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ABSTRACT

The cathode of bulk-type all-solid-state batteries (ASSBs) is a composite consisting of cathode active material (CAM) particles and

solid electrolyte (SE) particles. Since ASSBs are usually fabricated and cycled under pressure, it is important to achieve a better

understanding of the influence of pressure on the electronic and ionic transport in CAM/SE composites. However, experimental

values for pressure-dependent electronic and ionic conductivities of CAM/SE composites are scarce. Therefore, we have carried

out pressure-dependent impedance spectroscopic measurements during compaction of composite powders under an increasing
fabrication pressure up to 663 MPa. The composites contained four different types of LiNi, {Mn,,Co,,0, (NMC622) cathode active

material particles: (i) single-crystalline and uncoated, (ii) single-crystalline and coated with LiNbOs, (iii) polycrystalline and

uncoated, and (iv) polycrystalline and coated with LiNbO;. In addition, the volume fractions of CAM particles and SE particles

were varied. The physical meaning of the resistances extracted from the impedance spectra were analyzed, and electronic and

ionic tortuosities were calculated. A strong influence of the CAM particle morphology and coating on the microstructure of the

composites was observed. Based on the results, the interrelation between composite microstructure and tortuosities is discussed.

1 | Introduction

Lithium-ion batteries are increasingly used in electric vehicles
and for renewable energy storage. For these fields of application,
improvements in gravimetric and volumetric energy density
as well as in battery safety are important issues [1-4]. Such
improvements should be achievable by the further development
of all-solid-state batteries (ASSBs): (i) Replacing the flammable
carbonate-based electrolyte in conventional Li-ion batteries by a

non-flammable solid electrolyte (SE) in ASSBs reduces the risk
of a battery fire [5-8], and (ii) if a lithium metal anode can be
successfully cycled in ASSBs without dendrite formation, the
volumetric energy density can be enhanced by about 70% [1].

Despite these potential advantages of ASSBs, a major challenge is
the establishment of fast electron and ion transport pathways in
the battery, in particular inside the composite cathode consisting
of cathode active material (CAM) particles and solid electrolyte
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(SE) particles [9]. An inhomogeneous distribution of CAM and SE
particles, the coating of CAM particles with thin ion-conducting
layers as well as gaps between the particles can slow down ion and
electron transport [10].

The hindrance of electron transport in a composite electrode as
compared to the pure CAM can be described by the electronic
tortuosity 7., The electronic resistance of a composite electrode
is then defined as: R, = ﬁcﬁ ML %. Here, 654M and ecay

ECAM

denote the electronic conductivity of the pure CAM and the
volume fraction of the CAM in the composite, respectively, while
d and A are the thickness and the area of the electrode. The same
type of relation can be given for ion transport resistance of a
% S 4 with the ionic tortuosity
Tion- Here, ot and eg; denote the ionic conductivity of the pure
SE and the volume fraction of the SE in the cathode, respectively.
The electronic tortuosity z.,, and the ionic tortuosity z;,, are
governed by the length of the respective transport pathways
and by bottlenecks (constrictivites) along the pathways [11]. 7o0,
and 7., are strongly influenced by the volume fractions of the
solid electrolyte particles &gz and of the cathode active material
particles ecay [12, 13], by the size ratio of SE particles to CAM
particles [12, 14, 15], as well as by the fabrication pressure of the
cathode pellet [12, 13]. While ionic and electronic tortuosities
have been determined at selected pressures, systematic studies
on the pressure dependence of tortuosities in composite cathodes
are scarce. Park et al. studied the pressure dependence of the
ionic tortuosity 7;,, in a cell under electron-blocking conditions
and found a drop of the tortuosity from values in the range
of 7;,,=20—75 at 40 MPa to values in the range of 7;,,=5-15
at 660 MPa [16]. So et al. observed a similar drop of 7;,, with
increasing pressure in discrete-element simulations of composite
electrodes for ASSBs [17]. To the best of our knowledge, a study
on the pressure dependence of the electron transport tortuosity
Teon has not yet been published.

