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Evolution, Collapse, and Recovery of Electronically
Conductive Networks in Sulfide-Based All-Solid-State
Batteries Using Passivation-Coated NMC and C65

Nikolaos Papadopoulos, Elias Reisacher,* Tim Schubert, Simon Hein, Timo Danner,
Arnulf Latz, Pinar Kaya,* and Volker Knoblauch*

All-solid-state batteries offer enhanced safety and energy density
compared to conventional systems, but their performance critically
depends on the microstructure of the composite cathode. Sulfide-
based solid electrolytes (SEs) are promising Li-ion conductors, yet
they degrade upon contact with cathode active materials, neces-
sitating passivating coatings that impair electronic conductivity.
Herein, an electron-conducting matrix of SE and 4 wt% conductive
additive (C65) at the percolation threshold is introduced to mini-
mize side reactions. The effect of coated active material fraction on
ionic and electronic conductivities is investigated using electro-
chemical impedance spectroscopy, rate tests, 2D/3D imaging,

1. Introduction

Battery systems are a crucial enabling technology for the
transition from fossil fuels to sustainable energy. All-solid-
state batteries (ASSBs) have emerged as a promising alternative
to conventional liquid electrolyte-based batteries due to their
potential for enhanced safety and higher energy density through
the use of lithium metal anodes.™ These potentials stimulated
intense research efforts in recent years, with the aim of
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and numerical simulations. The results highlight the critical role
of the electronically conductive network, which percolates at
low CAM loadings, collapses at 50 wt% as C65 adheres to coated
CAM surfaces—depleting the bulk network—and recovers at
higher loadings via percolation of C65-coated particles, demon-
strating the essential function of C65. At 70 wt%, a robust network
yields 99.8 mAh g~' at C/10 and 84% retention at C/5; at 80 wt%,
ionic conductivity diminishes despite improved electronic trans-
port, reducing rate performance. These findings underscore the
need to balance ionic and electronic pathways and provide
new insights into the role of additives in composite cathodes.

overcoming the remaining technical challenges and moving
solid-state technology toward practical applications.”™

Composite cathodes (CCs) exhibit a complex microstructure
and are critical to overall electrochemical performance. They typi-
cally consist of a solid electrolyte (SE) and a cathode active mate-
rial’®” Generally, in such two-phase cathode microstructures, the
SE provides the ionic charge transport, whereby the active material
and conductive additive (CA) are responsible for the electronic
charge transport.” The two phases are usually inversely isolating
for the complementary charge species in the CC””® Among
lithium-ion conductors, sulfide SEs have the highest conductivities
at room temperature, outperforming polymers or oxide electro-
lytes.” In particular, these types of SEs combine the advantages
of relatively simple synthesis with high ionic conductivity.'®'"
Among them, the chlorine-doped argyrodite LigPSsCl (LPSCI) is a
highly promising representative with high ionic conductivity
utilizing relatively cheap raw materials."®'? However, sulfide SEs
tend to decompose when in contact with the active materials
on both the positive and negative electrodes.'>'®

Thus, to utilize thiophosphates and prevent degradation at
the SE-NMC interface, it is necessary to apply thin oxide coatings
such as Li,TiO;,, ZrO,, and LiNbO; on the NMC particles.!'#®
However, while being permeable for the lithium ions, these
coatings impair the electronic conductivity since they are poor
electronic conductors.'® One approach to overcome the poor
electronic conductivity of coated active material is to add CAs
to the CC.l" However, it is known that the addition of these addi-
tives can lead to accelerated degradation at the CA-SE interface
and deteriorate the cycle life.'®'?

In their investigation of two-phase mixtures in blocking
configurations, Minnmann et al. employed NMC622 (intrinsic
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electronic conductivity 1.0 x 107*Scm™") and LPSCI, quantifying
their ionic and electronic conductivity. As a result, an electronic
conductivity of 5.56 x 1077Scm™" and an ionic conductivity
of 1.66x107Scm™" were determined for a mixture with
42 vol% (70 wt%) NMC622."!

Only a limited number of studies have considered the use of
coated active material with low intrinsic electronic conductivity.
Furthermore, there has been no emphasis placed on the character-
ization of charge transport with respect to coated active
material®>?? but on degradation and aging behavior of CCs.

