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Guidelines for Impedance Analysis of Parent Metal Anodes
in Solid-State Batteries and the Role of Current Constriction
at Interface Voids, Heterogeneities, and SEI

Janis K. Eckhardt,* Till Fuchs, Simon Burkhardt, Peter J. Klar, Jiirgen Janek,

and Christian Heiliger

Impedance spectroscopy is widely used in operando studies of solid-state
batteries for characterizing charge transport and correlating it with structural
features. A typical impedance spectrum reveals, in addition to transport
signals of the solid electrolyte, one or more contributions due to processes
taking place at the electrode interfaces. The focus of this study is on rever-
sible (parent) metal anodes and a 3D electric network model is used to ana-
lyze the variation of their impedance as a function of pressure, temperature,
or aging during cycling. This provides a recipe for experimentalists on how
to identify impedance contributions arising from different interface effects,
such as, charge transfer, dynamic current constriction, and solid electrolyte
interphase formation. Rules are derived for assigning the different interface
signals or identifying the dominant contribution in case of similar frequency-
dependence and a standard procedure for analysis is proposed. The sug-
gested procedure is applied to experimental data of half cells where lithium
metal is in contact with garnet-type Lig 55Alg 25La3Zr,04,. This case study
yields unambiguously that geometric current constriction due to morpholog-
ical instabilities at the metal anode interface during cycling is the rate-limiting
step for this type of metal anode, rather than the frequently assumed polari-
zation resistance of the electric charge transfer migration process.

1. Introduction

Electrochemical energy storage devices become increasingly
important in the view of the growing share of renewable energy
sources in power generation. The successful implementa-
tion of the parent metal anode in secondary batteries can be

considered a new milestone in the devel-
opment of novel or improved battery
technologies with higher energy densities
and lifetimes.'3] By replacing graphite,
the currently most widespread anode
material, with lithium, the theoretical
specific capacity on the anode side can
be increased by approximately a factor of
10. However, the side reactions occurring
due to the high reactivity of alkali metals
in general result in severe challenges.**
Dendrites can lead to short circuits
and, together with liquid electrolytes, to
fires.’"l A major research focus is on the
substitution of the common liquid electro-
lyte by a solid electrolyte (SE) in order to
suppress the growth of dendrites, on the
one hand, and to reduce the flammability
of the batteries, on the other hand. SEs
are applied as both separators and catho-
lyte components in all-solid state battery
systems. However, the chemical, kinetic
and thermodynamic stability of the metal
anode|SE interface, in particular, poses
a major challenge in the development
process.

In this study, we focus on the separator SE that will be in
direct contact with the alkali metal. Several inorganic SE
ceramics are not chemically stable against the respective
alkali metal, which can lead to the formation of a resistive
solid electrolyte interphase (SEI) that strongly affects the elec-
tric transport properties of the battery cell. For example, the
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phenomenon of SEI formation plays a major role in argyro-
dite-type SEs versus lithium metal or sulfide-like variants of
Na;PS, versus sodium metal.l'>%® In addition, the mechanical
properties of the solid materials involved have a major impact
on the battery cells’ performance. Unlike in the case of liquid
electrolytes, a complicated interface morphology arises, when
two solids come into mechanical contact. The contact forma-
tion depends, for example, on contact pressure, surface rough-
ness, and the corresponding hardness of both materials. This
can lead to the formation of pores of different shapes, sizes and
depths at the interface. Similar interface morphologies occur
upon plating or stripping of the metal electrode and the cor-
responding formation or annihilation of lattice defects, as origi-
nally suggested by Janek et al.l’-19]

Impedance spectroscopy (IS) is particularly suited for mon-
itoring changes at the alkali metal|SE interface during opera-
tion due to comparably short measurement times. Individual
contributions originating from microscopic transport processes
within the SE (e.g., transport through the bulk of grains or
across grain boundaries (GB)) may be separated from interface
signals, if they differ in their characteristic time constants. The
measured impedance data is mostly analyzed using 1D equiv-
alent circuit models, although the actual transport through
the real system is typically multidimensional and frequency-
dependent.?-22 As a result, this simplified analysis impedes a
clear correlation between the macroscopic impedance response
and microscopic transport processes, as mesoscopic phe-
nomena such as dynamic current constriction (Cstr) due to the
sample’s morphology cannot be grabbed adequately.?3]

Nevertheless, experimental impedance data provide a pow-
erful tool to correlate transport and structural properties and
thus for operando monitoring of morphological changes, for
example, at the interface between metal anode and solid electro-
lyte. Such impedance spectra exhibit one or more signals due to
the interface. Recipes for experimentalists to assign the charac-
teristics of these interface signals to the chemical and structural
properties of the interface and the microscopic and mesoscopic
transport processes across the interface are currently lacking.
In the literature, the interface impedance is often simply attrib-
uted to an electric charge transfer (CT) process or SEI forma-
tion in the case of chemically unstable interfaces. Other pro-
cesses that may become rate-limiting, such as diffusion of the
reduced/oxidized species in the interface region, are only rarely
considered.

Another important geometric effect that may affect the inter-
face impedance is dynamic current constriction. In the case of
reversible metal anodes under anodic current load (i.e., strip-
ping), the accumulation of metal vacancies causes pore forma-
tion at the interface. This leads to a shrinkage of the electro-
chemically active surface area and an altering of the electrical
and electrochemical properties.?*28 Recent theoretical studies
by Eckhardt et al.?*3% and earlier work of Maier and Fleigl¥'—¢!
demonstrated that such pores lead to an additional geometric
constriction resistance. Interestingly, the constriction effect can
give rise to a separate semicircle in the Nyquist representation
of the impedance data, resulting in a fingerprint that resembles
a microscopic electric migration process. The corresponding
impedance contribution, however, is not a microscopic trans-
port process, but rather a global effect, which involves basically
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all the different microscopic transport processes occurring at
the interface and adjacent regions.