composite electrode, R, =

In this study, we have carried out pressure-dependent impedance
spectroscopy on various composite electrodes for ASSBs in combi-
nation with SEM/EDX imaging of the electrodes. The impedance
measurements were carried out in situ under an increasing fabri-
cation pressure up to 663 MPa during the first compaction of the
composite powder. The aim is to obtain a better understanding of
the influence of irreversible processes taking place during compac-
tion on the ionic and the electronic transport in the obtained
electrode pellets. High fabrication pressures of several 100 MPa are
also conceivable in the case of practical ASSBs. The pellets contain
variable volume fractions of single-crystalline or polycrystalline
LiNi, ¢Mn,,Co,,0, (NMC622) cathode active material particles
and of amorphous 0.67 Li;PS,+0.33 Lil solid electrolyte parti-
cles. The CAM particles are either uncoated or coated with a
thin amorphous LiNbO; layer. The obtained pressure-dependent
impedance spectra are analyzed, and the physical meaning
of the obtained resistances is discussed. Pressure-dependent
tortuosities 7., and t;,, are calculated, and the influence of the
NMC622 particle morphology (single-crystalline vs. polycrystal-
line), volume fraction, and coating on the tortuosities is discussed.
Thereby, we obtain deeper insights into the impedance spectra
of fully lithiated composite cathodes, which should be helpful for
the interpretation of the impedance spectra of partially or fully
delithiated cathodes.

2 | Experimental Section

All sample preparations were carried out in a glovebox (UniLab,
MBraun, Garching, Germany) under an argon atmosphere with
X120 < 1ppm and xg, < 1 ppm.

A 2g batch of the solid electrolyte 0.67 Li;PS,+0.33 Lil was
synthesized in a planetary ball mill (Pulverisette 7 premium
line, Fritsch, Idar-Oberstein, Germany) by mixing Li,S (99,9%,
Alfa Aesar, Karlsruhe, Germany), P,S; (for synthesis, Sigma
Aldrich, Taufkirchen, Germany) and Lil (99,999%, Alfa Aesar,
Karlsruhe, Germany) powder in stoichiometric ratio in a 20mL
zirconia pot with 10 zirconia balls (diameter 10mm). Then,
the pot was closed air-tight, removed from the glovebox, and
integrated into the ball mill. The milling time was about 8h
(99 cycles; 5min milling; 15min rest) with a rotation speed of
700rpm. After milling, the pot was opened inside the glovebox,
and the electrolyte was grinded in an agate mortar to obtain
the product powder. The powder was filled into a mark tube
(Hilgenberg, Marsfeld, Germany) under argon, and the mark
tube was closed air-tight using a wax. XRD measurements
using a powder diffractometer STOE STADI MP (STOE,
Darmstadt, Germany) with Cu Ko radiation in a Debye-Scherrer
geometry confirmed the amorphous nature of the powder, see
Figure S1.

LiNi, ¢(Mn,,Co,,0, (NMC622) was purchased as uncoated poly-
crystalline particles and as uncoated single-crystalline particles,
respectively, from MSE Supplies (Tucson, USA). A fraction of
the NMC622 particles were coated by LiNbO; (0.5wt%) using
a chemically activated coating process with H,0, as activating
agent[18, 19]. As compared to a classical sol-gel coating process,
the chemically activated process leads to denser coatings with a
more homogeneous thickness. Finally, the coated particles were
heat-treated at 350 °C leading to an amorphous structure of the
coating [19].

The composite cathodes were prepared in an agate mortar by
mixing different volume ratios of the CAM particles and the SE
particles for 15 min. The CAM:SE volume ratios were 70:30, 50:50
and 30:70, respectively, in the case of the uncoated NMC622
particles and 60:40, 50:50 and 40:60, respectively, in the case of
the coated NMC622 particles.

