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All-solid-state batteries have the potential to improve the safety, energy-, and power density of lithium-ion
batteries. However, the limited stability of rigid solid-solid interfaces remains a key challenge. The cathode/
electrolyte interface is particularly prone to degradation during high-temperature sintering and electrochemical
cycling, forming secondary phases that impede charge transport and limit cell performance. Experimental
analysis of these phases is challenging since they result in thin resistive films that are sensitive to typical
characterization techniques. In this study, we use structure-resolved electrochemical simulations to investigate
the impact of resistive phases at the cathode/electrolyte interface on cell performance and identify dominant
degradation mechanisms. We extend our simulation framework with a novel resistive film model that accounts
for the additional charge transfer resistance at the interface based on interphase properties. Our approach
combines continuum simulations with insights from density functional theory and experimental data, including
secondary ion mass spectrometry measurements. This allows us, for the first time, to assess the impact of resistive
films on the degradation of full-cell performance.

1. Introduction

All-solid-state batteries (ASSBs) are a promising technology for next-
generation energy storage systems [1-4]. Compared to conventional
lithium-ion batteries (LIBs) with liquid electrolytes, ASSBs offer the
potential to improve operational safety by employing solid electrolytes
and increase energy density by enabling the use of lithium metal anodes.
However, ASSBs have yet to reach their full potential due to several
limitations that undermine cell performance. A major concern is
degradation at the various rigid solid/solid interfaces, which can lead to
increased interfacial resistance and reduced practical capacity [5-8].

Due to the large contact area between the solid electrolyte (SE) and
cathode active material (CAM) in the composite cathode, the cathode-
electrolyte interface is a key interface for cell operation. However,
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during manufacturing and cell operation, the cathode-electrolyte
interface is susceptible to parasitic chemical reactions, electrochemical
oxidation, and chemo-mechanical degradation [9]. These degradation
processes significantly degrade interfacial properties and can lead to
rapid capacity fading during cycling.

A promising SE is the garnet Li;La3Zr,0;5 (LLZO), noted for its high
electrochemical stability window [8,10], good stability against Li metal
[9] and highly conductive cubic phase that can be stabilized at room
temperature with dopants such as aluminum and tantalum [11-15]. The
manufacturing of garnet-based composite cathodes typically involves
high-temperature co-sintering to ensure intimate contact between in-
dividual SE and CAM particles. Such elevated temperatures can cause
stability issues at the SE/CAM interface, where chemical reaction ki-
netics and elemental interdiffusion are accelerated, potentially resulting
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in the formation of a cathode/electrolyte interphase [9]. Among various
cathode active materials (CAMs), LiCoO, (LCO) has demonstrated
enhanced interfacial stability with LLZO [16-19]. However, recent
studies have shown interdiffusion across the LCO/LLZO interface at
temperatures below typical sintering temperatures of LCO/LLZO com-
posites [9]. Experimental and computational studies suggest degrada-
tion products such as LayO3, LapZr,07, and LaCoOs, which are likely to
have poor Li-ion conductivity [9,18-21]. Consequently, these secondary
phases increase charge transfer resistance and reduce cell performance
[21,22]. It is important to note that the reported onset temperature for
degradation, the specific reaction products, and the extent of forming
layers vary significantly between different experimental studies [19,21,
23].

Several strategies have been proposed to mitigate thermally induced
degradation. These include the use of sinter-aids and dopants [16,
24-26], low-temperature infiltration of CAM into an LLZO scaffold [27],
and rapid thermal processing [28,29].

Furthermore, the LCO/LLZO interface is susceptible to electro-
chemical degradation during cycling. Cation diffusion across the inter-
face can lead to the growth of a resistive phase at the SE/CAM interface
and loss of LLZO crystallinity [30,31]. Theoretical calculations suggest
that the LLZO/LCO interface may not be electrochemically stable during
electrochemical cycling, depending on dopants and sintering additives
[18,20,30]. Moreover, volume changes in the CAM during cycling
generate compressive and tensile stresses in the composite cathode,
potentially causing interface delamination [32,33]. Possible crack for-
mation and isolation of CAM particles result in a permanent loss of ca-
pacity [7,34]. In addition, microcracks have been observed in LCO
grains impeding Li-ion and electron transport. These defects might
originate from oxygen vacancies in the LCO created during
high-temperature sintering [32].

Both degradation during processing and operation can lead to the
formation of a resistive cathode/electrolyte interphase, resulting in
diminished cell performance. Yet, understanding and distinguishing the
various degradation mechanisms and assessing their impact on perfor-
mance loss is very challenging. Experimental analysis is impeded by the
nanoscale thickness of resistive layers and the sensitivity of LLZO to
characterization techniques using fast electrons. Due to these con-
straints, simulations are an important tool for identifying underlying
mechanisms.

In conventional Li-ion batteries, continuum modeling has proven
effective for studying solid electrolyte interphase (SEI) formation [35,
36]. Drawing from these concepts, our study introduces a new simula-
tion approach to investigate the influence of degradation products in
ASSBs using structure-resolved continuum simulations. Specifically, we
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introduce an efficient resistive film model capturing the effect of resis-
tive interfaces in microstructure-resolved simulations.

Fig. 1 illustrates the workflow and methods employed in this study.
Our research primarily focuses on two distinct phenomena: 1) the
degradation occurring during the processing of high-temperature pro-
cessed LCO/LLZO electrodes and 2) the electrochemical degradation
during the operation of low-temperature processed LCO/LLZO elec-
trodes. For each case, we generate a FIB-SEM reconstruction of an
exemplary LCO/LLZO composite cathode, which serves as the input for
our 3D simulations. The first sample, fabricated through high-
temperature sintering, is studied to understand performance loss
mainly attributable to thermal degradation during manufacturing [22].
The second sample is manufactured by field-assisted sintering/spark
plasma sintering (FAST/SPS) at reduced sintering temperature to avoid
thermal degradation and is used to investigate performance loss due to
electrochemical degradation during cell operation. Our simulation
model is parameterized based on experimental results from Refs. [22,
29]. Additionally, our simulations are informed by Secondary Ion Mass
Spectrometry (SIMS) measurements and Density Functional Theory
(DFT) calculations. This synergistic approach improves model pre-
dictions and aids in the interpretation of performance-limiting processes
in both uncycled and cycled composite cathodes.

Overall, this study emphasizes the importance of understanding
different degradation mechanisms in composite cathodes of garnet-
based ASSBs. This facilitates the evaluation, comparison, and enhance-
ment of cathode fabrication and design. Although we focus on the ma-
terial system LCO/LLZO, the methods and results presented in this study
apply to other rigid SEs and CAMs as well.