The pore system is electrically insulating at low frequencies
fof an exciting electric field, but it becomes dielectrically con-
ductive at high frequencies. This change of conductivity with
excitation frequency corresponds to a variation of the transport
channels, where ions are injected into the SE. The whole elec-
trode area and the entire SE volume can actively contribute to
the transport through the system as long as pores at the inter-
face are dielectrically conductive (Zp,,. = 0 Q, displacement cur-
rent). Insulating pores (Zpye — o Q, electric current), however,
lead to spatially focused (i.e., “constricted”) ionic current lines
at the remaining physical contact spots. The resulting constric-
tion leads to a decrease of the active SE volume, which conse-
quently causes a higher impedance.

SEI formation, CT between metal anode and SE or geometric
current constriction, to name just a few possible reasons, are
all effects related to the interface and contribute to the imped-
ance response of the apparently reversible parent metal anode.
In this study, we use a 3D electric network model to derive
approaches, which allow experimentalists to analyze the inter-
face impedance in terms of its origin and to identify the under-
lying microscopic process(es). For this purpose, the dependence
of individual interface effects on stack pressure (i.e., contact
area) and temperature are discussed. On this basis, we propose
a novel approach and guideline for analyzing impedance data of
electrode systems with chemically stable interfaces. This is vali-
dated by an experimental case study of a well-established system
consisting of a lithium metal anode in contact with a garnet-
type SE and corroborated by references to other published data.
It reveals that current constriction due to morphological insta-
bilities rather than the frequently assumed electric CT process
is the rate-limiting step in the case of the system under study.

2. Computational Details

2.1. Description of the Model Structures

The 3D model systems considered comprise a dense polycrys-
talline solid electrolyte sandwiched between a metal working
electrode (WE) and a metal counter electrode (CE) as shown
in Figure 1a. The WE|SE interface is assumed to be non-ideal
(e.g., porous), while an ideally-reversible and stable physical
contact at the CE|SE interface is assumed serving as a quasi-
reference electrode (QRE).[””) We assume a cubic shape of the
SE (L, = L, = L,) corresponding to a volume of (100 um)* and
a thickness of 10 nm for the GBs including the adjacent space-
charge region.”’-3% The non-ordered microstructure of the SE
based on an average grain size of 10 um is generated by using
a Voronoi algorithm. We consider the same fixed typical micro-
structure of the SE in all series of simulations performed,
where the relative physical contact area Aywgse = Awg/Ase
between WE and SE is varied. This enables a direct compara-
bility of the computational results obtained for different mate-
rials parameters that can be assigned to interfaces, grains, and
grain boundaries. It should be noted that the derived conclu-
sions are general in nature and can also be applied to larger
system sizes.
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Figure 1. Schematic description of the 3D computational model systems. a) The cubic SE (yellow) is sandwiched between two metal electrodes (dark
gray). The non-ideal WE|SE interface morphology is described by a separate quasi-2D layer of constant thickness. b) The effect of (1) pores and (2)
an SE| or passivation is systematically studied using an impedance network model. Pores (white) are modeled as local capacitors, while the SEI or
passivation (light blue) is described by local RC-elements with large resistivity. c¢) Overview of different (1) inhomogeneous and (2) homogeneous
interface morphologies investigated. The former are derived from stress maps based on a multi-scale, time-dependent, 3D contact model reported

by Zhang et al. Adapted with permission.?) Copyright 2020, Elsevier.

The number of geometric model parameters for describing
the WE|SE interface morphology is strongly reduced by focusing
on a quasi-2D layer of constant thickness &y, The latter is set to
10~* of the transport length L, and kept constant throughout all
studies. The effect of this parameter on the impedance is dis-
cussed elsewhere.[??) In each series of computations, the relative
physical contact area Aypsg is systematically varied in size from
100% describing an ideal contact to 0% assuming a complete
loss of contact. Such a loss or degradation of physical contact
in real samples results either from pores or resistive inclusions
(see Figure 1b). Experimental information on the explicit inter-
face morphology at the mesoscale is difficult to access. There-
fore, we consider four realistic inhomogeneous morphologies
derived from lithium-surface-stress maps based on a multi-
scale, time-dependent, 3D contact model published by Zhang
et al.’% The reported rectangular stress maps at various stack
pressures were digitized, binarized, discretized, and extended
via translation and rotation considerations to fit the geometry of
our cubic 3D model system (see Figure 1c). In addition, we use
two simplified interface geometries for comparison, whose ratio
Ayg/Ase can be continuously varied between ideal contact and
no contact. One consists of a single square-shaped contact spot,
and the second of a frame-like contact structure.