The impedance measurements were carried out using the elec-
trochemical laboratory press CompreDrive (rhd instruments,
Darmstadt, Germany) in an active force control mode. To this
end, the respective composite cathode powder (weight 40 and
80mg, respectively) was filled into the airtight sample cell
(CompreCell, rhd instruments, Darmstadt, Germany), and a
pressure was applied by using WC pistons acting also as elec-
trodes. The starting pressure was 8.8 MPa. In a first step, the
pressure was increased in 8.8 MPa steps up to 97 MPa. Then,
the pressure was increased in 24.25MPa steps to 194 MPa.
Subsequently, the pressure was increased in 49 MPa steps to
292MPa, followed by an increase up to 584MPa in 97 MPa
steps. Finally, the pressure was increased to 663MPa (see
pressure protocol in Figure S2). The same procedure was
used for the impedance measurements on the pure solid
electrolyte 0.67 Li;PS;+0.33 Lil. Impedance spectra at 25 °C
and at the different pressures were taken by means of the
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NEISYS Potentiostat/Galvanostat/EIS Base Unit (Novocontrol
Technologies, Montabaur, Germany) in a frequency range from
1MHz to 0.1 Hz with an applied AC voltage of 10mV,,. The
impedance spectra were analyzed with the software RelaxIS
(rhd instruments, Darmstadt, Germany).

SEM imaging of the cathode active materials powder, of the
composite cathode powder and of pellets after finalizing the
impedance measurements was carried out with a secondary elec-
tron microscope (Crossbeam 550, Zeiss, Oberkochen, Germany).
To thisend, the respective powder or pellet was fixed on a carbon-
based sample holder inside the glovebox and was transferred to
the SEM under inert gas conditions in a sample transfer shuttle
(Semilab Conductor Physics Laboratory Co. Ltd., Budapest,
Hungary). The SEM images were taken by applying a voltage
of 5kV and a current of 100 pA. In addition, energy-dispersive
X-ray spectroscopy (EDX) was carried out at 5kV and 1 or 2nA
using an Ultim Max detector (Oxford Instruments, Abington,
United Kingdom).

3 | Results and Discussion

3.1 | Pressure-Dependent Ionic Conductivity of the
Pure Solid Electrolyte Pellet

In Figure 1, the ionic conductivity of the pure 0.67 Li;PS,+0.33
Lil solid electrolyte pellet, ois, is plotted versus pressure p.
6% increases from about 10™*Scm™ at low pressures to about
107°Scm™" at high pressures. At high pressures, the ionic conduc-
tivity becomes virtually independent of the pressure.

3.2 | Pressure-Dependent Impedance Spectra
of Composite Cathodes With Two Different
Thicknesses

In Figure 2a, impedance spectra of two composite cathodes with
a thickness of 128 and 246 um, respectively, taken at a pressure
of 486 MPa are shown. Both cathodes are composed of 50vol%
uncoated pc-NMC622 particles and 50vol% 0.67 LisPS,+0.33

7 —*— 0.67 LisPSs + 0.33 Lil
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FIGURE 1 | Pressure-dependent ionic conductivity ohs(p) of a 0.67
Li;PS,+0.33 Lil solid electrolyte pellet.

Lil particles. The impedance spectra are characterized by a high-
frequency resistance R, and by two semicircles. The diameters
of these two semicircles are denoted by R, and R;, respectively.
In order to determine the values of the three resistances R;,
R,, and R;, the spectra were fitted by the equivalent circuit
shown in the inset. In Figure 2b, we plot the high-frequency
resistance R;, the intermediate-frequency resistance R, + R,, and
the low-frequency resistance R, + R, + R; versus the thickness d
of the composite cathodes. All resistances are proportional to
the thickness of the cathode. This implies that all resistances are
bulk resistances.

3.3 | Pressure-Dependent Impedance Spectra
of Composite Cathodes With Different Volume
Fractions of Active Material and Solid Electrolyte

In Figure 3, Nyquist impedance plots are shown for a composite
with 30vol% uncoated pc-NMC622 particles and 70vol% 0.67
Li;PS, +0.33 LiI particles as well as for a composite with 70 vol%
uncoated pc-NMC622 particles and 30vol% 0.67 Li;PS,+0.33
LiI particles. In the case of the composite with the low volume
fraction of CAM particles, the low-frequency semicircle is
much larger than the high-frequency semicircle, implying
that the low-frequency resistance R, + R,+ R; is much higher
than the high-frequency resistance R, and the intermediate-
frequency resistance R, + R, . In the case of the composite with
the high volume fraction of CAM particles, the high-frequency
semicircle is much larger than the low-frequency semicircle,
implying that the intermediate-frequency resistance R, +R,
and the low-frequency resistance R,+R,+R; exhibit very
similar values.

