08 eV for the NMC 83:6:11- and 0.19 eV for the NMC 622-based CC, respectively. The
former value deviates significantly from the literature activation energy, which is 0.24 eV for pure
NMC 811 and 0.27 eV for pure NMC 622.5! During cooling, the determined E,« for NMC 622 is with
0.20 eV almost the same as during heating, whereas a largely increased E, e of 0.22 eV is observed
during cooling for NMC 83:6:11. The less significant decrease in gefrel Of only 6% for the NMC 622-
based CC and the smaller difference between the E, . between heating and cooling might be related
to the different chemical stability of thiophosphate-based SE against the NMCs, as the chemical
stability is known to decrease with higher Ni contents.>*>® These results indicate that (changes in) the

CAM is the determining factor that causes the resistance increase upon heating.
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Figure 7: a) Temperature-dependent impedance spectra of an ion-blocking cell with a CAM:SE ratio of 48:52 vol% during
heating from 25°C to 60 °C and cooling back to 25 °C, b) Arrhenius plot showing the temperature-dependent electronic
conductivities obtained from the fitting of the ion-blocking (ionb.) spectra for three different composite electrodes and the
activation energies, c) the temperature dependent impedance spectra of an electron blocking cell with 48:52 CAM:SE vol%
ratio and d) Arrhenius plot depicting the temperature-dependence of the ionic conductivities. Note that for the ionic
conductivities in d), only the reference composite (NMC 83:6:11 and LigPSsCl) was measured in an electron-blocking (elb.)
cell, the other conductivities are derived from the ion-blocking (ionb.) measurement. Each PEIS measurement was performed

at a frame pressure of 50 MPa, the CC thickness was each =500 um.

Regarding the electron-blocking setup (Figure 7c), only a slight increase is observed in the low-
frequency intercept Ra,ion (€qual to Rion+Rse+Rse|in/intix; for the temperature-dependent determination
of Rse and Rsejinuntijx, S€e Figure S11) after the heating step. That means similar ionic conductivities are
measured before and after heating, and similar E; ion are measured irrespective if they are determined
from heating or cooling (Figure 7d). Conversely, a large increase is observed for the mid-frequency
intercept Riion after heating, which is in accordance with the increase of Ry in the electron-blocking
setup. In Figure 7d, the conductivities obtained from the ion- and electron-blocking

NMC 83:6:11:LPSCI measurement show good agreement. Thus, the temperature-dependent Oeon Of
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the NMC 622:LPSCI CC was extracted from the ion-blocking cell for a rough estimate without the
preparation of an additional electron-blocking cell. The CC prepared with NMC 622 shows a slightly
lower ionic conductivity compared to the CC with NMC 83:6:11, maybe due to particle size changes or
the measurement errors. The E, ion Of all samples are similar, ranging from 0.38 eV to 0.44 eV, which
is slightly higher than what is reported for pure LigPSsCl (0.33 eV).>® No large difference is observed
between heating and cooling.

The results show that a decrease in the electronic conductivity is observed after heating the CC to
60 °C, without large changes in the ionic conductivity. This could be related to a surface change or
decomposition primarily affecting the CAM (surface), similar to the observed effect of the increase of
Oeft.el OVEr time, which was shown in Figure 5. However, unlike the time-dependent change, minimal
changes are observed for oefon, suggesting that a different degradation mechanism is taking place.
Although the same behavior was observed under controlled pressure, the contribution of changes in
the contact resistance between the CC and the current collector cannot be completely excluded as a
contributing factor. Note that additionally, commercial NMCs are often coated and/or doped to
change the stability of the material against the LPSCI SE,*” and/or possess residual surface lithium
impurities,*® all of which can influence the temperature-dependent behavior of the CCs in different
ways.