2.2. Description of the 3D Impedance Network and Choice
of Materials Parameters

We use our 3D electric network model developed to describe
the ion transport throughout the system.?*-*% RC-elements rep-
resent the electric transport processes within the SE (i.e., bulk
and GB transport) in the nodal network. The redox reaction
either oxidizing Me® or reducing Me" ions at the alkali metal|SE
interfaces (i.e., the CT step) is also described by an RC-element
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based on a polarization resistance Rp, and a double-layer
capacitance Cp;. The notation of both microscopic param-
eters results from the Butler-Volmer description of the charge
transfer across an interface. The pores and resistive inclusions
or passivation reducing the physical contact area Aygsg are
mimicked by a capacitor and a RC-element with a large resis-
tivity, respectively. It should be noted that we do not consider
low-frequency diffusion processes in the system. The transport
within the lithium metal electrode is assumed to be resistance-
free. The same holds true, without loss of generality, for the CT
step at the QRE. A detailed description about setting up the 3D
electric network model and computing an impedance spectrum
is given in our previous studies.?329-30)

We used the standard formulas for resistors and plate capaci-
tors to calculate the values of the local circuit elements in the
different layers of the sample. We chose as specific transport
parameters values matching the garnet-type solid electrolyte
Lig 55Aly 55La3Zr,0q; (LLZO). The relative permittivity was set
to Epuk = &g = 150.3740-4] The bulk (O-Bu]k = 0.46 mS Cm_l,
E. pul = 0.34 eV) and GB (0gg = 5.97 uS cm™, E,cp = 0.43 eV)
conductivities at room temperature were determined from
temperature-dependent measurements.’”l. The polarization
resistance Rp, describing the CT between metal electrode and
SE was assumed to be 0.5 Q cm? (E, cr = 0.43 eV). Three dif-
ferent parameter pairs for the double-layer capacitance Cp; and
the pore capacitance Cp,,. Were assumed to ensure a specific
order of the characteristic time constants of CT and dynamic
constriction, i.e., (.77 F cm™, 885 UF cm™) for ey < To
(1771 uF cm™2, 443 uF cm™?) for Ty, = Tep, and (177 uF cm™?,
4425 uF cm™?) for et < Tce The area-specific resistance Rggp
and capacitance Cgg; of the resistive SEI at the interface were
assumed to be 100 Q cm? and 88 UF cm™?, respectively. Note
that the single interface parameters are not necessarily related
to the Li|LLZO interface.
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2.3. Analysis of the Experimental Impedance Data
and the Computed Impedance Series

All impedance spectra, those derived by the 3D network model-
ling and those obtained experimentally for the case study, were
analyzed in the frequency domain by fitting them with an 1D
equivalent circuit model. It consists of four RC-elements con-
nected in series representing bulk and GB transport within the
SE, dynamic current constriction, and CT at the WE|SE inter-
face. The resulting parameter pairs (R;, C;) with i = (Bulk, GB,
Cstr, CT) represent the macroscopic quantities of the single
transport effects. The theoretical and experimental impedance
data were also evaluated in the time domain by performing a
distribution of relaxation times (DRT) analysis. Both types
of analyses were performed using the commercial software
RelaxIS 3 (version 3.0.20.16, rhd instruments GmbH & Co. KG).

The computed series of impedance spectra based on the 3D
electric network model are almost free of noise signals (see Fig-
ures 3-7). The Kramers—Kronig test yields negligible residuals
in the order of 107°%.*21 Therefore, all data points originating
from these simulations were considered in the impedance anal-
ysis process, and only a small regularization term was required
in the calculation of each DRT.*]

Frequency points below 200 Hz were excluded in the anal-
ysis of the experimental impedance data shown in Figure 9,
since individual residuals, particularly of the imaginary part,
were greater than 4% in the Kramers—Kronig test.[*”l The same
holds for frequency points above 0.2 MHz, since the high fre-
quency impedance contribution is only partially recorded in the
measurement range. The corresponding DRT were calculated
using exclusively the real part of the impedance as the residuals
are in the range of a few 0.1% only, indicating high quality of
the data. No additional data points were generated by interpola-
tion and the second derivative of the distribution function Y1)
was used in the Tikhonov regularization problem. 3!

3. Results

3.1. Challenges in Interpreting Experimental Impedance Data

An experimental system for investigating reversible metal
anodes consists at least of a three-layer stack comprising

SIMS, XPS,
t-resolved IS

FIB SEM

morphologically stable interface?

chemically stable interface?
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a parent metal electrode (e.g., Li, Na, Ag, etc.), a highly
dense polycrystalline SE, and a counter electrode. Various
transport processes are expected to occur in such systems,
namely bulk transport and transport across GBs within the
SE and, in addition, electric CT at the metal|SE interface.
Furthermore, one must distinguish between electric CT at
the metal|SEI|SE boundary and dielectric conduction across
the metal|pore|SE interface. It is anticipated that several
of these processes may be separated from each other by IS
as they should possess a different dependence on frequency
of the applied external electric field.**! Bulk transport pro-
cesses typically possess characteristic frequencies in the high
frequency range (i.e., several MHz) and GB transport in the
medium frequency range (i.e., several kHz) at room tem-
perature. Interface contribution(s) are typically expected at
lower frequencies.[*4

In general, the impedance response of all-solid systems is
highly affected by the solid|solid interface geometry. Figure 2
depicts a schematic decision tree, whose branches correlate
different interface morphology scenarios with transport effects
reflected in the impedance signal of the interface. It is meant
as a guideline for identifying the process(es) that are likely to
dominate the metal anode|SE interface impedance in a specific
scenario. The effects accounted for are an electric CT step at the
metal|SE interface, a resistive SEI or passivation, and geometric
current constriction due to pores or inclusions. It should be
noted that we do not consider other processes such as transport
limitations within the metal electrode.

From top to bottom of the decision tree, we distinguish on
the first level between chemically stable and unstable inter-
faces, on the second level between ideal (Ayggse = 100%) and
non-ideal physical contact (Aygse < 100%), and on the third
level between morphologically stable and unstable interfaces at
the mesoscopic scale. The anticipated interface effects for each
branch of the decision tree are given at the bottom level. Appar-
ently, only in a few cases one expects a single interface effect to
be responsible for its impedance contribution (e.g., outer left
branch). Additional constriction effects are frequently expected
in the case of non-ideal physical contacts. In such situations, it
is very important to identify the dominant interface process(es)
that lead to an increase in impedance, since the strategies for
improving the electric interface characteristics of a (battery)
system depend on the dominant process.