From the resistances R;, R,, and R; obtained by fitting, we
calculate the high-frequency conductivity oy, the intermediate-
frequency conductivity o and the low-frequency conductivity oy
of the composite cathodes as follows

d
o = AR, ey
d
A RAR) @
d
Oif (3)

TA - R+R+Ry)

In Figure 4, we plot the high-frequency conductivity oy vs. the
volume fraction of the CAM particles, ecay, for all four active
materials and for two pressures for each material. The data give
strong indication for a linear relation between o}y and ec,y With
a positive slope. In Figure 5, we plot the intermediate-frequency
conductivity o;;vs. the volume fraction of the CAM particles ecp -
In this plot, different type of relations o;{ecay) are observable,
i.e., relations with a positive slope, relations with a negative slope,
and relations with a minimum around e,y =0.5. In Figure 6, we
plot the low-frequency conductivity oj¢ vs. cay for all four active
materials. In this plot, we observe a positive slope and a positive
curvature of the data.
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(a) Nyquist impedance plot of two composite cathodes composed of 50vol% uncoated pc-NMC622 particles and 50vol% 0.67

Li;PS,+0.33 Lil particles at a pressure of 486 MPa. The cathode thickness is 128 and 246 um, respectively. The inset shows the equivalent circuit

used for fitting the spectra. (b) Resistances Ry, R, +R,, and R, + R, + R; plotted versus the cathode thickness (log-log plot).
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Nyquist impedance plots of (a) a composite cathode composed of 30vol% uncoated pc-NMC622 particles and 70vol% 0.67

Li;PS,+0.33 Lil particles at a pressure of 486 MPa and of (b) a composite cathode composed of 70vol% uncoated pc-NMC622 particles and 30vol%

0.67 LizPS,+0.33 Lil particles at a pressure of 486 MPa.

3.4 | Physical Interpretation of the Conductivities

Since the impedance measurements on the composites were
carried out under ion-blocking conditions, the low-frequency
conductivity oy is identical to the electronic conductivity of the

composite gSmposite

) UCAM - E€cAM
o = Oggn PO = = ——= 4
Teon
Here, 65 and 7,,, denote the electronic conductivity of the

pure CAM and the electronic tortuosity of the composite, respec-
tively. 7.,, decreases with increasing volume fraction ecpy:-
Consequently, oSmPosit® increases with ecay in a superlinear
fashion (Figure 6), i.e., the 65n?**® (ecam) data are characterized
by a positive slope and a positive curvature, see also schematic
illustration in Figure 7a.

At intermediate and high frequencies, more localized movements
of the carriers determine the conductivity spectra, and the blocking
of the ions by the metal electrodes is not relevant. Consequently,
both types of charge carriers contribute to the conductivity. In
classical work on the impedance spectra of mixed ionic-electronic
conductors (MIECs), a “parallel conductivity” is discussed, which
is the sum of the electronic and the ionic conductivity [20, 21]. In
our case, this parallel conductivity Uf,f;{“p‘)s“e can be defined as:

Here, oy, and 7,,, denote the ionic conductivity of the pure SE and
the ion transport tortuosity in the composite, respectively.

In Figure 7 (a), we illustrate the influence of the CAM volume
fraction ecay on the electronic, ionic and parallel conductivity
of the composite cathodes, oeon®™, oin™**¢ and ofgPos®
respectively. The oion™*" (ecay) curve is characterized by a
positive slope and a positive curvature. Since the ion transport
tortuosity 7, increases with increasing ecay, the ofy *** (cam)
curve is characterized by a negative slope and a positive curva-
ture. Consequently, the parallel conductivity af,fj{"l’ome (gc AM
exhibits a positive slope in the case of gSTPoite > 5LOMPOSIE and
a negative slope in the case of oforPos'te > geomposite Gince both
curves o5on* " (ecam) and o™ (ecan) exhibit a positive
curvature, the oo™ (ecam) curve exhibits always a positive

curvature, see Figure 7a.