2. Experimental section

Cell manufacturing and characterization Two types of composite
cathodes were investigated in this study. The first cathode, labeled as HT
in the following, is composed of LCO-LLZO:Ta (Lig¢LagZr; ¢Tag4012)
and was produced via high-temperature sintering. Upon manufacturing,
the cathode was assembled with an LLZO:Ta separator and a Li metal
foil. Details are given in Ref. [22]. The second cathode, referred to as
sample LT, was fabricated using FAST/SPS, employing a lower sintering
temperature. Notably, the LLZO in this cathode was doped with
Aluminum, resulting in an LLZO:AlLTa (Lig45Algos5LasZri ¢Tag4012)
composition. This cathode was assembled with an LLZO:AlLTa separator
and an In anode. Further details are provided in Refs. [29,30].
Comprehensive results of physical, chemical, and electrochemical
characterization of the cells are published in Refs. [22,29-31].

Secondary ion mass spectrometry LCO-LLZO:AL Ta composite cathode
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Fig. 1. Schematic overview of the workflow in this study. Measured discharge curves for the composite cathode sintered using conventional methods are adapted
from Ref. [22]. EIS data and electrochemical discharge curves for the composite cathode sintered by FAST/SPS are adapted from Ref. [30]. Different parameter sets
(HT1, HT2, LT) are used in our simulations to reproduce and interpret the experimental data.
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samples, sintered via FAST/SPS, were analyzed using SIMS before and
after cycling (10 cycles). The measurements allow us to gain insights
into the elemental redistribution of Co, La, and Al subsequent to fabri-
cation and cycling. Detailed information on the experimental procedure
is available in Ref. [31].

3. Simulation section

We study the effect of secondary phases in the composite cathode by
employing structure-resolved simulations. Using the Battery and Elec-
trochemistry Simulation Tool (BEST), we are able to correlate micro-
structure, material parameters, and electrochemical cell performance
[37].

3.1. Structure generation

The composite cathode effectively determines the energy and power
density of the battery cell, requiring careful optimization of its micro-
structure [38-44]. Our simulations use reconstructions of the cathode
microstructure as simulation domain. Therefore, we directly include
structural properties such as volume fractions, particle sizes, and pores.

3D reconstructions for both cathode samples, HT and LT, were ob-
tained using FIB-SEM tomography. The resulting image stacks were
processed using image registration, cropping, and filtering. The images
were then segmented into CAM, SE, and pores based on grayscale values.
The grayscale thresholds were adjusted in line with the experimentally
determined cathode composition and visual evaluations to ensure an
accurate reconstruction.

Fig. 2 displays the final 3D reconstructions of the two composite
cathodes. A detailed overview of the structural properties of both elec-
trodes can be found in Table 1. The reconstruction of sample HT has a
higher CAM fraction than sample LT. Both structures display high den-
sity after sintering, with sample LT achieving an exceptional density of
96%. It is important to note that FIB-SEM imaging of Sample LT revealed
noticeable cracks in both the LCO and LLZO phases. However, both vi-
sual examination and detailed imaging conducted in a previous study
revealed no evidence of cracking in the samples [30]. Therefore, we
attribute these discrepancies to the handling of the samples prior to the
FIB-SEM measurements. Minor cracks were rectified using a medium
filter to ensure a representative geometry for our simulations. The
remaining cracks in the reconstructions do not significantly affect the
fraction of isolated CAM particles that are not connected to the cathode
current collector. For both reconstructions HT and LT, the fraction of
inactive, disconnected CAM particles is less than 1%.

Figure S1 illustrates the workflow to obtain our simulation input
structure from the FIB-SEM images. Since FIB-SEM measurements only
capture a limited segment of the cathode, we mirrored the obtained 3D
reconstructions to match the thickness observed in SEM cross-sections.
To complete the input structures, we added an isotropic electrolyte

Sample HT
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Table 1
Characteristics of the 3D reconstructions for sample HT and LT. The recon-
structed microstructures were mirrored to achieve the experimental electrode
length.

Symbol Short description Unit Sample HT Sample LT
Iy Cathode length in x-direction pum 11 26

I Cathode length in y-direction um 25 35

I, Cathode length in z-direction pum 16 28

€CAM CAM volume fraction % 63 53

€sE SE volume fraction % 30 43

€o Pore volume fraction % 7 4

Liexp Experimental electrode length pum 25 35

separator pellet, a Li metal anode, and current collectors.

3.2. Electrochemical simulations

Based on the generated 3D reconstructions, we conduct structure-
resolved simulations to study the effect of degradation phases. The
mass and charge transport in the battery cell is calculated using the in-
house code BEST. The code uses a set of partial differential equations
derived from the respective conservation laws to calculate mass and
charge transport in the active material (AM) and SE phase [45,46]. The
set of constitutive equations is summarized in Table 2.

3.2.1. Standard interface model

To describe the charge transport at the CAM/SE interface in our
standard simulation case, we use a Butler-Volmer-expression. Eq. (1)
relates the interfacial current igy to the exchange current density iy and
surface overpotential 7.

igv = Io {exp <Z—§,n) - exp( - %’n)} (@9

Table 2
Governing equations used in BEST [37,45].

Equation Short description

Transport in active material

’kTAtM = — V.(— DAMTCAM) Mass balance

0=-ViM Charge balance

iam = — ofMVAM Electric current

Transport in solid electrolyte (¢, = 1)

0= - Vit Charge balance

isg = — VSt Tonic current

Interface between AM and SE

v = o [exp (O(_F ’7) ~exp ( _(Q-aF ”)] Butler-Volmer current
RT RT

ip = i clcy (cmax — cay)'® Exchange current density
Sample LT

Yy

Fig. 2. 3D FIB-SEM reconstructions of two composite cathodes. Sample HT was manufactured at high temperatures and long dwell times [22]. Sample LT was
sintered with FAST-SPS at elevated pressures and reduced sintering temperatures and dwell time [29]. Structural properties of the reconstructions are summarized

in Table 1.



M. Clausnitzer et al.

The exchange current density iy depends on the Li-ion concentration
of SE and CAM and can be calculated according to Eq. (2). iggM is the
exchange current density factor, @ denotes the symmetry factor of the
reaction. cgg and ccay refer to the local Li-ion concentration in the SE and
CAM, respectively.

. CAM : I-a
io = iy ™ cspctam (CChm — ceam) @

The local surface overpotential is calculated from the difference of
the CAM and SE potential ®cau, ¢g; and open-circuit voltage U, and,
thus, gives the deviation from the electrochemical equilibrium at the
interface (Eq. (3)). Note that U, depends on the Li-ion concentration of
the CAM and changes during the simulation.