¥
CT, Cstr(Pore)

Figure 2. Effect of the geometric interface morphology on the impedance response of the system. The interface impedance in all-solid systems is often
composed not only of electric migration processes, but also of additional geometric effects such as dynamic current constriction. Note that several
other interface effects such as constriction due to transport limitations within the metal electrode are not considered in the decision tree.
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For this purpose, measuring a single impedance spectrum
of a sample and fitting it with a 1D equivalent circuit model
is not sufficient. It cannot fully resolve the significance of dif-
ferent interface effects, since it does not lead to individual
characteristic impedance features. Moreover, often only one
impedance signal assigned to the interface is experimentally
observed, although several processes contribute. Therefore,
establishing the relevance of different interface effects typically
requires additional experimental input. This can be obtained,
for example, by systematic variation of external parameters
and monitoring of their impact on the sample’s impedance
response. This comprises in particular, experiments where
the stack pressure is varied and the pristine interface with
Aygse < 100% due to porosity or inclusions becomes almost
ideal. Although such experiments cause irreversible changes
of the sample’s morphology, they allow to “switch off” current
constriction effects. Similarly, temperature-dependent measure-
ments yield activation energies of the macroscopic resistances
extracted from the impedances accounted for in the 1D equiva-
lent circuit model used for fitting the experimental impedance
spectra. This is helpful, as the constriction resistance arises
from an averaging of different microscopic electric migration
processes at the interface.

Such comprehensive impedance studies need to be comple-
mented by direct investigations of the interface morphology.
The chemical stability of an interface can be studied by time-
resolved IS measurements complemented by well-established
methods such as X-ray photoelectron spectroscopy (XPS) or
secondary-ion mass spectrometry (SIMS)."*#1 The quality
of the physical contact and its morphological stability under
operation can be probed using focused ion beam scanning elec-
tron microscopy (FIB SEM).¥-501 Combining all these efforts
allows experimentalists to correlate changes of impedance
spectra during cycling with degradation of the cell caused by
morphology changes at the metal anode|SE interface. Thus,
such studies are essential for optimizing all-solid-state batteries
employing metal anodes in a systematic fashion.

3.2. Signatures of Various Interface Processes on the Impedance
Response of Battery Systems

The charge transfer at the metal|SE interface, the successive
formation of an SEI, passivation or pores at the interface,
they all affect the interface characteristics in their own specific
manner. To highlight their individual signatures in the imped-
ance response of the system, series of impedance spectra are
computed using a 3D electric network model. Throughout each
series, we systematically vary the interface morphology of the
model system as depicted in Figure 1 for a given set of mate-
rials parameters. The computed impedance spectra were subse-
quently analyzed with a 1D equivalent circuit model consisting
of four RC-elements connected in series to derive the macro-
scopic transport parameters (R;, C;) of bulk and GB transport
within the SE as well as CT and geometric constriction effects
due to pores or SEI formation at the interface. It should be noted
that assuming a constant interface thickness 6y, throughout
an impedance series may lead to an overestimation of the fit
parameter Ty, = Regy Cogr i the computations compared to
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experimental observation, as the simultaneous decrease in J,
somewhat compensates the effect of a decreasing Aygsg.*”!
In this section, we first systematically investigate the branch
of chemically stable interfaces within the decision tree, i.e.,
assuming no SEI formation or passivation, and then address
chemically unstable interfaces with SEI formation.

3.2.1. Effect of Morphological Instabilities Due to Pore Formation
at Chemically Stable Interfaces

We assume an interface that is free of a passivation or resistive
SEI layer in this subsection. Such a situation is, for example,
experimentally observed for lithium metal in contact with a
garnet-type SE.F'54 In the modelling, we keep the microstruc-
ture of the SE constant, whilst varying the pore distribution at
the WE|SE interface. We compare the computational results of
the four realistic interface morphologies based on the multi-
scale contact model®” with two simplified interface morpholo-
gies consisting of one square-shaped contact spot and one
frame-like contact structure whose lateral extensions can be
varied continuously in size, as shown in Figure 1c. The mac-
roscopic transport parameters (R;, C)) extracted from the mod-
elled impedance spectra by the 1D fitting approach are analyzed
with respect to their dependence on interface morphology,
contact area, and temperature. Thereby, we consider three dif-
ferent pairs of parameters for the double-layer and pore capaci-
tance (see Section 2) to explore the order of constriction and CT
relaxation time on the scale of time constants, since 7¢g, has a
significant effect on the shape of the impedance spectrum and
thus the derived conclusions.

Influence of Inhomogeneous Interface Morphologies: Each of the
graphs depicted in Figure 3a—c shows five impedance spectra
in Nyquist representation based on the disordered interface
morphologies between WE and SE depicted on their right. The
three graphs correspond to different orders of interface time
constants, i.e., Tegy < Ton Tose = Top and Ter < Tegy, respectively.
The relative contact area Ayggg in each computation series
varies between 100% (bottom) and 22% (top). Three semicircles
can be visually observed, when considering an ideal physical
contact (Aygse = 100%). These correspond to the two ion migra-
tion processes within the SE and the CT step at the interface.
Bulk and GB impedances corresponding to the blue and red
semicircles, respectively, remain unchanged when reducing the
contact area by pore formation. Pore formation lead to dynamic
current constriction that occurs as an additional geometric
effect in the spectrum, which affects the interface impedance.
As a general trend, the DC resistance of the whole electrode
system increases with decreasing Awgsg, as indicated by the
shift of the outer impedance semicircle to the right. However,
the interface response differs in detail for the three cases of
order of 7y, and et