5

Such features are exactly observable in the o;{(ecay) data shown
in Figure 5. All data give indication for a positive curvature
of oi(ecam)- This gives strong indication that the intermediate
frequency conductivity can indeed by identified with the par-
allel conductivity, i.e., oy = o;ggnpf’si‘e. Regarding the slope of
oif(ecam), We consider the following examples. (i) The data
for uncoated sc- and pc-NMC622 at 98 MPa are dominated by
the ionic conductivity at low ec,y values (negative slope) and
by the electronic conductivity at high ec,y values (positive
slope). Increasing the pressure to 486 MPa leads to a stronger
increase of the electronic conductivity as compared to the ionic
conductivity, and the electronic conductivity dominates for all

CAM SE
composite __ __composite composite __ Ocon ' €CAM Oion * (1 - SCAM)
Opar = Oeon + Gion = +
Teon Tion
©)
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FIGURE 4 | High-frequency conductivity oy, plotted vs. the volume fraction of the CAM particles ec,y for four different active materials and at

two different pressures for each material.

ecam values (positive slope). (ii) The data for coated pc-NMC622
at 98 MPa are dominated by the ionic conductivity at 98 MPa
and by the electronic conductivity at 486 MPa. This indicates
that the coating lowers the electronic conductivity. (iii) The data
for coated sc-NMC622 at both pressures are dominated by the

ionic conductivity at low ec 5\ values (negative slope) and by the
electronic conductivity at high e,y values (positive slope). This
gives indication that the electronic conductivity of sc-NMC622
is lowered more strongly by the coating than the electronic
conductivity of pc-NMC622.
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FIGURE 5 | Intermediate-frequency conductivity oy plotted vs. the volume fraction of the CAM particles e,y for four different active materials

and at two different pressures for each material.

Finally, we consider the high-frequency conductivity oy;. The
linear relation between o,y and ecsy suggests that ionic and
electronic tortuosities do not influence oy;. This is plausible,
since at high frequencies, the charge carriers move over very
short distances, so that the influence of geometrical tortuosities

and constrictivities on the local movements should become
negligible, see Figure 7b. Thus, oy,; should be given by

c S S c S
One = Oeon + €cam + Oton * (1 — £cam) = Oion + (O'eﬁqM - Uio];i) " ECAM

(6)
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FIGURE 6 | Low-frequency conductivity oy plotted vs. the volume fraction of the CAM particles e,y for four different active materials and at
two different pressures for each material. In two cases at low ec,y;, 03 could not be determined, since the maximum of the low-frequency semicircle

was located outside the frequency range of the impedance measurements.

The slope of 6,:(ecan) is given by the difference of the electronic
conductivity of the CAM and the ionic conductivity of the SE,
which is positive in most cases. Only in the case of coated
sc-NMC622 at a pressure of 195MPa, the slope is close to zero.

The electronic conductivity of coated sc-NMC622 at a pressure
of 195MPa is around 0.96mScm™ [22] and is indeed close to
the ionic conductivity of 0.67 Li;PS,+0.33 Lil (0.73 mS cm™) at
this pressure.
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FIGURE 7 | Sketch illustrating the influence of the CAM volume fraction, ecay, on the low-frequency conductivity oy = 629mPit®, intermediate-
frequency conductivity oy = o5, and high-frequency conductivity o, of CAM/SE composites.

3.5 | Influence of Active Material Morphology
and Coating on Composite Microstructure and
Tortuosities

Equation (4) was used to calculate the electronic tortuosity z..p,
and subsequently Equation (5) was used to calculate the ion
transport tortuosity 7.