1 = @cam — Psg — Uo(ccam) 3)

3.2.2. Resistive film model

Using experimental techniques, analyzing thin interlayers resulting
from elemental interdiffusion across the SE/CAM interface is very
challenging. To better comprehend the impact of degradation mecha-
nisms on cell performance, we incorporate a parametric resistive film
model in our simulation framework. To determine the influence of
secondary phases at the electrode level, our model addresses the reso-
lution limitations of thin layers (=100 nm) and the high computational
cost of spatially resolving the electrode microstructure. This new model
implicitly solves the introduced kinetic limitations by altering the
standard description of charge transfer kinetics at the SE/CAM interface.

The model considers the presence of a thin resistive film of secondary
phases at the SE/CAM interface that impedes charge transfer. Depending
on the electrochemical properties of the degradation products, these
secondary phases will have different effects on mass and charge trans-
port [6,47]. Fig. 3 shows a schematic of the resistive film model and
highlights different scenarios that can be described by our simulation
approach. The ideal interface is shown in the first schematic of Fig. 3 (a).
The second case represents a degraded SE interface layer with poor ionic
conductivity. The third case describes a degraded CAM interface layer
with poor electronic conductivity and Li-ion mobility. Finally, the last
scenario combines both interface models, providing a generalized
description of resistive interface layers.

(a)
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Note that the properties of the interphase itself affect the growth
mechanism upon further cycling. Ideally, an interlayer forms with high
ionic and low electric conductivity that stabilizes after reaching a certain
thickness, hence effectively extending the electrochemical stability
window of the SE [6]. As shown in Fig. 3 (b), our model describes the
resistive film with five parameters: thickness, electrical conductivity,
and diffusivity of a degraded CAM phase, as well as thickness and ionic
conductivity of a degraded SE phase.

Degraded CAM phase According to Egs. (1)-(3), the current at the SE/
CAM interface depends on the exchange current density and open circuit
voltage of the CAM, which are both a function of the surface Li-ion
concentration ccAM. However, the presence of a degraded CAM phase
will cause a concentration gradient over the resistive film, depending on
its thickness I$4™ and effective diffusivity D{a™. The surface concen-
tration at the resistive film cif can be calculated according to Eq. (4) by
assuming that the intercalation flux Npyrr (Eq. (5)) is equal to the
diffusive flux.

N
ff =M - ,;Jiiflﬁé““ @
RF
inv,
Nevge = B}RF 6))

Furthermore, the degraded CAM film hinders electron transport due
to its low electrical conductivity o$s™. The additional resistance can be
calculated according to Eq. (6) from the film thickness and conductivity:

g
Relec = "CAM (6)
o

Degraded SE phase Similarly, in the case of a SE phase, ionic transport
is impeded by a film with additional ionic resistance with the thickness
& and ionic conductivity x5 (Eq. (7).

e
Rion = Sg 7
?

Extended BV kinetics The additional resistivities are included as the
current-dependent resistance Rgr in the overpotential. They can be
regarded as contributions of the interfacial film that limit the charge

E + E + ‘ E + E e
P A L, i AR | bl
Sharp IF SE Phase CAM Phase SEP%a%éM
T T I I T I T T
(b) Resistive Film
CAM SE
Phase | Phase
o |
D
¢CAM ¢SE
Ceam | R AL 23 d Cse
{ooooooooos >

Fig. 3. (a) Overview of the different simulation cases: A sharp interface corresponding to the standard simulation case, a degraded SE phase with high ionic and low
electric conductivity, a degraded CAM phase with low ionic and high electric conductivity and a combined case with both a degraded SE and CAM phase. (b)
Overview of the implemented resistive film model. The resistive film is described with two parameters for a degraded SE phase and three parameters for a degraded

CAM phase.
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transfer kinetics at the interface (Egs. (8)-(10)).

. . aF (1-a)F

IBv.RF = o {eXP (ﬁﬂkp) - exp< - T”RF)} ®
rr = @am — @5 — U (CE,F) — ipv RERRE (C)]
Rrg = Reiee + Rion (10)

3.3. Parametrization

In this study, we focus on the material system LCO/LLZO and care-
fully parametrize our model for these materials. In Section 4, we
compare our simulation results to discharge curves from Finsterbusch
et al. (at 100 and 25 °C) [22] and Ihrig et al. (at 80 °C) [30]. Therefore,
we use three different parameter sets to parametrize our model for the
corresponding simulation cases:

e Parameter set HT1: Composite cathode sintered conventionally and
discharge at 100 °C as per Ref. [22]

e Parameter set HT2: Composite cathode sintered conventionally and
discharge at 25 °C as per Ref. [22]

e Parameter set LT: Composite cathode sintered with FAST/SPS and
discharge at 80 °C as per Ref. [30]

Parameters for HT1 and HT2 are taken from Ref.[22]. We build upon
the study presented therein by integrating our resistive film model,
which allows for a more comprehensive analysis of degradation phe-
nomena not previously captured.

To parameterize our simulations for the low-temperature sintering
case LT, we rely on electrochemical impedance data measured at 80 °C
[30]. From fitting the electrochemical impedance spectroscopy (EIS)
data for a plain LCO cathode on a SE pellet, the areal resistances of bulk,
grain boundary, LCO/LLZO interface, and LLZO/In-Li interface were
determined, representing parameter set LT. Further information on this
approach can be found in the SI.

Table 3 summarizes the parameter sets HT1, HT2, and LT, along with
their references. Any deviations from these parameters are noted in the
relevant section.

4. Results and discussion

In this section, we analyze the influence of degradation products at
the CAM/SE interface on electrochemical cell performance. First, we
conduct a sensitivity analysis of the implemented resistive film model to
identify the main processes influencing cell performance. Then, we
study the performance loss upon manufacturing and cycling by
comparing our simulation results with experimental data, aiming to
identify the underlying degradation mechanisms. For the simulation
study focusing on thermally induced degradation during cell
manufacturing, we use FIB-SEM reconstruction HT and parameter sets
HT1 and HT2. For studying electrochemical degradation during cell
cycling, we conduct simulations on the microstructure LT using the
corresponding parameter set (cf. Sections 3.1 and 3.3). For comparable
simulation results, we normalize practical capacities to the theoretical
capacities of the cathode samples (Equation S3).

4.1. Effect of resistive interlayers

The LLZO/LCO interface remains poorly understood, with stability
issues hindering the analysis of ideal interfaces [52]. Degradation pro-
cesses are strongly influenced by processing conditions and materials,
affecting the extent of chemical and mechanical degradation, as well as
the electrochemical properties of forming secondary phases. Therefore,
parameters of resistive films forming at the CAM/SE interface still
involve significant uncertainties. The thickness of the reaction zone

Energy Storage Materials 67 (2024) 103262

Table 3

Parameters used for the electrochemical simulations. We use three different
parameter sets: HT1: Sintered conventionally and operation at 100 °C. HT2:
Sintered conventionally and operation at 25 °C. LT: Sintered by FAST/SPS and
operation at 80 °C. Functional parameters are indicated by * and are given at
initial conditions.