The order of the time constants determines how the mor-
phological changes at the interface are reflected in the imped-
ance spectrum. For 7¢y, < 7cp shown in Figure 3a, the change
in impedance is related to the formation of an additional geo-
metric constriction semicircle (yellow) between that of the GB
(red) and the CT signal (green). In addition, the CT imped-
ance contribution (green) at lower frequencies simultaneously
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Figure 3. Computed series of impedance spectra in Nyquist representation and corresponding DRT analyses for various realistic WE|SE interface mor-
phologies (inset) considering different orders of the time constants of CT and dynamic current constriction. The interface morphologies originate from
simulated Li-surface-stress maps reported by Zhang et al. Adapted with permission.® Copyright 2020, Elsevier. Note that the bulk impedance (blue)
is not fully displayed for clarity and low-frequency diffusion processes are not considered in the modeling. a—c) A porous interface leads to a constric-
tion effect (yellow), which results in an increase in impedance with decreasing contact area Aygse. The shape of the impedance and the changes of
individual contributions depend on the order of the time constants of the interface processes involved. d—f) An inhomogeneous distribution of pores
at the interface leads to additional DRT signals (black arrows) in the vicinity of the major constriction signal (yellow).

increases in size. In the case of similar time constants 7y, = Tt
depicted in Figure 3b, only one effective interface semicircle
(ochre) can be visually observed in the Nyquist representa-
tion of the impedance spectra that increases in size with
decreasing Aygsg- In Figure 3c, where the order of time con-
stants is reversed (7cr < Tcgy), an increasing geometric con-
striction semicircle (yellow) arises to the right of the CT signal
(green) and dominates the interface impedance response
with decreasing Aygsg, whilst the CT impedance decreases. Tt
should be noted, however, that the DC resistance in the three
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cases is independent of the arrangement of the time constants
for all Aygsg. This is not a universal effect, but is related to the
modeling of the different order of time constants 7; in the com-
putations by adjusting the magnitude of the local capacitances
in the 3D electric network, but not that of the local resistors. In
the DC case (f= 0 Hz), the impedance of a local RC-element is
solely given by its ohmic contribution. This is due to the fact
that the capacitor is connected in parallel with a corresponding
resistor and the absolute value of its impedance becomes
infinity, i.e., |Zc(f= 0 Hz)| = = Q.
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To investigate the effects of structural disorder and order of
the time constants in more detail, we performed DRT analyses
of the three series of impedance data as depicted in Figure 3d—f.
Here, the amplitude of the leftmost signal (blue) corresponding
to the bulk transport has been truncated in all DRT for a clearer
data representation. The DRT corresponding to an ideal contact
(Awgise = 100%) consist of four signals independent of the order
of the time constants. The center positions of three signals
match the (input) time constants of the microscopic electric
transport processes in the system, i.e., bulk (blue) and GB (red)
transport in the SE, and CT (green) at the WE|SE interface. The
fourth signal in the vicinity of the GB time constant is related
to the inhomogeneous synthetic microstructure of the SE and
results from competing transport paths through the system
which yield slightly different time constants. The occurrence
of this effect in inhomogeneous samples can be analytically
proven as demonstrated in our previous work.2]

In the case of 7y, < Tcr shown in Figure 3d, several addi-
tional signals form in the intermediate time range between GB
and CT relaxation time, when the contact area Aygsg is reduced.
The strong dependence of the time constants (central position
of these signals on the relaxation time axis) on Aygsg, especially
of the main signal, is a characteristic feature of their geometric
origin. In comparison, the time constant of a microscopic or
local electric migration process does not depend on Aygsg. The
dependence of these signals on Aygse reflects that dynamic
constriction is a global effect, which varies with the interface
morphology and averages over the time constants of the micro-
scopic processes within the system. The smaller geometric
signals (indicated by black arrows in the graphs) result from the
inhomogeneous spatial distribution and the different sizes of
the pores, since penetration depth and constriction region (i.e.,
the region in which equipotential lines are not parallel to the
interface) increase with pore size. This implies that not only a
pore depth distribution®” leads to a (strongly) distorted con-
striction impedance, but also an inhomogeneous interface mor-
phology with a broad pore size distribution. Similar results were
recently also observed experimentally.’>>¢ This finding is inde-
pendent of the order of time constants. The signals related to the
disorder (black arrows) shift with 7. Thus, they are difficult to
resolve in the case of 7y, = 7cp; but they can be easily observed
again when 7cr < Tegy

We continue our analysis of the model results by extracting
the macroscopic transport parameters (R;, C;) from the com-
puted impedance spectra by fitting them with a 1D equivalent
circuit model. Figure 4a—c shows the evolution of the charge
transfer (Rer, Cerp Toy), effective interface (Rpn, Crnpe Ting), and
dynamic constriction parameters (Rcgyp CeswTese) @S @ function
of Aygse for the three cases of order of time constants 7cr and
Tese- In the analysis, we also considered two simplified inter-
face geometries, i.e., a single contact spot (blue triangles) and
a frame-like contact spot (yellow squares), where Aygsg can be
tuned continuously, in addition to the five realistic interface
morphologies (red circles). The macroscopic bulk (Rp,y) and
GB transport parameters (Rgp) are given as horizontal refer-
ence lines in green and orange, respectively, since both do not
depend on the pore fraction at the two-phase boundary Aygsg.
The reference line of the geometric pore capacitance Cpyy is
displayed in black.
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In the case of 7y, < 7oy depicted in Figure 4a, the CT and
constriction resistances (Rcg, Rcr) increase with decreasing
Aygsg- The constriction capacitance Cgg, approaches that of
the pores Cpye and the CT capacitance Ccr decreases with
decreasing contact area Aygsg. The time constant of the CT
electric migration process is preserved, while that of geometric
current constriction changes by about three orders of magni-
tude. The reason is that Rcg, tends to infinity and the capaci-
tance Ccy, tends toward Cpye When Aygge goes to zero, ie.,
for complete loss of physical contact. The CT transport para-
meters (Re, Cer) are almost unaffected by the distribution
of the contact area at the interface for constant Aygsg, in contrast
to the geometric constriction parameters (Rcgy, Cegrr)- Especially
the resistance Ry, is strongly affected by the morphology of the
interface. Its sensitivity on the distribution of the physical con-
tact for fixed Aygsg increases with decreasing Aygsg. The value
of Rcg is the lower, the finer the distribution of the physical
contact is at the interface. The constriction capacitance, on the
other hand, is not affected by the distribution of contact. This
behavior is known and discussed in more detail in our previous
work and also by Maier and Fleig 23]