In order to counteract the low electronic conductivity of the
coated active material, it is possible to either increase the total pro-
portion of active material in the microstructure or CA can be
added. The latter has the advantage of increasing the electronic
conductivity, even with small quantities (wt%), but it has the dis-
advantage of causing degradation at the CA-SE interfaces and
reducing the fraction of active material or SE, which in turn nega-
tively affects either the capacity or ionic conductivity of the CC.

To maintain a minimal quantity of CA, it is essential to con-
sider the NMC:CA ratio, as they complement each other in the
formation of electronic conducting pathways. For this reason,
microstructures with low active material content should be sup-
ported with more CA content to form electronic pathways com-
pared to those with high amounts of active material content in
which the network of NMC particles contribute to the electronic
conductivity of the CC. In our previous study, we investigated the
electronic and ionic conduction mechanisms of mixtures of LPSCI
as an SE and €65 as a CA. Our findings revealed that the perco-
lation threshold is in the range of 3-4 wt% C65, leading to a high
electronic conductivity of the compound without a significant
impact on ionic conductivity.”® Such a mixture could work as
a conductive matrix (CM) for CCs that employ active material with
low electronic conductivity. In this context, the term CM refers
specifically to a pre-formed functionalized SE by adding CA above
the percolation threshold. In doing so, the SE, respectively, the
mixture of SE and CA becomes electronically conductive while
maintaining its ionic conductivity. When adding CAM to this mix-
ture of SE and CA, one could think of this mixture acting as a CM
in which the CA is embedded. This is distinct from considering the
entire composite electrode as a homogeneous CM. The CM
approach is particularly relevant when using active materials that
exhibit low intrinsic electronic conductivity or possess passivating
or functional surface coatings, which can hinder charge transport.

Accordingly, the present study employs this CM to examine
the relationship between microstructure and ionic/electronic
conductivity in CCs, as well as their electrochemical performance
in terms of capacity and rate capability. To this end, the weight
ratio between LPSCl and C65 was maintained at 96:4 in all various
CCs, while the proportion of the coated-NMC622 was varied in
between 50 and 80 wt%. The microstructural evolution of differ-
ent cathode mixtures was analyzed, and the effective ionic and
electronic conductivities were investigated experimentally, sup-
ported by numerical simulations based on reconstructions of
the tomography data. Subsequently, these findings were corre-
lated with the rate capability and cycling performance of the cells.
The results of this study contribute to a better understanding of
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the interplay between microstructure, partial conductivities and
electrochemical performance of CCs with various compositions.

2. Experimental Section
2.1. Material Synthesis and Cell Preparation

LisPSsCl was synthesized using a previously reported solid-state
reaction route®?% and ground in an agate mortar to reduce the
size of the particles (more information on SE pregrinding can be
found in Figure S1, Supporting Information). Pre-ground LPSCI
was mixed with C65 (MTI, Imerys, Bironico, Switzerland) and sin-
gle crystal NMC622 coated with a ceramic Li-ion-conductor in
nm-range (CAM) simultaneously to prepare the CC mixtures,
whereby the weight ratio of LPSCl to C65 was kept constant
at 96:4 for all CC compositions.”?® Physical properties of the mate-
rials can be found in the Table T1, Supporting Information.

The CC mixtures were prepared in a ball mill (Pulverisette 7,
Fritsch GmbH, Germany) with 5mm diameter ZrO, grinding
media at a rotational speed of 160 rpm and a total milling time
of 1h. The milling media to powder ratio was 29.74:1. The CC
mixtures and their composition are given in Table 1. Due to
the introduction of the CM in the CC, the content of C65 varies
in the mixtures according to the coated-NMC622 fraction.

For electrochemical impedance spectroscopy (EIS) measure-
ments, CC pellets were manufactured by uniaxially pressing
100 mg of CC mixture in a die with an inner diameter of 10 mm
under 375MPa for conductivity measurements. Additionally,
because both coated-NMC622 and C65 contribute to the formation
of the electronic pathways, the intrinsic conductivity of coated-
NMC622 + C65 mixtures in CC was determined by considering
the C65 share in electronically conductive phase in the correspond-
ing CC mixtures. The thickness and densities of individual samples
used for electrochemical characterization can be found in Table T2,
Supporting Information.

