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Abstract: To achieve high energy densities with sufficient cycling performance in all-solid-state
batteries, the fraction of active material has to be maximized while maintaining ionic and electronic
conduction throughout the composite cathode. It is well known that low-surface-area carbon additives
added to the composite cathode enhance the rate capability; however, at the same time, they can lead
to rapid decomposition of the solid electrolyte in thiophosphate-based cells. Thus, the fraction of
such conductive additives has to be well balanced. Within this study we determined the electronic
percolation threshold of a conducting matrix consisting of Li6PS5Cl and C65. Furthermore, we
systematically investigated the microstructure and effective conductivity (σeff) of the conducting
matrix. The percolation threshold pc was determined as ~4 wt.-% C65, and it is suggested that below
pc, the ionic contribution is dominant, which can be seen in temperature-dependent σeff and blocked
charge transport at low frequencies. Above pc, the impedance of the conducting matrix becomes
frequency-independent, and the ohmic law applies. Thus, the conducting matrix in ASSB can be
regarded as an electronic and ionic conducting phase between active material particles. Additionally,
guidelines are provided to enable electronic conduction in the conducting matrix with minimal
C65 content.

Keywords: all-solid-state batteries; composite cathode; solid electrolyte; sulfides; carbon; additives;
percolation; ionic conductivity

1. Introduction

The electrification of mobility is one key aspect in reducing greenhouse gas emis-
sions [1]. For this reason, the demand for electrochemical storage systems is increasing.
All-solid-state batteries (ASSBs) are considered a possible candidate for next-generation
battery systems [2]. ASSBs do not only exhibit the potential to increase safety by supersed-
ing flammable organic liquids but can also increase energy density by employing lithium
metal anodes with a theoretical capacity of 3860 mAh g−1 [3–6]. In the past decade, sub-
stantial progress has been made in the development of highly conductive solid electrolytes
(SEs) [7–9], which are essential for high power densities in ASSBs [10,11]. Within the class
of lithium thiophosphates, Li-argyrodites are SEs of particular interest because they not
only offer high ionic conductivity but can be readily densified at room temperature [12],
and expensive raw materials such as Ge can be discarded for their synthesis [13]. Despite
these potentials and advancements in SEs, sulfide-based ASSBs have not been brought to
market due to several challenges. In addition to the complexity of upscaled production [14],
one of the main reasons is the degradation of the composite cathode and the formation of
a conductivity-impeding solid-electrolyte interface (SEI) between layered-oxide cathode
active materials (CAMs) and thiophosphate SEs upon cycling [15,16]. It is known that
degradation is accelerated by introducing conductive carbons into the composite [17], even
if a passivation coating is applied to the layered-oxide CAMs [18,19]. However, to utilize a
3D network with high fractions of active material particles, percolating ionic and electronic
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pathways must be provided in the form of a conducting matrix within the composite
cathode [20–23]. This is especially valid for thick electrodes and coated active materials
where the passivation layer impedes the electronic conductivity [24,25].

Regarding electronic conduction, Strauss et al. compared different carbon additives
and reported that low active surface carbons such as C65 improve the rate capability of
thiophosphate-based ASSBs without deterioration in capacity retention within 50 cycles,
in contrast to electrodes without additives [26]. Furthermore, Park et al. presented the
advantageous effect of graphitic hollow nanotubes with fewer functional surface groups
compared to Ketjen black carbon on electrochemical performance [27]. In addition to
different additives, Neumann et al. simulated the 3D microstructures of composite cathodes
and showed the inhomogeneous lithium distribution attributed to the limited electronic
conduction of NMC at higher SOC, resulting in capacity losses [25,28]. These findings
prove that extensive electronic interconnection is crucial, not only to utilize active material
particles but also to enhance the rate capability.

On the other hand, it is also known that ion transport can be the bottleneck in cathode
kinetics [29]. To ensure sufficient Li+ mobility, characteristically, an SE fraction of ≥30 wt.-%
is required, especially when competitive power densities are desired, and thus C-rates have
to be increased [30–32]. Increasing the SE fraction in the composite cathode reduces its
active material loading, resulting in a trade-off between energy and power density [33].
Here, the percolation theory is a useful and well-established concept that describes the
connectivity of occupied and unoccupied sites in a lattice [34]. In this study, it is used
to describe the electronic conductivity within the conducting matrix in which the C65
particles are randomly distributed and form clusters if they are interconnected, in other
words, percolating when reaching throughout a finite space [35,36].