Taken together, multiple changes occur after the preparation of CC at high pressures. Firstly, after
mixing CAM and LPSCI, a degradation process/reaction takes place which hinders the transport. A
constant linear resistance growth that scales with the square root of time is observed within the
timescale of our experiments. Secondly, mechanical relaxation of the composite electrodes is present
upon pressure release, which strongly influences the partial transport. This should be taken into
account when optimizing (large-scale) electrode preparation protocols. Lastly, temperature treatment
of the cathode composites leads to changes in the partial transport, presumably via a degradation
mechanism that is different from the one appearing over time and/or which exacerbates the

degradation of one component (the CAM) in the CC.
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Influence of Partial Transport on Cycling Performance

Lastly, cycling experiments on the composites with the three different CAM:SE vol% ratios were
performed, the specific discharge capacities and Coulomb efficiencies are depicted in Figure 8a and
Figure 8b, respectively. The tests were conducted at 0.5C for 300 cycles in which the first seven cycles
served as formation and pretreatment cycles in which lower rates were applied (0.05C, 0.05C, 0.1C,
0.05C, 0.1C and 0.2C). During these formation cycles, the 61:39 vol% CAM:SE ratio composite (CCe1:39)
exhibits the highest specific capacities, whereas the specific capacities of the 48:52 vol% composite
CCus:s2 and the 37:63 vol% composite CCsz.63 show lower specific capacities (Figure 8c). This capacity
difference during the formation steps between the CCe1:39and the composites containing smaller CAM
contents is particularly pronounced at small C-rates (30 mAh-g* difference at initial 0.05C cycle). At
cycles conducted with higher C-rates however, this difference is reduced significantly to e.g. 1 mAh-g*

at the first 0.5C cycle.
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Figure 8: Cycling of positive electrode composites with different CAM:SE volume ratios. a) Specific discharge capacities during
long-term cycling; b) Coulomb efficiencies; c) rate capability of each the first cycle at every C-rate during formation (filled

circles) and the final C-rates at 0.5C (open circles), d) polarization voltages calculated from average charge minus average
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discharge voltage. Cycling was performed in press cells at 0.5C and after a pretreatment of 0.05C, 0.05C, 0.1C, 0.05C, 0.1C
and 0.2C with a cycling pressure of 50 MPa. Shown is the average and standard deviation of three cells. e) Differential
capacity of the first and f) reaction rate distribution as a function of position in the cathode composite, calculated using

porous electrode theory by Newman and Tobias.>®

Despite CCs1:39 showing the highest capacities during the formation cycles, it shows the lowest capacity
retention during 0.5C cycling. For all cells, an increase of the specific discharge capacity Q.. over
cycling at 0.5C (in the following referred to as activation behavior) is observed in the first n..: cycles.
This activation behavior is the least pronounced for CCe1:39 (Qac= 2 mAh-g?, n,= 11), and very evident
for CCs7:63 (Qact= 27 MAh-g™, nai= 34) and CCas:sz (Qact= 18 mAh-g™, n,= 182). The polarization voltage,
calculated as the difference between the average charge and average discharge voltages, is consistent
with these results, showing a decrease of the polarization at initial cycles for CCss:52 and CCs7.63 Wwhere
the activation behavior is observed (Figure 8d). The decrease in polarization indicates that the cell
resistance is decreasing. Additionally, the Coulomb efficiencies (Figure 8b) in the first three and
fourteen 0.5C cycles for the cells CCs7.63 and CCas:s2 are over 100%, respectively, indicating that the
capacity loss due to the high C-rate is partly recovered or that a decomposition reaction occurs. Three
phase transitions are present in the differential capacity (dQ/dV) plot (Figure 8e): hexagonal to
monoclinic (H1->M), monoclinic to hexagonal (M->H2) and another hexagonal phase transition
(H2->H3).%° For the H1>M transition, two peaks are present during charge, which is especially visible
in the first cycle (0.05 C). The two peaks of the H1->M phase transition have different intensity ratios
for the different compounds. For CCs7¢3, there is an intense first peak at 3.60 V vs. Li*|Li and a
suppressed second peak at 3.75V vs. Li*|Li, in contrast to a less intense first peak which is only
observed as a shoulder, and a very intense second peak for the other two CCs which are richer in CAM.
Another mayor difference is observed in the H2->H3 peak during charging. This transition is shifted to
higher voltages, with higher CAM content, and is known to be responsible for anisotropic volume
changes, leading to capacity fading,®V%? the latter is observed here for higher CAM contents. These

differences are still present in the second cycle (0.05C, Figure S12a), but they become less
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pronounced. In further cycling, the activation behavior is accompanied by the intensification of the

H2->H3 phase transition (Figure S12b).