For the preparation of ASSB cells with a diameter of 10 mm,
85mg of LPSClI were compacted with a uniaxial pressure of
375 MPa as a separator layer of =730 um thickness corresponding
to an electrolyte mass loading for the separator of 106.23 mg cm ™.
Subsequently, 20 mg CAM mixture (e.g., for the 70 wt% mixture,
this corresponds to a total mass loading of =17.83mgcm™2
corresponding to a CAM loading of 2.67 Ah cm™2) were applied
on one side of the LPSCI separator and the In/InLi alloy as an
anode to the other side. For the anode, 6 mm-diameter lithium

Table 1. Examined CC mixtures with the weight and volume fractions.
Mixtures wt% vol%

CAM ™M CAM ™M CM total
CAM :CM NMC622 LPSCI C65 NMC622 LPSCI (65
0:100 0.00 96.00 4.00 0.00 9536 4.64 100.00
50:50 50.00 48.00 2.00 28.54 68.14 3.32 7146
70:30 70.00 2880 1.20 48.24 4935 240 51.75
80:20 80.00 19.20 0.80 61.51 36.71  1.79 38.50
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foils (200 um thick) and 8 mm-diameter indium foils (250 um o _ L (1)
thick) were stacked prior to cell assembly. The resulting anode elfton-eft Retjion

assembly had Li fraction of 35.06 at%. The total mass of the stack
was approx. 95mg, corresponding to a mass loading of

121 mgecm™2

2.2. Material Characterization

Microstructural characterization of the CC pellets was performed
using a scanning electron microscope (SEM) (Zeiss Sigma 300VP &
Zeiss Crossbeam 550, Carl Zeiss Microscopy GmbH, Germany)
with secondary (SE) and backscattered electron (BSE) detectors.
For 2D SEM analyses, cross sections of the CC pellets were pre-
pared by using an argon polisher (ArBlade 5000, Hitachi, Japan),
and the surface was sputtered with gold. FIB/SEM tomography
was performed using a gallium liquid metal ion source
(Ga LMIS), and these analyses include the procedure of fs-laser
precutting of the region of interest, ion sectioning with simulta-
neous SEM imaging. Serial sectioning was done with an ion beam
current of 3 nA and an accelerating voltage of 30 kV. SEM imaging
was performed using an Inlens backscattered (ESB) detector at
1.5 kV accelerating voltage and 1 nA beam current. The proce-
dure for image processing of the acquired image stacks from
FIB/SEM-tomography includes alignment (3D reconstruction),
cropping to a region of interest, followed by Al image segmen-
tation with a deep neural network. Reconstruction and segmen-
tation were done with Dragonfly software. Transfer shuttles of
Kammrath & Weiss (Schwerte, Germany) for SEM and of Zeiss
(Carl Zeiss Microscopy GmbH, Germany) for FIB/SEM-tomography
were used to transport the samples to the microscope chamber
to protect them from ambient atmosphere.

2.3. Electrochemical Tests

All electrochemical tests were performed in a climate chamber
(KB 53, BINDER GmbH, Germany) at 25°C on a potentiostat
(Biologic VSP 300, Seyssinet-Pariset, France). Electrochemical
impedance spectroscopy (EIS) measurements were conducted
using blocking cell configurations to determine electronic and
ionic conductivity with an oscillation amplitude of 10mV in
the frequency range between 7 MHz and 5 mHz. For the ion
blocking configuration, stainless steel plungers were used as
electrodes while in electron blocking configuration, LPSCI
powder and In(InLi), alloys with x < 0.45 as lithium reservoirs on
both sides of the CC pellet were used in a setup applying
40 MPa (demonstrated in Figure S2, Supporting Information).
For each investigated pellet, three identical measurements were
performed. The resulting impedance spectra were analyzed by
fitting with a T-type transmission line model (TLM) based on
the literature®?¥ using the RelaxIS 3 software package
(rhd Instruments, Darmstadt, Germany). The effective conductiv-
ity of the CC is calculated by using the geometrical thickness L
and area A of the cylindrical composite cathode and the
calculated resistances R, and Ri,,, obtained from the impedance
analysis (Equation (1)).
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The additional contribution of ionic resistance across the
interface of two In/(InLi), electrodes and two LPSCL blocking
layers was determined experimentally and considered for the
interpretation of the EIS data of the CC mixtures. (Figure S3,
Supporting Information).