We aim to contribute to the discussion on whether conductive additives are needed in
composite cathodes and how they affect the cathode performance and aging. For example,
Minnmann et al. argue that the electronic conductivity of the active material NCM 622 they
use is sufficient (10−2 S cm−1 fully lithiated) to provide homogeneous electronic conduction
throughout the electrode [37]. However, others report a much lower electronic conductivity
for NMC 622 of 1.6·10−6 S cm−1 [38], and Amin et al. point out the decrease in the
electronic conductivity of NMC 523 upon lithiation from around 10−2 to 10−6 S cm−1 [28].
Also, one has to keep in mind that a passivation layer of the active material is needed in a
thiophosphate-based electrode to prevent active material degradation. This layer might
even decrease the electronic conductivity of the material, which highlights the need for
electronic additives in composite cathodes.

Based on the necessities in the composite cathode and percolation theory, this study
aims to minimize the carbon additive content in the conducting matrix mixtures consisting
of Li-argyrodite and C65 to alleviate degradation and enable higher CAM and SE-fractions,
respectively. This is carried out by systematically examining the effective conductivity as a
function of additive content and thereby defining the electronic percolation threshold. The
presented results provide (i) guidelines to enable electronic percolation in the conducting
matrix with minimal conductive additive required and (ii) a practical contribution to
improve the energy and power density of ASSBs.

2. Materials and Methods
2.1. Preparation of Li6PS5Cl Powder and Separator

Stoichiometric mixtures of lithium sulfide (Li2S, 99.9%, Alfa Aesar, Haverhill, MA,
USA), phosphorus pentasulfide (P2S5, 99%, Sigma Aldrich, St. Louis, MO, USA) and
lithium chloride (LiCl, 99.995%, Alfa Aesar) were prepared by ball milling (Fritsch, Idar-
Oberstein, Germany, Pulverisette 7) for 1 h with 100 rpm and a ball-to-powder weight
ratio of 30:1. The powder mixtures were pelletized and vacuum-sealed in quartz tubes.
The thermal treatment was carried out at 550 ◦C for 6 h with a ramp rate of 1.5 ◦C min−1.
Subsequently, the synthesis product was ground by hand in an agate mortar. Separators
were produced by uniaxial densification of 100 mg of SE powder with 375 MPa.
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2.2. Preparation of the Conducting Matrix

To prepare the conducting matrix mixture, the synthesized Li6PS5Cl solid electrolyte
powder was mixed with the super C65 conductive additive (MTI, Imerys, Bironico, Switzer-
land) in different ratios. The weight fraction of C65 was between 1.00 and 10.00 wt.-%.
The proportions of the individual samples are listed in Table 1. The mixture was ground
by hand in an agate mortar for 30 min. Then, 40 mg of the powder mixture was evenly
distributed on a 10 mm diameter indium blocking electrode in a symmetric cell setup.
Subsequently, the measuring cell (TSC, rhd instruments, Darmstadt, Germany) was sealed
with a force of 163.2 N (=2.07 MPa). By applying this force, the powder is compacted
directly within the measurement cell. To be precisely comparable, pure SE powder was
compacted directly in the measurement cell, as well as for the preparation of the solid
separator. This ‘in situ’ preparation procedure was necessary because it was not possible to
obtain a mechanically stable and handleable pellet of the powder mixture of the conducting
matrix by uniaxial pressing. The geometry of the densified samples was determined after
the measurement cell opening on the indium electrode with a caliper. The average diameter
and the thickness of the samples were approximately 10.12 mm and 400 µm, respectively.
With this value, the conductivity of the samples was calculated.

Table 1. Prepared powder mixtures of the conducting matrix with weight (wt.) and volume (vol.)
fractions.