Connecting the observed cycling performance to the measured partial transport, CCe1.30 with the
highest CAM content shows the lowest effective ionic conductivity (0.033 mS-cm™), the highest
polarization voltages and the worst cycling stability. Thus, its partial ionic conductivity is not sufficient
to enable high C-rates, leading to the high polarization voltages observed. On the other hand, CCs7:63
which has the lowest electronic conductivity (0.35 mS-cm™) and CCus:s» show similar cycling behavior,
with slightly lower capacities during most of the cycling and a marginally worse rate capability for the
former. These results indicate that for the investigated system, the partial ionic conductivity limits
cycling performance and might lead to inhomogeneous reaction current distribution in the composite
electrode, inducing reaction fronts.®® To determine the distribution of the reaction rates in the CCs,
additional simulations were performed. While operando measurements require complicated
measurement setups, porous electrode theory by Newman and Tobias provides a quick tool to
estimate the reaction rate distribution along an electrode based on the experimental parameters
(details in Section 5 of the Supporting Information).>® Although developed for porous electrodes filled
with an electrolyte solution, it can also be applied to solid-state batteries, as the general boundary
conditions remain the same.® The calculated reaction rates are shown in Figure 8f. Similar and
relatively uniform reaction rate distributions are predicted for the composites CCs7.63 and CCas:sy,
whereas CCe1:39 clearly shows inhomogeneous current distribution with significantly higher reaction
rates near the separator. The pronounced reaction rate inhomogeneity in CCs1.30arises from its limited
ionic conductivity. In combination with its much higher electronic conductivity, this leads to electrode
reactions predominantly occurring near the separator. With this, the model predicts larger reaction
rate inhomogeneities when cycling CCs1:39, which could explain the faster capacity fading observed

during long term cycling for this composition.
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Interestingly, CCs7:63 Which shows a Geffion:Oeff,ion ratio near 1 (measured in the thick electrode setup),
does not show the best results in terms of polarization voltage and long-term cycling stability. Thus,
there must be other factors beyond optimized partial transport at 0% SOC influencing the cycling
performance, as already suggested by Hendriks et al..® More recently, Kissel et al. introduced the
terms static capacity and dynamic capacity to distinguish between two types of capacity losses with
respect to the theoretical capacity of an electroactive material.®® The static capacity is the capacity
that remains after composite electrode preparation, and possible causes for losses are poor mixing,
poor electrode design and electronic contact losses during cycling, all of which lead to inaccessible
CAM particles (active mass loss). The dynamic capacity is defined as the remaining capacity after
kinetic losses upon cycling. Such losses originate from poor transport properties, e.g. due to high
tortuosities and/or low partial conductivities, interfacial degradation or partial contact losses during
cycling, and become more evident at high C-rates.®® As such, the quantification of the partial transport
of CCs in (thick) symmetric cells has limited predictability with respect to the cycling performance of
such CC in (half/full) battery cells. The limited transferability is, on the one hand, due to the finite size
effects we identified and, on the other hand, due to fact that static and dynamic capacity losses are
not accounted for at 0% SOC. Instead, we have been able to utilize such symmetric cell transport
measurements to evaluate some of the contributors to static capacity losses (surface layer formation,
decomposition products, pressure relaxation) that can lead to additional kinetic losses (e.g. lower
partial transport and/or higher tortuosities) that influence the resulting dynamic capacity. Note that
the microstructure and partial transport of the CC changes during cycling, due to the volumetric

changes of the NMC particles during the (de)intercalation of lithium ions, especially for higher Ni