The tortuosity factor was calculated considering both the
effective partial conductivity of the sample and the conductivity
of the electronic phase (for the electronic tortuosity) or the ionic
phase (for the ionic tortuosity) and the volume fraction @y ion Of
the respective material by using Equation (2).*”

2 gel/ion,o
T4, = ) 2
el/ion O-el/ion.eff ¢el/|on ( )

Cycling experiments were carried out in a voltage range
between 1.88 and 3.63 V. After a formation cycle of C/10, the cells
were cycled in constant current and constant voltage modes with
C-rates between C/5 and 1C. For the calculation of the C-rate,
a theoretical capacity of the CAM of 150 mAh g~' was assumed.
During cycling, a stack pressure of 40 MPa was applied. For infor-
mation regarding reproducibility of the cycling experiments,
please refer to the Figure S7, Supporting Information.

2.4. Modeling and Simulation

Effective conductivity calculations for ionically and electronically
conducting phases have been performed using the battery and
electrochemistry simulation tool BEST. The electronic conductivity
is calculated on a representative cut-out of the reconstruction data
of CC samples with different CAM content. These simulations are
carried out directly on the experimentally reconstructed 3D micro-
structures obtained via FIB-SEM tomography, ensuring that the real
particle arrangements and phase distributions are represented.
These cut-outs are selected to have the same volume fraction
of active material as given in Table 2. The dimension of these
domains is the full thickness of the reconstruction in through direc-
tion and 14 pm in the lateral directions. Within these cut-outs the
active material particles were identified using a watershed algo-
rithm implemented in MATLAB based on Ref. [28] To obtain the
electronic or ionic conductivity, the Poisson equation is solved with
varying local conductivity through a finite-volume discretization.

0=V. (O_el/ion,o(X)Vwel/ion(x)) (3)

Boundary conditions were chosen to reproduce the ioni-
cally or electronically blocking measurement setups schemati-
cally shown in Figure 3. Details of the approach are described in
more detail in Ref. [29] Local ionic and electronic conductivities
were set according to the phase segmentation assuming differ-
ent geometric scenarios arising from the processing of materi-
als as schematically indicated in Figure 5. The contact resistance
between active material particles is added to the electrical
current at the corresponding interfaces and described through
the specific contact resistance pSj. The electrical current at the
contact interface between two active particles is therefore
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given by]": — (Ea,,, +p%) . ﬁqo. The value of the specific contact
ab

resistance (50 Qcm?) was chosen to reproduce experimental
data at 70 wt% CAM content in an electrode without CA.

3. Results and Discussion
3.1. Microstructural Investigation

The cross-sectional SEM images of the CCs with various CAM frac-
tion in Figure 1 demonstrate that the particle size distribution of

(a) e (©)

(b)

70 wt% coated-NMC622

the CAM (equiaxed grains in light gray) is relatively narrow,
while the LPSCI (dark gray) exhibits large agglomerates.
Furthermore, the composite cathode exhibits a relatively dense
packing, which can be attributed to the plasticity and low
Young’s modulus of the LPSCI, coupled with the high pressure
applied.%

3D volume images of the various CCs taken by FIB/SEM tomog-
raphy confirm the 2D results with regard to the phase distribution
(see Figure 2a-c. The lower the amount of CAM, the more
pronounced the SE network. Phase segmentation images are pre-
sented in Figure 2d—f, which show three distinct phases: coated-
NMC622 (red), LPSCI (green), and pores (blue), while the C65 cannot

(e)

80 wt% coated-NMC622

70 wt% coated-NMC622

80 wt% coated-NMC622

Figure 1. Cross--sectional SEM BSE images of a,b) 50 wt% CAM with CM, ¢,d) 70 wt% CAM with CM, and e,f) 80 wt% CAM with CM in CC pellets. CAM is

shown in light color. LPSCL is given by the dark particles.

(b)

Figure 2. 3D microstructures obtained with FIB-tomography (50, 70, and 80 wt% CAM). The voxel resolution is 26 x 26 x 50 nm. a—c) original grayscale data
from FIB-tomography; d-f) segmented tomographs, with LPSCI in green, CAM in red and pores in blue.
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Table 2. Comparison of the designed composition and FIB-tomography
segmentation results.