Wt.-ratio [Li6PS5Cl:C65] 100:0 90:10 95:5 96:4 97:3 99:1 0:100

Fraction C65 [vol.] 0.00% 11.44% 5.77% 4.62% 3.47% 1.16% 100.00%
Fraction C65 [wt.] 0.00% 10.00% 5.00% 4.00% 3.00% 1.00% 100.00%

Li6PS5Cl [mg]/Pellet 40.00 36.00 38.00 38.40 38.80 39.60 0.00
C65 [mg]/Pellet 0.00 4.00 2.00 1.60 1.20 0.40 40.00

2.3. Phase and Microstructural Analysis

The phases of the synthesized SE were analyzed with an X-ray diffraction (XRD)
device Seifert Sun X-ray diffractometer (XRD) 3003 by using Cu-Kα radiation (15–80◦

2θ, scan rate of 0.026◦/min). Scanning electron microscopy (SEM) investigations of the
microstructures were performed in a Zeiss Sigma 300VP. To protect the samples from
the ambient atmosphere, they were transferred from the glovebox to XRD and SEM with
transport shuttles from Kammrath & Weiss (Schwerte, Germany).

2.4. Electrochemical Impedance Measurement

The effective conductivities of the samples were measured using electrochemical
impedance spectroscopy (EIS) in a climate chamber (CTS Clima Temperatur Systeme type
T-40/200, Hechingen, Germany) as a function of temperature. An alternating voltage with
an amplitude of 10 mV in a wide frequency range from 7 MHz to 1 Hz was applied using a
potentiostat (VSP-300, Bio-Logic, Seyssinet-Pariset, France). The EIS measurements of the
individual samples were performed at different temperatures to determine the activation
energy (Ea) for Li-ion transport using the Arrhenius equation. The temperature-dependent
measurement protocols for the conducting matrix and the separator are shown in Table 2.
To ensure stabilization of the system after heating (or cooling) to the desired measurement
temperature step, the temperature was held for 120 min before starting the measurement.
Measurements were carried out in a range from 5 ◦C to 65 ◦C in 10 ◦C steps. Curve fitting
of the impedance spectra was performed using Z-View software (version 4.0d). Different
equivalent circuits were used to determine the resistance values. At room temperature (RT)
and above, the linear intercept of the tail of the blocking electrodes was used to determine
the resistance. Below RT and for the 1 wt.-% mixture, a serial connection of a resistor (R0), a
parallel arrangement of a resistor (R1) with CPE element and an additional CPE element
were used to fit the spectra. The 3 wt.-% mixture was fitted to a serial connection of a
resistor and two Randles circuits. When the percolation threshold was reached for the
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samples at 4 wt.-% and above, a single resistor was used to extract the resistance value R.
The conductivity was calculated with the total resistance according to Equation (1), where
A is the sample area and d is the thickness of the sample. DC measurements are used to
confirm the behavior of the electronic conductivity.

σion =
d
A

R−1 (1)

Table 2. Temperature protocol of the EIS measurements for the separator and the conducting matrix.

Measurement step 1 2 3 4 5 6 7

Separator
Temperature [◦C] 25 65 55 45 35 15 5

Conducting matrix
Temperature [◦C] 25 35 45 55 65 15 5

3. Results and Discussion

The XRD patterns of the synthesized Li6PS5Cl and precursor mixture are illustrated in
Figure 1a. After the homogenization of the raw materials, the crystallinity and purity were
preserved in the precursor mixture (black). In the diffractogram, the peaks of P2S5 are not
visible in the plot. This can be attributed to the triclinic space group, which has a complex
structure and no symmetry planes, which leads to peaks of low intensity compared to Li2S
and LiCl (the unprocessed XRD plot of the precursor mixture can be found in Figure S1 in
the Supplementary Information). The diffractogram of the heat-treated sample unveils the
pure and crystalline phase Li6PS5Cl (red). Figure 1b–d show the secondary electron (SE)
SEM images of the ground solid electrolyte powder after heat treatment (Figure 1b), the
densified separator pellet surface (Figure 1c) and the separator (Figure 1d), which was used
to determine the conductivity values of the material, placed on the bottom current collector
of the measurement cell. The ground SE shows spherical submicrometer-sized grains,
which tend to agglomerate to secondary particles with sizes of >10 µm. After densification
to separator pellets at 375 MPa, the microstructure displays the plastic compaction behavior
of the SE, which is known for its soft nature in Figure 1c.