Symbol Value Ref. Unit Short description
Li metal
Ujr 0 - \ Open circuit potential
opn 100 Ref. S/ecm Electronic conductivity
[22]
i’di HT: 1-10°3 Ref. A /cm2 Exchange current
[22] density
LT: 1.2.10°3 Calc.
[30]
ak 0.5 - - Symmetry factor
LLZO
ci’f 0.0384 Ref. mol /cm3 Concentration of Li-
[22] ions
KgE HT1: Ref. S/cm Li-ion bulk
1.1.1072 [22] conductivity
HT2: Ref.
5.4.10°* [22]
LT: Ref.
5.195.10~* [30]
t 1 - - Transference number
Liep HT: 500 Ref. pm Separator thickness
[22]
LT: 400 Ref.
[30]
LCO
u§r 4.2*% Ref. A Open circuit potential
[48]
cEiAMO 0.027058 Ref. mol/cm®  Initial concentration of
[22] Li-ions
CfiAM-m“ 0.051555 Ref. mol/cm®  Maximum
[49] concentration of Li-
ions
afiAM 4.47% Ref. S/em Electronic conductivity
[50]
D 8.4810712%  Ref. cm? /s Li-ion diffusion
[51] coefficient
isAM HT: 0.0981 Ref. Acm?2° Exchange current
[22] mol™® density factor
LT: 0.1599 Calc.
[30]
ak 0.5 - - Symmetry factor
Operating
conditions
Tapp HT: 0.1 Ref. mA/cm? Applied current density
[22]
LT: 0.05 Ref.
[30]
Ueut 3.4 - A% Cut-off voltage

resulting from thermally induced degradation is reported to be around
100 nm [21]. The observed reduction in cell performance is likely to be
caused by changes in the electrochemical properties of both the CAM
and SE at the interface [31].

4.1.1. Sensitivity analysis

To better understand the impact of electrochemical properties of
resistive films on cell performance, we first perform a sensitivity analysis
of our resistive film model focusing on the scenarios schematically
shown in Fig. 3 (a). As previously discussed, the model incorporates two
additional effects that hinder charge transfer: 1) an ohmic contribution
due to increased ionic and electronic resistance at the CAM/SE interface
and 2) decreased Li-ion mobility.

Ohmic contributions According to Eqs (6)—(10), the additional ohmic
film resistance depends on the thickness of the interface layer and its
ionic and electronic conductivity. In our simulation framework, this
resistance Rgr is incorporated as a current dependent term in the local
overpotential.
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Fig. 4 illustrates the influence of an additional film resistance due to
aresistive phase on the local overpotential and electrode performance. A
resistive phase at the CAM/SE interface will result in a higher interfacial
resistance and higher overpotentials necessary to sustain a specific re-
action rate.

Fig. 4 (a) shows the additional surface overpotential required for
different film resistances compared to the standard Butler-Volmer
expression. Since the resistance term is current-dependent, larger de-
viations from the standard Butler-Volmer expression occur at higher
local currents. Above a limiting current, the film resistance leads to a
steep increase in surface overpotential compared to the standard simu-
lation case. This can be interpreted as an increasing interface deacti-
vation, which depends on the film resistance. The effect on the Faraday
current igy g is minor for the smallest assumed resistance (1 Qcm?).
However, the critical current density decreases significantly with
increasing film resistance, becoming relevant to practical currents across
the CAM/SE interface.

Fig. 4 (b) shows the discharge of a 3D cell (Sample HT) at a current
density of 0.1 mA/cm? with increasing film resistance. The influence of
film resistance on the discharge curve is minor up to 10 kQ cm?. For
higher film resistance, the capacity drops significantly. Fig. 4 (d) shows
the current distribution in the SE phase of the composite cathode at the
beginning of the simulation. At lower film resistance (Rgr =
100 Q cm?), Li-ions primarily intercalate near the separator to mini-
mize ionic pathways and resistance. In contrast, high interfacial resis-
tance (Rgr = 100 kQ cm?) results in an extended reaction zone with
distinct local ionic current hot spots. Therefore, ionic pathways are
significantly longer in the latter case, resulting in higher overpotential
and lower cell performance. This implies a significant contribution of

(@)
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ohmic losses in the electrolyte to the higher cell polarization, although
we formally increase the resistance of the interface.

In Fig. 4 (c), the effect of an additional ohmic film resistance on cell
performance is shown for applied current densities ranging from 0.1 to 2
mA/cm?. An increasing current density leads to higher local currents at
the cathode/electrolyte interface, resulting in a stronger effect of the
ohmic film resistance on the cell capacity. At iy, = 0.1 mA /em?, the
cell capacity is nearly constant until Rgr = 1-10* Qcm?. However, at
ispp = 2 mA /em?, currents at the interface are significantly higher,
causing a decrease in cell capacity already at Rgr = 1 kQ cm?. Note that
deactivation of surfaces, e.g., due to delamination, alleviates this prob-
lem, resulting in high local current densities. Figure S2 shows the effect
of reduced interface area on discharge capacity.

Reduction of Li-ion mobility A resistive film forming due to degrada-
tion of the CAM potentially reduces the mobility and diffusion of Li-ions.

Fig. 5 (a) shows the Li-ion concentration across a film with a thick-
ness of 100 nm according to Eq. (4). The interface between the CAM
interphase and the bulk SE is located at 0 nm. The CAM particle is
lithiated with a flux corresponding to 0.01 mA/cm?. As a result, the Li-
ion concentration at the interface (0 nm) is higher than the bulk CAM
concentration (100 nm). The increase in Li-ion concentration depends
on both the diffusion coefficient DA of the resistive film and the local
current igy. At DEM = 110712 em?/s, ¢l is only slightly higher than
cCAM. However, reducing the diffusion coefficient by an order of
magnitude already leads to a significant increase in Li-ion concentration.
In our resistive film model, a higher Li-ion concentration at the interface
results in a lower open-circuit voltage and exchange current density,
leading to reduced cell performance.
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Fig. 5 (b) illustrates the effect of Li-ion mobility in a resistive CAM
phase on the discharge curve. As the mobility of Li-ions in the resistive
film decreases, the discharge curve shifts toward lower voltages and
reduced capacities. Fig. 5 (d) also depicts the Li-ion concentration within
the CAM at the end of discharge, comparing cases with high and low film
diffusivity. Lower Li-ion mobility in the resistive film leads to elevated
local overpotentials and decreased potential. Consequently, the cut-off
voltage is reached at lower lithiation states of the CAM, reducing ca-
pacity significantly.