CAM:CM (wt%) CAM:CM (vol%) Segmentation (vol%

components in CC)

Red Green Blue
CAM LPSCI Pores
50.0 : 50.0 285:715 29.95 66.73 3.22
70.0 : 30.0 482 :51.8 47.15 48.26 4.60
80.0 : 20.0 61.5:385 51.93 42.36 571

be resolved. The phase fractions obtained from the segmented 3D
volumes are approximately in line with the initial composition
(Table 2). Note that those values are based on the segmentation
of a small volume of the sample, and thus do not necessarily
represent the whole sample, which is by nature inhomogeneous
in its composition. Additionally, C65 amounts were not considered
as it was not possible to detect them on the volume images.

3.2. Electronic and lonic Conductivities

Figure 3 illustrates the representative Nyquist plots of the respec-
tive CCs (50 wt% CAM, gray; 70 wt%, red; 80 wt%, blue circles) in
ion blocking and electron blocking configuration, with measured
impedance presented as markers and the equivalent-circuit fit as
a solid line. The CC pellets and the associated TLM model are
shown in a) ion blocking configuration for electronic conductivity,
b) electron blocking configuration for ionic conductivity, and
¢) circuit elements applied in the utilized TLMs for the respective
charge pathways (in light blue illustrated the electronic bulk
resistance corresponding to an ohmic resistor and in dark blue
the electronic interface impedance corresponding to a ZARC
element, please refer to Figure S6, Supporting Information for
further details of the used TLM). Additionally, the associated
TLM model and the equivalent circuit elements applied in the
model are provided according to Ref. [27] As the CCs consist
of multiple phases, charge transport can occur within these
phases and across the interface between them. Consequently,
the TLM model depicted in Figure 3 encompasses all these
contributions (Z., Zion, and Z;,y) on the impedance spectra.

The low-frequency part (o — 0 Hz) of the Nyquist plot per-
formed with ion-blocking electrodes shown in Figure 3a indicates
a teardrop shape for the samples containing 70 and 80 wt% CAM.
This is a characteristic behavior of a percolating electronic net-
work.”? In contrary, this is not the case when the amount of
cathode active material was reduced to 50 wt%, indicating a
low electronic conductivity. In contrast, Nyquist plots with
electron-blocking electrodes in Figure 3b emphasize ionic
transport and interfacial phenomena, with blocking of electron
transport at the electrodes (In/Li interfaces) with well-defined
visible semi-circles in the mid-to-high frequency range, which
is attributed to bulk and interfacial ionic resistances in CCs.
At 50 wt% CAM, the impedance is the lowest, suggesting good
ionic connectivity—likely due to a higher fraction of the ionically
conductive phase (SE). As the CAM fraction increases to 70 wt%
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and especially 80 wt%, impedance increases again, pointing to
reduced ionic percolation due to the collapse of the SE network.

Figure 4 shows the effective ionic and electronic conductivity
and the corresponding tortuosity values of the different CCs as
well as of the CM and the CAM.

The pure CM (corresponding to 0% CAM) consists of 96 wt%
LPSCl and 4 wt% C65 and exhibits a high effective electronic con-
ductivity of 2.71 x 107>Scm™', which is in line to our previous
findings.”® The corresponding impedance spectra can be found
in Figure S4, Supporting Information. At the other end of the scale,
samples containing only CAM exhibit an effective electronic
conductivity of 7.98 x 107°Scm™' (see Figure S5, Supporting
Information). This value is at the lower end of the reported values
of electronic conductivity of NMC with similar Ni content in a range
between 107 and 107*S cm™'®3"32 and can most likely be attrib-
uted to the use of passivation coating on the CAM in this study.
Adding 50 wt% CAM to the CM, the effective electronic conductiv-
ity drops by 4 orders of magnitude to 2.08 x 1077 Scm™, this is
accompanied with a sudden surge in tortuosity. Increasing the
amount of CAM to 70 wt%, respectively, 80 wt% results in an
increasing effective electronic conductivity, which ultimately con-
verges toward the value of pure CAM. It is noteworthy that the
absolute quantity of C65 diminishes concurrently with increasing
amount of CAM (see Table 1). In other words, despite the fact that
the mixture contains the greatest proportion of C65 (50 wt%
coated-NMC622), it exhibits the lowest effective electronic conduc-
tivity (2.08 x 1077 Scm™"). In contrast, the ionic conductivity (which
is provided by the CM, respectively the SE) illustrated in Figure 4b is
not as strongly influenced by the addition of CAM. The CC contain-
ing 50 wt% CAM exhibits approximately the same effective ionic
conductivity as the pure CM. Even adding 80 wt% CAM reduces
the effective ionic conductivity only by less than one order of mag-
nitude to 5.15 x 107>Scm™" and the tortuosity factor increases
from 1.00 (pure CM) to 11.86. These results indicate that the CM
network remains intact providing conductive pathways for ions,
even for a high CAM-content of 80 wt% corresponding to about
37 vol% of ionically conductive SE (see Table 1). It can be assumed
that due to its plasticity, the LPSCl particles adapt to the surrounding
CAM particles under high pressure during fabrication providing a
conductive network even with such low phase fractions.*®