Figure 2 shows the EIS spectra and the Arrhenius plot of the ionic conductivity
of the Li6PS5Cl separator in the temperature range of 5 ◦C to 65 ◦C. Semicircles were
observed at mid-high frequencies of impedance spectra and gradually disappeared with
increasing temperature, indicating that bulk contribution is dominated at high temperatures.
Therefore, the bulk and grain boundary contributions cannot be deconvoluted at room
temperature. The ionic conductivity of synthesized Li6PS5Cl is 0.12 mS cm−1 at 5 ◦C and
increases to 2.02 mS cm−1 at 65 ◦C, while it is 0.43 mS cm−1 at room temperature. The
total ohmic resistance decreases continuously with increasing temperature from 354.40 Ω
at 25 ◦C to 58.79 Ω at 65 ◦C. These data are in good agreement with studies such as those by
Yu et al. and Zhang et al., published previously [39,40]. The calculated activation energy for
Li-ion transport in Li6PS5Cl from the slope of the linear Arrhenius plot (Figure 2b) is 0.41 eV,
which is in accordance with the reported results [40]. The linear behavior also indicates
the thermal stability of the Li6PS5Cl within the temperature range that was investigated in
our study.

Figure 3 shows the impedance spectra of the conducting matrix with increasing
fractions of C65 in the temperature range 5 ◦C to 65 ◦C. For comparison, the impedance
spectra of the pure solid electrolyte (from Figure 2a) are added. A linear behavior can be
assessed (Figure 3a) for the measurements at room temperature up to 65 ◦C for pure solid
electrolyte that was compacted in the measurement cell, comparable to the conducting
matrix (unlike SE in Figure 2, which was pre-densified (see Section 2)). The determined
total ohmic resistance decreases continuously with increasing temperature from 903.50 Ω at
25 ◦C to 102.10 Ω at 65 ◦C. At 15 ◦C and below, the formation of an evolved semicircle can
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be observed. Along with the decrease in temperature, the ohmic resistance increases from
1628.50 Ω at 15 ◦C to 3098.60 Ω at 5 ◦C. In all measurements, there is a high impedance of
the imaginary part in the low-frequency range, triggered by the blocked charge transport at
the SE/In electrode interface. Note that the resistance values are slightly higher than those
of the pre-pressed pellet, mainly due to the densification difference.
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Figure 2. (a) Nyquist plot of the synthesized SE in blocking condition at temperatures between 65 ◦C
and 5 ◦C. (b) Arrhenius plot of Li6PS5Cl to determine the activation energy for Li-ion transport.

For simplicity, in the following sections, we will use the sample notation “CM-A”,
where CM stands for conducting matrix, and A gives the amount of C65 (in wt.-%) that is
added to the SE.
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10 ◦C (7.0 MHz–1.0 Hz).

The impedance spectrum of the sample CM-1 is shown in Figure 3b. Although
the temperature dependence of the Nyquist plots for CM-1 is similar to the pure solid
electrolyte, the total resistance values at 65 ◦C (RCM-1: 247.67 Ω; Rpure SE: 102.10 Ω) are
higher, while it exhibits a lower total resistance of 522 Ω at room temperature. Below
room temperature, the spectrum exhibits a stretched semicircle in the mid-frequency range,
and in the low-frequency range, all spectra show a high impedance of the imaginary part
representing the polarization at the blocking electrodes.

A change in conduction behavior can be observed in sample CM-3, the total resistance
values decrease slightly from 302.43 Ω at 65 ◦C to 288.03 Ω at 15 ◦C, shown in Figure 3c.
Unlike the sample with pure SE, no polarization can be observed in the low-frequency
range, indicating that charge transport is not entirely blocked. At temperatures below 45 ◦C,
the resistances are generally smaller than those of the pure solid electrolyte. Furthermore,
at 5 ◦C, the resistance decreases significantly with a minimum value of 272.17 Ω. The
impedance spectra of all samples show a stretched semicircle in the mid-frequency range.

The sample CM-4 behaves very differently from what was observed before: The ohmic
resistance of the sample CM-4 (Figure 3d) remains almost identical throughout the entire
temperature range, and no frequency dependence of the spectrum can be overserved. At
high frequencies, however, an inductive behavior is present in all measurements and is
more noticeable because of the smaller impedance range mapped. It can be considered as
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an artifact originating from the wires of the measurement cell. At lower frequencies, this
inductance can no longer be detected, and we find an accumulation of all measured points
on the axis of the real part. Resistance values are 33.50 Ω at 25 ◦C and 43.89 Ω at 65 ◦C.
However, no clear correlation can be found between the temperature and the resistance.
But we observe an increase of the ohmic resistance as a function of measurement time
(please see Table 2 for the measurement protocol), which could potentially be a hint for
interface reactions between the solid electrolyte and the carbon additive. In a similar system
of LGPS and Acetylene Black, Oh et al. reported an interfacial reaction between the SE
and additive after cycling [22]. The impedance spectra indicate no capacitance and behave
like an ohmic resistor at low frequencies. This indicates that C65 builds an electronically
conductive network that dominates the effective conductivity of the compound.