Fig. 5 (c) demonstrates the decline in normalized capacity as a result
of reduced interphase mobility in the 3D simulation case for current
densities ranging from 0.1 to 2 mA/cm?. Even at low current densities, a
decrease in DM
0.1 mA /cm?, the capacity drops to nearly O for a diffusion coefficient of

results in a significant loss of capacity. At iy, =

1-107* ¢m? /s. This effect becomes even more pronounced at higher
current densities. For bulk LCO, the effective diffusion coefficient is
typically between 1-107!! and 1-107'2 ecm? /s depending on the lith-
iation state [51]. Therefore, even a thin resistive layer with slightly
lower diffusivity than LCO can cause substantial capacity loss.

Minimum requirements of resistive films

Our resistive film model provides valuable insights into the mini-
mum requirements of resistive films necessary for successful cell oper-
ation. These criteria are pertinent for both degradation and coating
layers located at the SE/CAM interface. Our sensitivity analysis indicates
that, at practical current densities, the tolerable ohmic resistance of the
interphase is approximately Rgr = 1 kQ cm?. For a CAM phase, the Li-
ion diffusion coefficient should not be significantly below
1-107'2 ¢cm? /s at a film thickness of 100 nm.

4.2. Analysis of performance of high-temperature processed electrodes

Conventional sintering of LCO/LLZO composite cathodes usually
involves high temperatures above 1000 °C to achieve densification and
intimate contact between individual particles [22]. However, high
temperatures accelerate secondary phase formation due to cation
interdiffusion, structural changes, and chemical reactions [21]. As a
result, resistive interphases are observed at the cathode/electrolyte
interface, negatively impacting charge transfer and overall cell
performance.

In the study by Finsterbusch et al., a high-temperature sintering step
was used in the processing of LCO/LLZO composite cathodes. Utilization
of the CAM was up to 81% at 100 °C and a current of 0.1 mA/cm? [22].
However, capacity dropped significantly at room temperature. While
structure-resolved simulations showed good agreement at high opera-
tional temperatures, they could not explain the substantial performance
loss at room temperature. The authors suggested that an additional
charge transfer resistance at the CAM/SE interface with high activation
energy is causing the capacity loss [22]. Building on this hypothesis, our
study introduces a refined simulation model that incorporates a detailed
characterization of the interfacial resistance.

To gain a better understanding of the relevant processes and trans-
port limitations, we performed electrochemical simulations on the FIB-
SEM reconstruction of sample HT (cf. Section 3.1) using the resistive
film model. Our main working hypothesis is that a homogeneous resis-
tive layer forms at the CAM/SE interface due to the high-temperature
sintering step, blocking charge transfer at low operating temperatures.

Fig. 6 (a) presents a comparison between our simulation results for a
discharge current of 0.1 mA/cm? and the experimental data from Fin-
sterbusch et al. [22] at temperatures of 100 °C and 25 °C. Using the
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1.65-10" cm? /s, diffusivity is changed with in-

crements of 0.01-107'* cm?/s. (c) CAM phase lithiation state upon reaching the lower cut-off voltage, based on resistive film simulations at 100 and 25 °C.

standard interface model, we achieve good qualitative agreement with
the experimental data for the 100 °C case. However, the simulated ca-
pacities are higher than in the experiments. At 25 °C, the difference
between the simulations and the experimental data is much more pro-
nounced. The experimental data shows an almost immediate voltage
drop, while the simulation indicates capacities close to full utilization.
Simulations with the standard interface model predict only minor dif-
ferences between 100 and 25 °C.

However, using our resistive film model, we are able to reproduce
the experimental data at 25 °C by adjusting the model parameters. The
results of our sensitivity analysis suggest that a reduced Li-ion mobility
of a secondary phase at the CAM/SE interface causes the observed ca-
pacity loss. An ohmic resistance is less significant at the low discharge
rate of 0.1 mA/em? (cf. Fig. 4(c)). By fitting DSAM at low and high
temperatures, we can extract the diffusion coefficient as well as the
activation energy assuming Arrhenius behavior (Eq. (11)).

o an

Our simulations indicate diffusivities of 2-107* em? /s at 100 °C and
1.55-107'* ¢m? /s at 25 °C. These results correspond to an activation
energy of approximately E,=0.04 eV.

Fig. 6 (b) shows the influence of the Li-ion mobility in the resistive
film on the simulated discharge curve compared to the experimental
data for the 25 °C case. A resistive film with low Li-ion mobility leads to
a significant voltage drop at the onset of the discharge. Subsequently,
the voltage decreases steadily until reaching the cut-off voltage at a very
low capacity. Notably, the cell capacity and shape of the discharge
curves fit qualitatively very well between experiments and simulations.
Both the voltage offset at the beginning of the simulation and the ca-
pacity at the end of the discharge are strongly affected by the Li-ion
mobility of the resistive film.

Fig. 6 (c) depicts the influence of the resistive film on the utilization
of the CAM. For the 25 °C scenario, low Li-ion mobility within the
resistive film results in pronounced blocking behavior of the SE/CAM

interface and very low CAM utilization. Conversely, at 100 °C, enhanced
Li-ion mobility in the interphase permits uniform lithiation.

Our results highlight the need for better interfacial stability of the
CAMY/SE interface by adjusting material selection and lowering sintering
temperature. However, it is important to recognize the limitations of our
model, which simplifies electrochemical transport across the interfacial
layer under the assumption of a homogeneous resistive layer with uni-
form properties. Therefore, additional analysis is needed to confirm our
simulation results. For example, interface-sensitive techniques such as
high-resolution SIMS can offer valuable insights into secondary phase
formation and its properties, especially when combined with three-
dimensional tomography studies [53,54].

4.3. Analysis of the performance loss of low-temperature processed cells

To mitigate secondary phase formation during the manufacturing of
oxide-based ASSB cells, new methods are being developed to reduce
sintering temperature and dwell time. A promising approach is FAST/
SPS, which utilizes high pressures to facilitate cathode densification at
reduced temperatures and shorter dwell times. IThrig et al. achieved a
LCO/LLZO mixed cathode with a high density of 95% at sintering
temperatures of 675-750 °C and dwell times of 10 min [29]. Subsequent
SEM and TEM analyses revealed no secondary phase formation at the
SE/CAM interface after the manufacturing process [30]. However, the
ASSBs showed rapid capacity fade during cycling at 80 °C and 0.05
mA/cm?. Detailed analysis of the SE/CAM interface indicated that
electrochemical degradation of the interface and formation of resistive
interphases impede charge transport [30,31]. A key role was attributed
to Al in the SE phase, which, upon cycling, diffuses into the CAM phase
[31]. In LLZO:Al, Al stabilizes the highly conductive cubic phase.
Consequently, the movement of Al into the CAM can result in the for-
mation of tetragonal or amorphous LLZO with reduced ionic conduc-
tivity. Additionally, it was proposed that Al obstructs Li-ion pathways in
LCO upon diffusion [31].
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In this section, we use microstructure-resolved simulations focusing
on the degradation observed during cell operation to gain a better un-
derstanding of the underlying mechanisms.