In the case of 7¢y, = Tcp, only one interface signal can be
visually observed in the modelled impedance spectra. The
corresponding macroscopic transport parameters (Rpy, Cin)
extracted by fitting with the 1D equivalent circuit model reflect
the superposition of CT and constriction effects, as shown in
Figure 4b. The electric CT migration process dominates for an
ideal physical contact, but the impact of geometric constriction
becomes more prominent with decreasing contact area. The
magnitude of the effective resistance Ry, depends significantly
on the interface morphology for small Aygsg similar to Regyy in
case of 7¢g, < Ter shown in Figure 4a. The effective capacitance
Cnt converges towards a certain value and the time constant
Ty increases by about 1.5 orders of magnitude with decreasing
Aygise- These findings clearly indicate that the impact of geo-
metric constriction in the case of a single interface impedance
signal is not negligible, in particular, when Aygsg is smaller
than 50%.

The qualitative behavior of the macroscopic CT parameters
(Rcr Cer) changes drastically, when the order of time constants
is reversed, i.e., Tor < Teg, Whereas that of dynamic constriction
(Restr Ces) s only quantitatively affected. Figure 4c highlights
that the CT resistance Rcr decreases and the CT capacitance
Ccr increases with decreasing contact area Aygsg. The trends
of these two macroscopic parameters with Ayggg are opposite
to those of the two cases shown in Figure 4a,b. The behavior is
somewhat surprising at first glance, but it is related to different
evolving transport paths through the system for frequencies
close to 1/7cr. All transport channels are nearly perpendicular
to the interface and parallel to each other, i.e., not constricted
anymore, since the pores are dielectrically conductive in this
frequency range.’! This is discussed in more detail in the next
section.

Functional Dependence of Charge Transfer and Constriction
Resistance on the Contact Area: The distinction between CT and
constriction impedance is simplified if both contributions are
well-separated in the spectrum. This is usually not the case
in experimental data, which may explain why different func-
tional relationships of what is summed up as interface resistance
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Figure 4. Evolution of the macroscopic transport parameters (R;, C, 7) of the interface contributions, considering different orders of time constants,
i.e., @) Tesr < Ter D) Tesr = Ter, @and ¢) Ter < Tegy,- The bulk (green) and GB (orange) parameters are independent of the pore fraction at the interface
and shown as reference values. The CT parameters at constant contact area are nearly independent of the interface morphology but their qualitative
behavior is not universal. It depends on the order of time constants. The constriction resistance, in contrast, depends on the distribution of the physical

contact area at the interface.
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under force application are discussed in the literature.l’”-3 It is
frequently ignored that the interface impedance can have dif-
ferent origins and therefore a different dependence of the cor-
responding resistance R; and capacitance values C; on external
parameters, such as stack pressure. This underlines the need
for a theoretical in-depth analysis in order to evaluate how the
constriction parameters (Rcg, Ccg) and the CT parameters
(Rcy, Ccr) of the interface impedance behave, when the phys-
ical contact area Aygg is varied. For this purpose, the macro-
scopic transport parameters of the three computed impedance
series shown in Figure 4 considering different orders of time
constants 7cy, and 7cr are further analyzed using a double
logarithmic data representation, i.e., log R; versus log Aygsg
and log C; versus log Aygsg. This kind of data evaluation only
holds, if the QRE does not affect the derived CT parameters,
i.e., Zqre = 0 Q. Otherwise, the offset due to the QRE needs to
be subtracted from the CT parameters prior to calculating log
R;and log C;.

The constriction resistance Rcg, in Figure 5a,f is not pro-
portional to AWE‘ISE, i.e., it does not exhibit a slope of -1 in the
double-logarithmic data representation log Ry, versus log
Aygse- Once the constriction signal can be resolved in the
impedance spectrum, Ry, increases by several orders of magni-
tude and may also become significantly larger than Rcr. Starting
from a constriction resistance of zero for an ideal interface con-
tact (Awgjse = 100%), there is a sharp non-linear increase of log
Regyr as log Aygisg decreases, followed by an almost linear sub-
region with lower resistance increases at small contact areas.
The general behavior, however, depends on the combination of
the geometric interface morphology, the phases present at the
interface and the corresponding materials parameters. Nonethe-
less, the qualitative trends are independent of the order of the
time constants, but the increase in constriction resistance Rcg,
is somewhat more pronounced in the case of 7o < Tggy.