Similar behavior can be observed for mixtures with a fraction of C65 ≥ 5 wt.-%
(Sample CM-5 and CM-10, Figure S2 in Supporting Information). The ohmic resistance is
independent of the measurement frequency and no capacitance is built up. From 5 wt.-%
C65 to the pure C65, the mean resistance values drop only from 0.50 to 0.24 Ω.

In Figure 4, the temperature-dependent effective conductivities of the different samples
are plotted as a function of 1/T. Note that the pure electrolyte (SE; Li6PS5Cl) is assumed to
be a pure ionic conductor and C65 as a pure electronic conductor for simplification.
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According to the Arrhenius equation, the pure solid electrolyte shows a temperature-
dependent increase in (ionic) conductivity. This formula does not apply to the conducting
matrix, because it should be regarded as a mixed conductor. However, an increase in
conductivity can be observed for the sample CM-1 with increasing temperature, too,
indicating that ionic conductivity dominates the effective conductivity. In contrast, the
conductivity of the samples with ≥3 wt.-% decreases with increasing temperature, which
indicates that the electronic conduction is dominating the overall behavior of the samples.

At room temperature (25 ◦C), a systematic increase in the effective conductivity of the
CM with increasing C65 content becomes obvious. While the total conductivities of pure
SE, CM-1 and CM-3 are in the same order of magnitude, a remarkable change of about one
order of magnitude can be overserved for 4 wt.-% of C65 (1.66 × 10−4 S cm−1 for 3 wt.-%
vs. 1.36 × 10−3 S cm−1 for 4 wt.-%). The change in the spectra (Figure 3c) comparing CM-1
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to CM-3 corresponds to an increase in the conductivity of 1.20 × 10−4 S cm−1 at room
temperature. An even more distinct increase of three orders of magnitude in conductivity to
1.02 × 10−1 S cm−1 is observed for the sample CM-5 compared to CM-3. A further increase
of the amount of C65 up to 10 wt.-% only marginally increases the conductivity of the
mixture, since the conductivity of CM-5 is already close to that of pure C65. Neglecting cell
and cable resistances, the conductivity of the pure conductive additive can be determined
to be approximately 0.2 S cm−1, corresponding to an absolute resistance of about 0.25 Ω.
These findings are accompanied by the fact that the real part of the impedance spectra
no longer shows any frequency dependence from a proportion of 4 wt.-% (Figure 3d).
Furthermore, at low frequencies, there is no phase shift of voltage and current since there
is no capacitance, and the conducting matrix behaves like an ohmic resistor, which was
confirmed by DC measurements (Figures S3 and S4 in Supporting Information).

The effective conductivity of the conducting matrix at 25 ◦C as a function of the C65
content is plotted in Figure 5. As described before, a distinct increase in the conductivity
can be observed between 3 and 5 wt.-% of C65, and the curve shows a step-like progression.
This is a typical phenomenon when reaching the percolation threshold and can also be
observed in different systems, such as sintering ceramics, conduction in fuel cells or carbon-
nanotube-reinforced polymers, just to name a few [41–43]. For the interpretation of the
diagram, it can be divided into two areas. In the range below the percolation threshold
p < pc, the effective conductivity is close to the conductivity of the pure solid electrolyte.
Above the critical conductive additive fraction p > pc, the C65 forms a percolating network
that allows electronic conduction. It can be assumed that for a C65 fraction ≥ 4 wt.-%,
the charge transport in the chosen experimental set-up proceeds almost exclusively by an
electronic current across the network of C65 nanoparticles, as the effective conductivity is
orders of magnitude higher than the ionic conductivity of the pure solid electrolyte.
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X-axes are not scaled and display tested C65 fractions.