As seen from Figure 8a, the electronic tortuosity z.,, is strongly
influenced by the pressure as well as by the morphology of the
CAM particles and the particle coating. Increasing the pressure
from 44 MPa to 663 MPa at ec, = 0.5 leads typically to a drop of
Teon DY ONe order of magnitude. Remarkably, the LiNbO; coating
leads to an increase of the electronic tortuosity in the case of sc-
NMC622 and to a drop of the electronic tortuosity in the case of
pc-NMC622. In order to elucidate the origin of these findings, we
have taken SEM images of the pure NMC622 particles (Figure 9),
SEM/EDX images of the CAM/SE composite powder after
mixing in a mortar (Figure 10), and cross-sectional SEM/EDX
images of the composite pellets after a FIB cut (Figure 11).
The SEM images of the pure uncoated sc-NMC622 particles in
Figure 9 show that these particles exhibit a high tendency for
agglomeration, while the LiNbO;-coated sc-NMC622 particles
exhibit a lower tendency. The same trend is also observable in
the SEM images of the CAM/SE composite powder after mixing
in a mortar, see Ni EDX mapping in Figure 10. This indicates
that the agglomeration of uncoated sc-NMC622 particles in
the composite and the resulting good electronic contacts lead
to a low electronic tortuosity. Due to the smaller degree of
agglomeration of the coated sc-NMC622 particles, the electronic

(@) [eom=0s

—e— pc-NMC622 uncoated
10%| —® SC-NMC622 uncoated
pc-NMC622 coated
sc-NMC622 coated

10°
§102
2 K\M
10'
100+
0 100 200 300 400 500 600 700

p /| MPa

tortuosity of the coated sc-NMC622-based composite is higher.
In contrast, the SEM images of pure pc-NMC622 particles
point to a low tendency for agglomeration, independent of a
LiNbO; coating. Figure 8a shows that the electronic tortuosity
of the coated pc-NMC622-based composite is lower than that
of the uncoated pc-NMC622-based composite. This seems to
be a paradox observation at first sight, which can, however, be
explained as follows. The electronic conductivity of pure coated
pc-NMC622 particles is much lower than the electronic conduc-
tivity of pure uncoated pc-NMC622 particles, most likely due
to the insulating nature of the coating. However, the CAM/SE
composite preparation in the mortar leads to a cracking of
uncoated particles and to a rather homogeneous coating of most
particles by the solid electrolyte, see SEM image of the composite
powder in Figure 10, schematic illustration in Figure 12, and
cross-sectional SEM images of the composite pellet in Figure 11.
This SE coating of the previously uncoated particles together
with the cracking of pc-NMC622 particles diminishes the elec-
tronic transport strongly, implying a high electronic tortuosity.
The mixing of the LiNbO;-coated pc-NMC622 particles with
the SE particles in the mortar leads also to a cracking of the
pc-NMC622 particles, but the pc-NMC622 particles are only
partially coated by the solid electrolyte; see SEM image in
Figure 10 and schematic illustration in Figure 12. Therefore, the
electronic transport is only weakly diminished by the composite
preparation, implying a rather low electronic tortuosity.

In Figure 8b, the ionic tortuosities z;,, of the composite electrodes
at ecpaq=0.5 are plotted versus pressure. The pressure depend-
ence of 7., is weak suggesting that the compaction of the solid

(b) €cam = 0.5

LT pc-NMC622 uncoated
10 —=— sc-NMC622 uncoated
pc-NMC622 coated
sc-NMC622 coated

10 %

L

e
0 100 200 300 400 500 600 700
p/ MPa

FIGURE 8 | (a) Electronic tortuosity z.,, and (b) ionic tortuosity z;,, of composite cathodes with ¢,y =0.5.
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FIGURE9 | SEM images of pure uncoated and coated pc- and sc-NMC622 particles.

pc-NMC622 uncoated

sc-NMC622

B

c-NMC622 coated

sc-NMC622 coated

FIGURE 10 | SEM images of CAM/SE powders after mixing the particles in a mortar (purple: S EDX intensity mapping; green: Ni EDX intensity

mapping).