66,67 51-53

contents, and the increase of electronic conductivity of CAMs during deintercalation.
Moreover, finite size effects on the partial transport occurring in thin electrodes, interfacial
degradation and the possibility of reaction fronts, all of which were quantified in this study, are specific

examples of how poor transport properties contribute to kinetic losses, causing the resulting dynamic

capacities of the CCs.
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Conclusion

In conclusion, the present study discusses the usage of TLMs to determine partial transport in positive
composite electrodes. In the first part, three different TLMs and their corresponding impedance
response in Nyquist plots are shown. By varying the CAM:SE ratio, the TLM that accounts for an
interparticle resistance between the CAM particles showed the most physically reasonable fits. The
impedance spectra change over time, mainly due to a large increase in Reiint and a slighter one in Rion,
suggesting a chemical degradation process at the surface of the CAM that primarily impedes the
transport of electrons in the CC. Similarly, an increase in Re after heating to 60 °C was observed,
strongly dependent on the used NMC species. With respect to the preparation of symmetric cells to
quantify partial transport, future reports should be careful about opening and reclosing a prepared
cell, as the partial conductivities change due to mechanical relaxation. Additionally, partial
conductivities and tortuosity can vary with the thickness of a composite electrode. Specifically, the
partial transport of a given CC measured in a thick configuration differs from that one of a thinner
electrode with the same composition, with a decrease in electrode thickness being accompanied by
an increase in both ionic and electronic conductivity. Our simulations highlight that these finite size
effects become particularly pronounced when large particles are used. Therefore, additional ex-situ
measurements like scanning electron microscopy or X-ray tomography measurements are required to
investigate the actual microstructure of the CC. At the minimum, the measurement of the particle size
distribution should be performed to enable the evaluation of finite size effects when comparing the

component’s particle sizes with the thickness of the composite electrode.

Taken together, comprehensive pressure-, temperature- and time-dependent impedance studies on
such symmetric cells at 0% SOC and the subsequent fitting with TLMs can provide deep insights on the
compatibility of the CC components, possible degradation mechanisms as well as the expected initial
static capacity of such CCs in cells, and they can help to reduce the effects of kinetic losses by
optimizing the tortuosities. However, the transferability of the transport properties of such thick

electrodes to battery cells is not straightforward and particularly limited by different aspects. Firstly,
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inhomogeneous microstructures can show high partial conductivities, e.g. if both species are in
separate parts of the composite, but they will likely show large static and dynamic capacity losses
during cycling due to the inactive and/or inaccessible CAM particles. Therefore, (in-situ) OCP
relaxation should be used to quantify the CAM utilization and active mass loss during cycling.>¢®
Secondly, the thickness-dependence of transport limits the transferability of the conductivities
measured in thick electrodes to thinner electrodes used for cycling due to finite size effects and
possible reaction fronts. Thirdly, the partial transport is changing over cycling, which is caused by
microstructural changes and the SOC-dependence of the partial electronic conductivity of CAM,
adding the necessity for operando and SOC-dependent quantification of the partial transport and
evolving microstructure. Operando quantifications in solid-state battery half-cells require the use of
Z-type TLM models with the same circuit elements in the electronic and ionic lines as the T-type model,
but with an ionic connection towards the separator and an electronic connection towards the current
collector.r” However, charge-transfer resistances cannot be neglected and complicate the
interpretation of the impedance spectra. As such, more systematic studies are needed to evaluate,
understand and validate the implementation of TLM models to describe the impedance spectra of
solid-state battery cells. Despite these limitations, the detailed pressure-, temperature- and time-
dependent impedance studies on symmetric cells and the subsequent fitting with TLMs can provide
valuable insights on the compatibility of the CC components, possible degradation mechanisms as well

as the expected initial static capacity and factors leading to kinetic losses that aid the development of

composite electrodes for solid-state battery cells.

Supporting Information

Details on the transmission line models, numerical simulations, time- and temperature-dependent
partial transport, differential capacity plots, material characterization and details on the reaction rate
calculations using the Newman and Tobias model and additional references can be found in the
Supporting Information document.
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