Although carbon additives have already been shown to increase the rate performance
of thiophosphate-based composite cathodes [26], they have detrimental effects on the
battery performance mainly due to forming side reactions [18]. When defining a conduct-
ing matrix based on percolation theory and describing the formation of interconnected
regions of randomly distributed particles in this structure, the so-called percolating clusters
could provide a minimized conductive additive/cathode active material ratio [44]. The
conductive matrix prepared in this study can be considered as such a structure in which the
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C65 nanoparticles are randomly distributed and form a percolating cluster above a critical
content that allows electronic conduction through the matrix.

The fact that percolation occurs at a fraction as low as 3 < pc < 5 wt.-% (Figure 6), even
though both materials have similar densities of 1.83 (Li6PS5Cl) and 1.60 g cm−3 (C65), can
be attributed to the extremely high specific surface area of the nanoparticles of 62 m2 g−1,
which easily form a 3D network throughout the matrix (as shown in Figure 6). Here,
Bielefeld et al. modeled the microstructure of a composite cathode and its percolation
behavior; the authors concluded that the critical threshold occurs earlier for smaller active
material particles due to their higher surface area [45]. This behavior has already been
described for other material compositions. For example, Guzman et al. show that for a
material system of LiFePO4 and C65, the percolation threshold is about 7 wt.-% [46].
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Figure 6. (a) Schema of the conducting matrix microstructure with different weight fractions of
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(c) CM-2, (d) CM-5 and (e) CM-10.

A schema of the conducting matrix’ microstructure is shown in Figure 6a. Illustrated
on the left is the subcritical percolation phase, where the C65 nanoparticles are distributed
within the solid electrolyte as isolated islands (the SEM image of the C65 particles can be
found in Supporting Information Figure S5). At the percolation threshold pc, the amount of
C65 is sufficient to form a network and electronic conduction can occur via the network. A
further increase in C65 in the supercritical percolation phase will inevitably reduce the ionic
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conduction of the CM. SEM backscattered electron (BSE) images of the powder mixtures
with increasing amounts of the conductive additive of 1, 2, 5 and 10 wt.-%, are shown
in Figure 6b–e, respectively. In Figure 6b to 1 wt.-% C65, an almost-complete exposure
of the SE grains becomes visible. The isolated C65 particles are distributed within the
composite and do not form any network. Isolated agglomerates of C65 particles which
show only slight crosslinking can be observed in sample CM-2 (see Figure 6c). The increase
in the C65 content from 2 to 5 wt.-% (Figure 6d) changes the microstructure significantly, as
almost the entire surface of the SE grains is covered with C65. Although the proportion
of C65 in Figure 6e is only 10 wt.-%, the C65 particles cover the surface of the SE phase
almost completely.

4. Conclusions

Through systematic investigation of different mixtures of synthesized Li6PS5Cl and
C65 as a conductive additive, we found the electronic percolation threshold of this matrix
at about 4 wt.-%. Considering a typical composite cathode mixture for sulfide-based
solid-state batteries of 70 wt.-% of active material, this equals a total C65 fraction of 1.2 wt.-
% in the conducting matrix. Therefore, this work provides a guideline for the effective
design of a conducting matrix for thiophosphate-based composite cathodes for ASSBs.
Furthermore, we proposed a conducting matrix in sulfide-based ASSBs that provides ionic
and electronic conduction in the composite cathode, whereby a C65 fraction of 4 wt.-%
might be considered as an optimized composition combining high electronic conductivity
at a low amount of C65. Improving the electronic conductivity within the composite
cathode becomes especially important as protective coatings of CAMs lead to a decreased
partial electronic conductivity. A natural progression of this work is to analyze the cycling
performance of full cells using different active materials with different fractions of C65
and Li6PS5Cl. Furthermore, EIS measurements under electronic blocking conditions could
help to better understand the interplay between ionic and electronic conductivity of the
conductive matrix with different composition, i.e., with different C65 content.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/batteries9120595/s1, Figure S1: Unprocessed XRD Pattern of the
precursor mixture; Figure S2: Nyquist plots of the conducting matrix with 5 wt.-% C65 and pure C65
measured between 5 and 65 ◦C; Figure S3: DC measurement of the conducting matrix with 4 wt.-%
C65 at temperatures between 5 and 65 ◦C; Figure S4: Additional EIS measurements at RT with C65
fractions above the percolation threshold; Figure S5: SE image of the conducting matrix highlighting
the C65 nanoparticles.
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