The finding that Ry, is not proportional to Aygse reflects
the mesoscopic character of the constriction phenomenon.
The impact of a variation of the physical contact area Aygsg
is not restricted to the interface layer itself, but globally affects
the transport paths taken by the charge carriers through the
system. Therefore, geometric parameters, such as the distri-
bution of the pores or physical contact have a major effect on
the magnitude of Rcg..1?>* This indicates that performing the
same experiment in the laboratory several times on nominally
identical samples will lead to a distribution of resistances Rgg,
due to non-reproducible interface morphologies (i.e., geometric
differences on the mesoscale). The impact of the variation of
the interface morphology on Rcg, is particularly pronounced
at small physical contact areas. In consequence, a variance in
the corresponding experimental data is not necessarily due to
uncertainty in the measurement or in the fitting process with
a 1D equivalent circuit model. Instead, the variance may reflect
a change of the interface morphology and, thus, be at least
partially of geometric origin. Therefore, the measure of the
impedance in applications may be used for health monitoring
of the interface. If the same sample is measured several times,
for example, repeatedly during cycling, and the resistance Reg,
changes, it is an indicator that the interface degrades. However,
no simple functional or analytical relation between constriction
resistance and contact area Aygsg exists, but these considera-
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tions underline again the importance of the structural informa-
tion about the interface morphology.

We applied the same procedure to evaluate the functional
relationship of the CT resistance Rcy and the CT capacitance
Cer- The double logarithmic data representation in Figure 5b
for 7y, < Tcr shows a nearly linear relation between log Rcr
and log Aygsg that is almost independent of the interface mor-
phology. Fitting the data with a linear function reveals slopes in
the range of —1.03 and —1.08 for the three model systems con-
sidering different interface morphologies. Similar results are
observed for the CT capacitance Ccy, as shown in Figure 5c. It
also depends linearly on the contact area with slopes between
1.02 and 1.08. Interestingly, the functional relationships of
Rer and Cer show a very different behavior in the case of the
reversed order of the time constants (7ct < 7cg,) as shown in
Figure 5g,h, respectively. The data representations of log Rcr
versus log Aygsg now exhibit slopes of approximately +1 and
those of log Ccr versus log Aygsg slopes of about —1. In other
words, the sign of the slopes in the case of resistance and
capacitance is reversed with the order of the time constants.

At first glance, this finding is unexpected because CT is
a microscopic electric migration process and, therefore, its
impact should remain restricted to the interface, other than in
the case of the mesoscopic constriction effect. The macroscopic
CT resistance and capacitance are expected to be proportional
to the inverse of the active interface area (Rer ~ AWE}SE) and
proportional to the active interface area itself (Cer ~ Awgse),
respectively. The deviating observations from this behavior are
related to the evolving transport paths through the system. In
the case of 7¢y, < 7cp, the pores at the interface are insulating
for frequencies when the CT impedance signal arises. There-
fore, the active fraction of the interface corresponds to Aypgse.
This is why Rer ~ Awggse and Cer ~ Aygsp with slopes of —1 and
+1 for log Rey versus log Aygsg and log Cer versus log Aygse,
respectively. The transport situation is changed when consid-
ering the reversed order of time constants 7y < g, The pores
at the interface are dielectrically conductive in the frequency
range of the CT impedance signal. If the conduction contribu-
tion across the pores is comparable to that across the physical
contact spots, the current is homogeneously distributed across
the interface. In this situation, the CT resistance will linearly
decrease Rcr ~ Awgsg and CT capacitance will increase
Cer ~ AWE}SE with decreasing Awgjse, 1€, increasing coverage
of the interface with pores. Note that these two relationships
only provide an estimate for the upper and lower bound of
Rcr and Ccy, respectively, because heterogeneous current dis-
tributions at the interface with respect to Aygse and Aygiporeise
will lead to deviations. In particular, in the limiting case where
conduction across the pores is orders of magnitude better than
across the physical contacts, no significant CT contribution is
expected in the impedance spectrum since the dominant cur-
rent paths do not cross physical contact spots. The observed
deviations of the absolute values of the slopes of the linear
fitting curves from a value of 1 in Figure 5b,c,gh are due to
the contributions of the interface areas with the much higher
impedance, which are connected in parallel to the fraction of the
interface carrying most of the transport, i.e., the pores in case of
Ter < Tcge and the physical contacts in case of 7op < 7, This
has been recently discussed in more detail in the literature.3’
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Figure5. Functional dependence of interface contributions with the contact area Aygse considering different orders of time constants, i.e., a—c) Tegr < e,
d,e) 7oy = Tcr, and f=h) 7t < 7c,. The dashed horizontal lines indicate an artificial offset along the y-axis for an improved comparability of the compu-
tational results. The non-linear behavior and strong dependence of Ry, on the interface morphology impedes the derivation of a universal functional
relationship with the contact area. The CT resistance Rct and capacitance Ccr are inversely proportional and proportional to the contact area, respec-
tively, when 7cg, < 7ct. The dependence of both parameters on the contact area is reversed in the case of 7ct < 7cg,. The slight variations in the slop
of the linear fits are due to the competing dielectric transport process through the pores at the interface.

The dependence of the effective interface parameters
(Riny Cimg) on the physical contact area Aygge is shown in
Figure 5d,e. These macroscopic transport quantities corre-
spond to the situation in which only one interface impedance
contribution can be observed, i.e., the intermediate case where
Tesw = Tor As somewhat anticipated from the discussion above,
no simple functional relationships are found between log Ry

of the materials parameters, as in the case of the pure constriction
impedance. In particular, it is very sensitive to a variation of the
polarization resistance describing the microscopic CT process.