In contrast—and surprisingly—the effective electronically
conductive network of the CM collapses with the addition of
50wt% CAM, but is re-established by further increasing the
CAM content in the CC. We assume that the C65 partially adheres
to the CAM particles during the preparation of the CC mixture. As
a result, the amount of C65 in the CM drops below the percolation
threshold of 3-4 wt%, and the CM becomes electronically insu-
lating as shown in our previous work.” In turn, 50 wt% of
CAM is not enough to build a conductive network of CAM
particles resulting in a very low effective electronic conductivity
of the CC. As the amount of CAM increases, we exceed the per-
colation threshold of the CAM, and an electronically conductive
CAM network is formed, with the CAM taking over the role of the
primary electron conductor. This hypothesis is supported by
microscopic investigations (see Figure 1 and 2) as well as by
the Nyquist plots which indicate that there is no percolation net-
work for the 50 wt% sample.
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TLMs for the respective charge pathways (in light blue illustrated the electronic bulk resistance corresponding to an ohmic resistor and in dark blue the

electronic interface impedance corresponding to a ZARC-element).

Figure 5 illustrates the numerical simulation of the effective
electronic conductivity for different compositions and with differ-
ent assumptions as described in the experimental part. The results
support our hypothesis of changes in the electronic network due
to CC processing. The blue data points represent the experimental
values according to Figure 4a. The simulations assume and evalu-
ate different scenarios of C65 distribution within the CC schemati-
cally indicated on the right-hand side of Figure 5 and applied to
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the segmented image data with different CAM contents. Scenario
i) represents a homogeneous distribution of C65 in the CM.
The latter being the ideal case for forming percolating ionic
and electronic conducting networks throughout the CC
Scenario ii) assumes that after processing all the C65 sticks to
the surface of CAM particles providing a closed conductive coating
(green circles). The CM is not contributing to the electronic
conduction in this case. Scenario iii) represents a mixture without
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Figure 4. a) Effective electronic conductivity and tortuosity factor and b) effective ionic conductivity and tortuosity factor of CC mixtures.

Table 3. Values of electronic and ionic conductivity with corresponding tortuosity factors for different CAM fractions.

Weight fraction CAM [wt%] 0.00 50.00
Volume fraction CAM [vol%] 0.00 28.54
G [Scm™] 271 x 1073 2.08 x 1077
El. tortuosity factor 3.09 63477.89
Gion [ScmM™'] 3.00 x 107* 2,69 x 107
lon. tortuosity factor 1 1.88

70.00 80.00 100.00
48.54 61.51 100.00
129 x 10°° 5.15x 107 7.98 x 10°°
10.57 235 1.00
1.25x 107* 237 x10°° -

3.80 11.86 -

Volume fraction CAM (vol%)
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Figure 5. Microstructure-resolved simulation of the electronic conductivity for different mixtures and different assumptions in comparison to experimental

findings. Additionally, the simulated scenarios are shown schematically.