4.3.1. Experimental results

Capacity fade Figure S3 shows the capacity fade of ASSBs with LCO/
LLZO composite cathodes from Ref. [30] during the first ten cycles. The
measured capacities are normalized to the theoretical capacity of the
composite cathode as determined from the FIB-SEM reconstruction of
sample LT (cf. Section 3.1). During the first discharge, the ASSB achieves
a normalized capacity of about 75%. Approximately 25% of the CAM are
not utilized. The capacity gradually decreases in subsequent cycles. The
capacity fade is more prominent in the first few cycles. After ten cycles,
the cell reaches a normalized capacity of around 40%. Similar capacity
fade during electrochemical cycling has been observed by other research
groups [24,32,55]. The significant performance loss of oxide-based
ASSB cells is generally attributed to degradation at the CAM/SE inter-
face resulting from mechanical, electrochemical, and chemical degra-
dation [22,31,32].

SIMS analysis To investigate electrochemical degradation at different
stages (uncycled and cycled), SIMS analysis was performed to map the
elemental distribution in the composite cathode microstructure. Fig. 7
(a) and (b) display the experimental results for a pristine and cycled (10
cycles) sample. The yellow, red, and blue colors represent Al, Co, and La,
respectively. The SIMS line profiles illustrate the elemental distribution
across the LCO/LLZ0:Al Ta interface, with three representative profiles
displayed for each sample. The position of the line graphs is indicated in
the SIMS images by the white arrows.

In an ideal scenario with no interdiffusion, one would expect the Co
signal to be confined to the LCO phase and the La and Al signals to be
exclusively present in the LLZO:Al,Ta phase. This would result in a
distinct correlation between the La and Al signals. However, the SIMS
results for the pristine sample (Fig. 7 (a)) indicate that diffusion pro-
cesses occur across the LCO/LLZO:AlTa interface during processing.

@)
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Specifically, Al initially in the LLZO:Al,Ta phase, redistributes and ac-
cumulates at the LCO/LLZO:Al Ta interface. Line scans further reveal
the formation of a diffusion zone with Al being detected well inside the
LCO particles (~ 500 nm from the CAM/SE interface, indicated by the
black arrows). In addition to Al migration, there is evidence of minor Co
and La interdiffusion at the LCO/LLZO:Al,Ta interface.

After cycling (Fig. 7 (b)), the Al signal correlates with the Co signal.
This indicates that during cycling, Al diffuses into the LCO and forms a
thermodynamically favorable interphase. Theoretical calculations sug-
gest that the formation of Al-LCO is preferential at low lithiation states of
LCO [31]. A redistribution of Al from LLZO into LCO during electro-
chemical cycling was also observed by Park et al. [23]. Interestingly,
some LCO particles do not exhibit any Al signal, suggesting that they are
electrochemically inactive [31]. To quantify this effect, we use image
processing techniques to analyze the LCO fraction without an Al signal
in three Regions of Interest (ROIs) from the SIMS measurements after
cycling. We convert the original image to a binary format and calculate
the fraction of LCO particles that show an overlap between Co and Al
signals. The procedure is shown in more detail in Figure S4. On average,
84% of the LCO in the 2D image exhibit an Al signal after cycling,
indicating that approximately 16% of the LCO is electrochemically
inactive. It is important to note that estimating volume fractions from 2D
images introduces some inherent error. However, we believe that the
results obtained from the image analysis provide a reasonable estimate
of the fraction of inactive CAM.

4.3.2. DFT calculations

Thrig et al. proposed that Al-ions migrate from LLZO:Al,Ta to Li sites
in LCO, thereby inhibiting Li-ion transport [31]. To evaluate the impact
of Al on the chemical Li-ion diffusion coefficient in LCO, we perform
density functional theory (DFT) simulations of both pristine and
Al-contaminated LCO. LCO is modeled by a 2x2x1 supercell containing
12 Li atoms, 12 Co atoms, and 24 O atoms (Li;2C012024). We assume
that a single Al atom occupies one Li position and consider the
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Fig. 7. (a) Elemental mapping for sample LT after manufacturing (uncycled) performed via SIMS. (b) Elemental mapping for sample LT after 10 cycles (cycled). Co
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additional removal of two Li atoms to achieve charge balance
(LigAl; C012024). The mass fraction of Al in the resulting Al-LCO phase is
2.3 wt.%. The removal of Li atoms in comparison to the pristine LCO
phase not only reduces the maximum Li-ion concentration but also
blocks Li-ion transport pathways. In the case of pristine LCO, our
atomistic simulations yield a diffusion coefficient of 7.98-107!2 ¢cm? /s.
This value is consistent with the concentration-dependent diffusion co-
efficient used in our structure-resolved simulations [51]. However, for
the AI-LCO phase, the diffusion coefficient significantly decreases by
approximately two orders of magnitude to 4.46-1071* cm?2/s. This sug-
gests that Al diffusion can impede Li-ion transport in LCO, potentially
acting as a limiting factor for cell performance. Further details regarding
the DFT simulations are provided in the SIL.

4.3.3. Structure-resolved simulations

The FIB-SEM reconstruction of sample LT, manufactured via FAST/
SPS, shows a high sinter density, a balanced ratio of CAM to SE, and a
low fraction of isolated CAM particles (cf. Table 1). Consequently,
substantial kinetic limitations at low current densities are not antici-
pated. Our electrochemical simulations suggest that the normalized
capacity is above 90% at a current density of 0.05 mA /cm? (cf.
Figure S5: 0% Al-LCO).

In contrast, the measured capacity after the initial cycle is signifi-
cantly lower, approximately 75%. This discrepancy is likely due to
mechanical and electrochemical degradation during the first cycle.
Additionally, despite the low sintering temperature and detailed anal-
ysis using TEM on the same materials reported in Ref. [30], we cannot
exclude the formation of secondary phases at the LCO/LLZO interface
during manufacturing. In fact, SIMS analysis shows interdiffusion for the
pristine sample. Multiple degradation mechanisms are likely occurring
in parallel, leading to the observed reduction in capacity.

Particle deactivation CAM particles are electrochemically inactive
when they lose connection to either the ionic or electronic conduction
networks. Our SIMS analysis indicates that approximately 16% of the
LCO in the composite cathode is electrochemically inactiv (cf. Section
4.3.1). In contrast to most LCO particles, the inactive particles do not
display any Al signal. Considering that Al-ion diffusion into LCO appears
to be thermodynamically favorable, it is likely that these particles are
already inactive after processing or become inactive during the first
cycle. Interestingly, our FIB-SEM reconstruction shows below 1% of
unconnected CAM particles. In contrast to the estimation of uncon-
nected particles from the SIMS measurements, where we rely on the
compositional information at the particle scale, the direct determination
of cracks in FIB-SEM depends significantly on the available resolution
and contrast. Some cracks or particle delamination might be below the
typical resolution limit of FIB-SEM. Moreover, the volume of the FIB-
SEM data only represents a limited section of the cathode due to the
limited analysis area.