electrolyte in the composite pellets with increasing pressure is
similar to the compaction in the pure solid electrolyte pellets. The
pc-NMC622-based composite cathodes exhibit lower 7;,, values
than the sc-NMC622-based composite cathodes. Most likely, the
SE coating of the pc-NMC622 particles (see Figures 10 and 12)
during composite preparation facilitates ion transport in the
composite, implying a low ion transport tortuosity. In this context,
it is worth mentioning that the idea of coating active material

particles with SE by means of a solution-based method in order
to reduce the ion transport resistances has been demonstrated
in the literature [23]. However, this method leads to a reduced
ionic conductivity of the SE, while this is not the case for our “dry
coating” of pc-NMC622 particles during mixing with SE particles
in a mortar. The SEM images of the sc-NMC622-based composite
powders in Figure 10 show that the sc-NMC622 particles are not
coated by the SE, but the SE exists primarily as large particles

ChemElectroChem, 2026
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pc-NMC622 uncoated

sc-NMC622 uncoated
\ S

pc-NMC622 coated

sc-NMC622 coated

FIGURE 11 | SEM images of cross sections of composite pellets after applying a pressure of 663 MPa (purple: S EDX intensity mapping; green: Ni

EDX intensity mapping).

FIGURE 12 | Schematic illustration of the influence of NMC622
particle morphology and coating on the microstructure of the compo-
site powder prepared in a mortar.

between the sc-NMC622 particles. Thus, the ion transport between
the large SE particles should be impeded by the sc-NMC622
particles, leading to a high ion transport tortuosity.

4 | Conclusions

The impedance spectra of CAM/SE composites yield three
different conductivities, a high-frequency conductivity oy, an
intermediate-frequency conductivity oy, and a low-frequency
conductivity oy. Since our measurements are carried out under
ion-blocking conditions, the low-frequency conductivity o} can
be identified with the electronic conductivity of the composite,
while the intermediate-frequency conductivity o;; can be identi-
fied with the parallel conductivity (sum of electronic and ionic
conductivity) of the composite. The physical meaning of the
high-frequency conductivity o is rarely discussed in the litera-
ture. Our analysis of the influence of the volume fraction of
CAM particles and SE particle on oy gives strong indication

that o,y can be identified with a parallel conductivity being
governed by highly local movements of ions and electrons
without tortuosity effects.

Electronic and ionic tortuosities can be obtained from the values of
opand oy, except in cases with oy & 6. We find that the morphology
and coating of the CAM particles exert a strong influence on the
microstructure of the CAM/SE composites and thus on the elec-
tronic and ionic tortuosities. Sc-NMC622 particles form aggregates,
which do not interact strongly with the solid electrolyte particles
during the preparation of the composite in a mortar. Consequently,
the composites contain aggregated sc-NMC622 particles and large
SE particles in between. The aggregation of the sc-NMC622 particles
leads to rather fast electronic transport (low electronic tortuosity),
while the existence of large SE particles results in rather slow
ionic transport (high ionic tortuosity). In contrast, pc-NMC622
particles exhibit a low tendency for agglomeration and interact
strongly with the SE during the preparation of the composite.
This leads to homogeneous SE coating layers on the uncoated pc-
NMC622 particles, resulting in rather fast ionic transport (low ionic
tortuosity) and rather slow electronic transport (high electronic
tortuosities). LiNbO;-coated pc-NMC622 particles are also coated
by SE during mixing, however the coating is less homogeneous.
This leads to higher ionic tortuosities than obtained for uncoated
pc-NMC622/SE composites.

The difference between sc-NMC622 and pc-NMC622 regarding
NMC-NMC agglomeration and NMC-SE interaction is most
likely related to the surface properties of the NMC particles,
e.g., to different surface chemistries or to different degrees of
crystallinity at the surface. Consequently, future studies on the
NMC particle surfaces (transmission electron microscopy, XPS)
are essential for achieving a better understanding of the relation
between surface chemistry and particle-particle interactions in
composite cathodes.
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Finally, we note that in future studies, processes taking place
during release of the fabrication pressure and during the appli-
cation of an operational stack pressure to composite cathodes
should be characterized in more detail. These processes are
expected to be more reversible in nature and should exert a strong
influence on the power density of practical ASSBs. The results of
such studies together with the results of the present study should
yield important input parameters for ASSBs cell performance
simulations, which are essential to deconvolute the influence of
various factors on the cell performance.
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