C65 CA. Note that all of the scenarios are simplifications aiming to
understand the effect of limiting processes. Future work will
provide a more comprehensive description of C65 networks.
Red circles in Figure 5 represent the ideal scenario i) in which
the C65 content in the CM is at the percolation threshold—and
thus, the CM is electronically conductive for all CC mixtures—
and the CM phase is fully connected to the CAM phase.
Simulations predict that the effective conductivity slightly
decreases with increasing CAM content due to the lower electronic
conductivity of the CAM compared to the CM. This is in contrast to
the experimental data (blue squares) where effective electronic
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conductivity drops significantly on addition of 50 wt% CAM and
then rises again considerably with increasing CAM content.
An additional measurement of a CC mixture containing 70 wt%
CAM and pure SE (without C65) was performed. The effective
electronic conductivity of measurements of the electrode without
C65 is lower by two orders of magnitude. The measured conduc-
tivity (without C65) is used to identify the value of the specific con-
tact resistance between CAM particles, which is used for all other
numerical simulations. Additionally, we virtually test in scenario iii)
a CM without C65 additive (yellow circles). Conductivity values
predicted by the simulations are lower for all compositions.
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This demonstrates that addition of C65 to the CM has a significant
effect on the measured electrode electronic conductivity. Finally,
we virtually probe the hypothesis of C65 adhesion on CAM particle
surfaces during processing. In scenario ii) C65 completely covers
the surface of the CAM particles, while the CM loses any electric
conductivity. The highly conductive surface film forms a percolat-
ing network via the CAM particle network, which results in very
high CC effective electronic conductivity. Experiments with C65
in the CM are between scenario iii) without C65 and scenario ii)
assuming perfect coverage. Based on the simulation studies, we
can conclude that the C65 has a strong positive effect on electronic
conduction networks. However, adding CAM to the CC formulation
affects the electric network and reduces the effective conductivity
compared to the ideal C65 distribution in the CM alone. Adhesion
of the C65 to the CAM forming imperfect partial conductive net-
works on the particle surface or within the CM is a very probable
scenario to explain the observed behavior.

Furthermore, our findings are consistent with the predictions
of Bielefeld et al. showing that the effective ionic conductivity of a
CC is less susceptible to the addition of CAM compared to effec-
tive electronic conductivity.” Virtually varying the CAM (assumed
to be electronically conductive) and SE (assumed to be electroni-
cally nonconductive but ionically conductive) ratios between
40 and 70 vol%, the authors observed a consistently high utiliza-
tion level of SE particles between 80 and 100 vol%, indicating
minimal changes in ionic conductivity across this range of mix-
tures. In contrast, the utilization level of the CAM particles
exhibited a much broader range, varying between 0 and
100 vol%, suggesting significant alterations in electronic conductivity.

3.3. Cell Performance

To assess the electrochemical performance of the various compo-
sitions and to reveal the contributions of the effective electronic
and ionic conductivity on it, half-cells were cycled at different
C-rates. Figure 6 a illustrates the initial charge and discharge curves
obtained at C/10 as the formation cycle. The mixture with 50 wt%
CAM exhibits only negligible capacity at C/10 (and is therefore
not plotted in the subsequent figure, but is shown in Figure S7,
Supporting Information), which we attribute to severe kinetic

limitations due to the very low electronic conductivity even at
low C-rates. According to Hendriks et al. at lower rates, even unbal-
anced transport can lead to a full CAM utilization as long percola-
tion is ensured and pathways for the ionic end electronic transport
coexist.”” However, based on our EIS data, we assume that the
electronic percolation network has collapsed by “extracting” the
C65 from the CM and no alternative electronically conductive net-
work consisting of the CAM particles has formed due to the low
amount of CAM. The composite cathode with 70 wt% CAM has a
specific discharge capacity of 99.8 mAh g, whereas the cathode
with 80 wt% displays a reduced specific discharge capacity of
51.2mAh g~ (Figure 6a).

After formation at C/10, we gradually increased the C-rate up
to 1C and concluded the C-rate test with a final step at C/5 to
investigate potential ageing due to cycling. Figure 6b highlights
that the CCs with 70 wt% CAM consistently exhibit a higher
capacity at all C-rates compared to the mixtures with 80 wt%
CAM. However, both CC mixtures experience a capacity decrease
through higher C-rates. While the capacity of the 80 wt% electro-
des diminishes rapidly with increasing C-rate, the samples with
70 wt% CAM demonstrate a minimum of 25% of the initial capac-
ity at C/2. Notably, for both CC mixtures, the initial capacity at C/5
is closely aligned with the capacity at C/5 at the end of the rate
capability test, indicating the absence of cycling-related aging
and degradation during the initial 15 cycles.