Electrochemical degradation According to our SIMS analysis, electro-
chemical cycling results in the gradual diffusion of Al-ions from the
LLZO into the LCO phase, influencing both the CAM and SE properties.
As proposed by Ihrig et al., Al-ions might migrate and occupy Li sites in
the delithiated state of LCO [31]. This reduces the capacity of the CAM
and the chemical diffusion coefficient (cf. Section 4.3.2). Furthermore,
the diffusion of Al-ions can potentially destabilize the cubic phase of the
LLZO electrolyte, thereby reducing its ionic conductivity. While Section
4.2 focuses on thin resistive layers (nanometer scale), the processes
discussed in this section are on the micrometer scale.

Reduced number of Li sites and decreased Li-ion mobility To simulate the
diffusion of Al-ions into the LCO particles, we create multiple simulation
geometries with varying thickness of an Al-LCO layer extending from the
CAMY/SE interface into the LCO particles. The first step involves identi-
fying the LCO/LLZO interface in the original cathode structure using an
Euclidean distance transform. Once the interface is determined, we
incrementally increase the thickness of the Al-LCO layer in multiples of
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the voxel size of 240 nm.

We generate six distinct geometries featuring Al-LCO thickness of
0 nm, 480 nm, 720 nm, 960 nm, and 1200 nm, as well as a case where all
LCO is assumed to be contaminated with Al. Regarding our simulation
geometry, these scenarios correspond to Al-LCO fractions of 0%, 32%,
58%, 67%, 80%, and 100% of the original LCO phase, respectively.
Based on the results of our DFT simulations, we assume reduced Li-ion
diffusivity (Dy; = 4.46:10* cm?/s) in Al-LCO compared to pristine
LCO, along with a reduced maximum Li-ion concentration (75% of its
original value).

Fig. 8 (a) shows the measured capacity loss of an ASSB with LCO/
LLZO cathode over ten cycles [30]. Our simulation results and the SIMS
data allow us to attribute the observed performance to different degra-
dation mechanisms. First, capacity is lost due to inactive CAM (blue
bars). We assume 16% inactive CAM, determined from SIMS analysis.
Second, active LCO particles are not fully utilized due to kinetic limi-
tations (yellow bars). Our simulations with pristine LCO (0% Al-LCO)
predict a reduction in normalized capacity of 8% (cf. Figure S5).
These first two factors account for the performance loss in the pristine
composite cathode before cycling. Any additional capacity loss beyond
this baseline is attributed to chemical, electrochemical, and mechanical
degradation, causing an increasing capacity loss upon cycling.

We compare the measured capacity after 10 cycles to the simulations
assuming 100% Al-LCO. Since the FIB-SEM reconstruction shows a
negligible fraction of inactive CAM particles, we subtract the additional
16% inactive CAM after the simulation. Interestingly, the simulations
using the DFT data as input (4.46-107'* cm?/s) significantly over-
estimate the capacity loss after 10 cycles. The simulation predicts a 25%
loss due to the reduced number of Li sites from Al diffusion and an
additional 46% loss from the decreased Li mobility relative to pristine
LCO. The resulting total capacity loss (71%) is significantly higher than
the 36% loss observed experimentally. This discrepancy could be
attributed to the assumptions made regarding a homogeneous blocking
layer, which, in reality, might be much more heterogeneous. In fact, the
LLZO (0.2 wt.% Al) in the composite cathode does not contain sufficient
Al to provide a homogeneous Al-LCO phase for the whole CAM with the
assumptions made in our DFT calculations (2.3 wt.% Al). While Al could
potentially diffuse from the separator, the mobility and rate of Al-ion
diffusion remain uncertain. Given the greater distance to the CAM,
these diffusion processes might operate on an extended timescale,
potentially surpassing the 10 cycles measured experimentally. Addi-
tionally, Al might exhibit some movement to the Co sites in LCO in the
lithiated state, as proposed by Ihrig et al. [31].

Therefore, we extract an estimate of Dy; by fitting the capacity after
10 cycles assuming 100% Al-LCO. The fit yields an effective diffusion
coefficient of around 6-107!3 ¢cm?/s. Our simulation results suggest that
the measured capacity loss can largely be attributed to reduced available
Li sites in LCO. Additionally, particle delamination resulting from me-
chanical degradation, leading to a decreased CAM/SE interface area,
could further exacerbate kinetic limitations induced by the diminished
Li-ion mobility in the active material [55].

To provide insights into the growth dynamics of the AI-LCO layer
during cycling, we conduct simulations on different geometries with
varying Al-LCO phase layer thickness. In Fig. 8 (b), the simulated ca-
pacities are aligned with Dy; from DFT and the fit to the experimental
data. The simulated values include a correction for the 16% performance
loss arising from inactive particles. Increasing thickness of the AlI-LCO
layer directly correlates with a reduction in discharge capacity (cf.
Figure S5). By correlating the simulated capacities associated with
different Al-LCO layer thickness and the measured capacity in different
cycles, we find that the majority of Al-LCO formation likely occurs
during the initial cycles. Specifically, more than 50% of the LCO is
contaminated with aluminum after just three cycles. The growth rate of
this AI-LCO layer is predicted to slow down in subsequent cycles, leading
to a more gradual decline in capacity. This corresponds to an expected
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diffusion controlled growth of the Al-LCO interphase.

Fig. 8 (c) shows the Li-ion concentration in the CAM phase after
discharge with increasing Al-LCO layer thickness. As the Al-LCO layer
grows, the fraction of the CAM with reduced Li-ion capacity increases.
Additionally, the lower Li-ion mobility in the Al-LCO layer reduces CAM
utilization. Even a relatively thin AlI-LCO layer is a significant transport
barrier at the interface. These results are consistent with the experi-
mental data suggesting that capacity fade is more prominent during the
initial cycles. This effect is even enhanced for the low Li-ion mobility
predicted by DFT calculations (cf. Figure S5).

Reduction of ionic conductivity Additionally, the loss of Al in the LLZO
can cause the formation of tetragonal or amorphous LLZO with reduced
ionic conductivity [23,31]. However, our electrochemical simulations
indicate that this phase transition has a negligible impact on perfor-
mance under the conditions studied. When we decrease the SE con-
ductivity in the composite cathode by two orders of magnitude - which
simulates the phase change from cubic to tetragonal LLZO [56] - the
capacity at the current density of 0.05 mA/cm? only drops by approxi-
mately 1%. It is important to note that the impact of reduced electrolyte
conductivity on cell performance becomes significantly more pro-
nounced at elevated current densities, where fast charge transport ki-
netics are essential to achieve high capacities. The corresponding
discharge curves are shown in Figure S6.