Figure 7 summarizes all the results by showing the effective
partial conductivities of the various CC mixtures and correlating
them with the half-cell capacities of the respective cells at C-rates
of C/10 and C/5. Assuming that the best performance of an
electrode can be expected having balanced ionic and electronic
conductivity, the most beneficial CC mixture in our set-up would
be in the range of 75 wt% CAM. As mentioned before, in a recent
study using a blend of LiMn,0,/LisInCls for the composite cathode,
Hendriks et al. have shown that the highest capacity is achieved at
a Gion/Oer-ratio of about 0.2 at a C-rate of C/10. They point out that
the balancing of 6., and o, is of little importance at low C-rates (as
long as some conductivity is given), but becomes increasingly
important and determines the capacity with increasing current
density.l"! This is consistent with our results, which show that
for the CC mixture containing 70 wt% CAM, 84% of the capacity

a b
( )4.6 ( );«150
—— 70 wt% CAM o

4.4+ ——80 wt% CAM s Ci1o  CI5,, cr Cr2 1C  C5,,|
<
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=100 e
[}
©
% e o o .
o
(]
o e © ©
8 504 4
[8]
R

) i e o o
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Figure 6. Electrochemical performance of composite cathodes with cutoff voltages of 4.25 and 2.50V. a) charge/discharge-curves during formation at C/10

and b) C-rate capability test up to 1C.
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Figure 7. Effective partial conductivities (ionic: red-square; electronic: blue-
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cutoff voltages of 4.25 and 2.50V are plotted with diamonds. In addition,

the partial conductivities of pure CAM, pure solid electrolyte (SE) and C65

are plotted, electronic conductivity of SE taken from literature (*343%),

at C/10 can be achieved at a rate of C/5, whereas the mixture
containing 80 wt% CAM achieves only 35% at C/5.

4. Conclusion

The study demonstrates that the performance of CCs is signifi-
cantly influenced by the balance between ionic and electronic
conductivity, which depends on the weight fraction of cathode
active material and the distribution of the CA which was C65 in
this study.

A schematic sketch (Figure 8) summarizing the conduction
behavior of the different composite cathode is provided, illustrat-
ing the evolution of the electronic and ionic pathways as CAM
content increases:

At 0 wt% CAM, 4 wt% C65 is sufficient to be at the percolation
threshold and ensure high electronic conductivity of the so-called
CM. At the same time, the ionic conductivity is high as well since
the network of SE is well established and negligibly impaired by
the network of C65.

When adding CAM to the CM, we assume that considerable
fragments of the CA adhere to the surface of the CAM particles.
As a result, the amount of C65 in the CM falls below the percolation

50 wt% CAM 7~

70 wt% CAl

. %

threshold and the electronic conductivity collapses at 50 wt% CAM.
As a result, the capacity of such an electrode is negligible even at
low C-rates—even though the ionic conductivity is high.

An increase in the CAM content to 70 wt% was found to result
in the re-establishment of the electronic conductivity of the
CGs, indicating that the surface covered CAM particles have
now formed a percolating network. Interestingly, the SE network
remains intact, exhibiting ionic conductivity that approaches the
level observed in the 50 wt% mixture. This suggests the attainment
of a balance between electronic and ionic pathways, as evidenced
by the high specific discharge capacity and rate capability.

As expected, a further increase in the CAM content to 80 wt%
leads to a further improvement in the electronic conductivity.
However, a decline in the ionic conductivity is now evident,
as the ionic conductive pathways are presumably impeded by
the elevated CAM content. Consequently, a reduction in the
electrochemical performance of the CCs is observed, which
becomes more pronounced as the C-rate increases. Evidently,
the decline in ionic conductivity overcompensates the further
increase in electronic conductivity.

These findings show that the loss of CA in the CM must be con-
sidered when producing three-phase cathode mixtures. How much
of the CA adheres to the surface of the CAM particles depends on
various factors such as the specific surface area of the CAM particles,
the structure of the CA, or the mixing process. The question of how
much CAM is required to form a percolation network also depends
on similar factors. In this study, it was >50 wt%.

In summary, this work provides a comprehensive understand-
ing of how composition, microstructure, and transport properties
interact and how this influences the performance of CCs. These
insights contribute to guide the design of advanced solid-state
batteries with improved capacity and rate capability by tailoring
the composition of the cathode mixture to achieve balanced
transport properties.
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