From our simulation results, we conclude that:

e The primary cause of performance loss during cycling appears to be
electrochemical degradation, specifically the formation of an AI-LCO
phase with reduced Li-ion mobility. Mechanical degradation seems
to play a less significant role for the material system and under the
operation conditions studied [30].

o The formation of the AI-LCO phase has two limiting effects: it lowers
the overall concentration of Li sites in the active material. Addi-
tionally, it reduces Li-ion mobility at the CAM/SE interface.
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o The rate of secondary phase formation appears to be more rapid in
the initial cycles and slows down in subsequent cycles.

e At low current density, reduced electrolyte conductivity in the
composite cathode, provoked by a phase transition from cubic to
tetragonal LLZO, has minimal impact on overall cell capacity.

5. Conclusion

Secondary phases forming at the CAM/SE interface during
manufacturing and cell cycling can significantly limit the performance
of all-solid-state batteries and pose a significant challenge for cell
development. To better understand the involved processes and limita-
tions, we use structure-resolved simulations based on FIB-SEM re-
constructions of LCO/LLZO cathodes. We introduce a new resistive film
model to consider the influence of thin resistive films at the cathode/
electrolyte interface. We can align simulation and experimental results
at the cell level by utilizing effective parameters to describe secondary
phases at the interface. This enables us to identify the key processes that
limit cell performance. We investigate two main causes of degradation in
all-solid-state batteries: thermally induced degradation of high-
temperature processed electrodes and degradation during electro-
chemical cycling of low-temperature processed cells.

A key challenge of manufacturing LLZO-based composite cathodes is
the high sintering temperatures necessary for good interfacial contact
and densification. Despite high CAM utilization at 100 °C, very low
measured capacities at room temperature suggest the presence of an
additional charge transfer resistance with high activation energy after
high-temperature sintering [22]. Our simulations indicate that a thin
resistive film with reduced Li-ion mobility forms due to cation diffusion
during sintering. The Li-ion mobility in the resistive film decreases at
lower temperatures, blocking Li-ion transport at the CAM/SE interface.
The slow charge transfer across the resistive film results in an isolation of
CAM and a nearly instant drop in capacity upon discharge. In our study,
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we estimate a low Li-ion diffusion coefficient in the resistive film of 1.55-
107'* ecm? /s at 25 °C. Based on our simulations, for successful operation
at practical current densities, it should not be significantly below 1-
10712 cm?/s.

During the electrochemical cycling of low-temperature processed
cells, the LCO/LLZO cathode can experience mechanical and electro-
chemical degradation, resulting in a gradual loss of capacity. In our
study, we use SIMS measurements to show that electrochemical cycling
leads to the thermodynamically favorable diffusion of Al-ions from LLZO
into the LCO phase. Al can block Li-ion transport pathways by occupying
Li sites in the active material. DFT calculations show a significant
reduction in Li-ion mobility for the resulting Al-LCO phase compared to
pristine LCO. This study investigates the influence of a propagating Al-
LCO layer with reduced Li-ion mobility and structural changes in the
LLZO electrolyte, leading to reduced ionic conductivity, on cell perfor-
mance through structure-resolved simulations. Our results indicate that
mainly two mechanisms lead to the electrochemical performance loss
during cycling. First, Al occupying Li sites reduces maximum Li-ion
concentration in LCO and, thus, capacity. Second, an Al-LCO phase
with reduced Li-ion mobility slows down charge transport and reduces
the utilization of larger LCO particles. In contrast, at low current density,
the possible transformation of cubic LLZO into its tetragonal or amor-
phous phase with reduced ionic conductivity due to Al loss or me-
chanical stresses has only a minor effect on cell performance. Our results
indicate that interphase formation is more pronounced during the initial
cycles and slows down with subsequent cycles. It is important to note
that kinetic limitations at higher current densities will be more
pronounced.

6. Outlook

For many commercial applications, operation at room temperature is
crucial. Therefore, further research should focus on enhancing interface
stability during sintering by improving material compatibility and
reducing sintering temperature. To avoid interfacial degradation, stable
interlayers could be used that show at least the electrochemical prop-
erties as determined in this study (At practical current densities: Rgr ~
1 kQ cm? and Dgp =~ 1-107'2 cm?/s at a film thickness of 100 nm).
Recent studies using sintering techniques such as FAST/SPS at high
pressure and reduced sintering temperature have shown promising re-
sults [29-31]. Although sintering additives can lower sintering tem-
peratures [57,58], they also reduce the theoretical energy density. An
alternative approach is to explore concepts that avoid co-sintering
entirely, for example, infiltrating an LLZO scaffold with LCO at a
comparatively low synthesis temperature [27].

When applied to samples at various stages of degradation, our
combined experimental and simulation approach can be used in future
studies to determine the growth kinetics of resistive degradation layers
during cycling. However, the investigation of resistive degradation films
requires advanced characterization techniques for an experimental
analysis of their composition and properties. This is crucial not only for
enhancing the understanding of degradation processes but also for
validating the results of computational studies.

The significant impact of electrochemical degradation highlights the
need for effective coatings. Coating layers can improve interfacial sta-
bility at the CAM/SE interface, thereby preventing electrochemical
degradation and improving rate capability and cycle life. An ideal
coating layer must meet several requirements. Generally, coatings are
employed to increase the electrochemical stability window. Their pri-
mary function is to act as a buffer layer, blocking electrons to prevent
reactions between the SE and CAM while being ionically conductive to
facilitate efficient ion transfer to the CAM. [40,59] Therefore, coatings
should essentially function as stable SEs. Moreover, the coating layer
must inhibit interdiffusion and the formation of interphases during
high-temperature processing and electrochemical cycling, implying that
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the material should exhibit low mobility for all ions except lithium. [59]
Promising coating materials for ASSBs include oxides such as LizsBO3
[16,60,61] and LigNbO3 [62]. The electrochemical properties of these
materials are influenced by their crystallinity, defects, and underlying
microstructure. [62] Our resistive film model can be readily applied to
simulate the influence of coating layers and aid in determining mini-
mum values for critical electrochemical transport parameters, which are
essential for theoretical and experimental materials screening. For
typical ionic conductivities (up to 10~° S/cm at room temperature) [63]
and thin coating layers, the resultant ohmic resistance and its impact on
electrochemical cell performance is minor (cf. Ohmic contributions in
Section 4.1.1). However, it is important to note that incorporating a
coating layer introduces two additional interfaces: one between the
coating material and the SE, and the other between the coating material
and the CAM. Charge transfer resistances at these interfaces must be
minimized to ensure efficient charge transfer. Additionally, the coating
must possess favorable mechanical properties to maintain intimate
contact with both the CAM and SE, even during volume changes due to
lithiation/delithiation. [59]
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