So far, the following conclusions can be drawn from the
discussion:

i) In the case of a porous interface, the geometric constriction

effect disappears on the mesoscopic scale, when pressure is
applied to the stack and the pores at the interface are closed
due to plastic electrode deformation. In this limit and under
the assumptions of chemical and thermodynamic stability
of the interface, the interface impedance response is solely
determined by the CT effect.

versus log Aygse and log Ciy versus log Aygse because both, geo-
metric constriction effect and CT contribute to one single signal.
Starting from a minimum value at an ideal contact, the resist-
ance log Ry, increases and the capacitance log Cy,, decreases
non-linearly with decreasing log Aygsg. The quantitative behavior
observed depends on the interface morphology and the interplay
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ii) The macroscopic constriction parameters (Rcgy, Cegy) may
differ even at the same Aypsg, if the morphology of the inter-
face on the microscopic and mesoscopic scale varies, i.e., the
spatial distribution of the physical contact area across the
interface changes. The impact of geometric constriction is
not negligible over a wide range of relative physical contact
areas Aygsg, in particular for Awgse < 50%. Charge-transfer-
driven morphological instabilities of interfaces always lead to
an increase of the DC resistance independent of the micro-
scopic polarization resistance underlying the CT process. As
a result, geometric current constriction will have a major
effect, for example, on the cycling behavior of battery cells.

iii) The functional relationship between the macroscopic trans-
port parameters (R;, C;) of electric migration processes like
CT and the relative physical contact area Aygsg is not uni-
versal. It depends on the order of the time constants of indi-
vidual interface impedance contributions. The correlation
Rer ~ Awggse only holds for estimating the magnitude of the
CT resistance Rer, if the condition 7y, < 7cr is fulfilled. In
the case of 7¢r < 7ggy, the resistance Rer depends linearly on
the contact area Rcr ~ Aygsg- Similarly, for the CT capaci-
tance, it holds Ccr ~ Awgisg for Teg < Ter and Cer ~ Awgse
for 7ot < Tegr

Temperature Dependence of Charge Transfer and Constriction
Resistance: Battery cells are exposed to different environmental
conditions in applications. Thus, studies of the influence of
the environment on the cell performance are essential. The
temperature-dependence is of particular interest, since internal
(e.g., heating) and external (e.g., ambient) temperature vari-
ations occur during operation in most applications and will
lead to changes of all impedance contributions. The previous
discussion of the dependence of the macroscopic parameters
(Restw Ces) and (Rer, Cer) on stack pressure (i.e., physical
contact area) has already underlined that their behavior is very
different. The former can be considered as geometric fit para-
meters in macroscopic 1D equivalent circuit models, whereas
the later represent an electric transport process on the micro-
scopic level. This implies that the resistance Rcg, is not solely
based on a conductivity or microscopic polarization resistance,
but parameterizes the dynamic constriction effect. It is deter-
mined by contributions of all microscopic transport processes
taking place close to the interface, and, in a sense, leads to a
reduced active SE volume involved in the transport through the
sample. In consequence, the temperature-dependence of the
geometric parameter Rcg, is not obvious and needs to be inves-
tigated as all the microscopic electric transport processes that
contribute to it may have a different temperature-dependence,
i.e., different action energies E, ;.

For this purpose, we focus on one specific morphology of the 3D
model system for which the physical contact area is Ayggg = 22%
and the interface has the realistic disordered morphology
depicted in Figure 1c. The temperature-dependence of the ionic
migration processes, i.e., of bulk and GB transport within the
SE as well as of CT at the interface, are described by an Arrhe-
nius behavior, for example, o(T) ~ 6y/T - exp[-E, / (kg-T)].
The values assumed for the activation energies E,; of the
microscopic transport processes are given in the Computational
Details section. The permittivity values are considered to not
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dependent on temperature. We computed series of impedance
spectra at temperatures between —40°C and 40°C and derived
the macroscopic transport parameters (R;, C;) of the individual
processes at each temperature by fitting the resulting spectra
with the 1D equivalent circuit model. Variations of microscopic
conductivities o; with temperature T are directly reflected
in the macroscopic resistance values R; derived by the fitting
approach. Thus, the individual activation energies E,; can be
determined from the slopes of corresponding Arrhenius dia-
grams In[T/(R- A)] versus T, using the macroscopic resistance
parameters R;.

Similar to the former discussion, we consider again the
three cases of different orders of the time constants 7¢y, and
Tcr- Here, we will not discuss the activation energies E, ; of the
macroscopic resistances R; corresponding to the microscopic
electric migration processes, i.e., the CT at the interface, bulk,
and GB transport. Their activation energies almost agree with
those of the corresponding microscopic input parameters, i.e.,
that of the polarization resistance Rp, and those of the bulk
and GB conductivities o;. Instead, we will solely analyze the
effective activation energy of the macroscopic resistance para-
meters Rcg, used for the parameterization of the constriction
phenomenon in the 1D equivalent circuit model and Ry, in
the case of 7y, = 7cp, which is also strongly affected by current
constriction.

Figure 6a shows Arrhenius diagrams of the constriction
resistance Rgg, in the case of 7¢y, < Tcr. Five different sets of
microscopic transport parameters (0;, &) were considered in the
computations. Starting with a reversible WE|SE interface and
highly conducting GBs (Zcr = Zgg = 0, blue data points), the
activation energy E,cs, of the constriction resistance Rcg, is
0.34 eV and identical to that of the microscopic bulk transport
E,puk- This agrees with the observations of Fleig and Maier
who exclusively considered a homogenous SE and no CT step
at the interface in their early theoretical studies.l3'*%l The acti-
vation energy E, ¢y, increases slightly to 0.35 eV, when the GBs
become resistive (Zgp # 0, Zct = 0, red data points). The effect
is only marginal for the sample configuration and transport
parameters considered, although the activation energy assigned
to microscopic GB transport with 0.43 eV is rather high com-
pared to the bulk value of 0.34 eV. This is due to the fact that the
electric transport properties of the entire system are dominated
by bulk transport (Rpy = 12+ Rgg). The effect of the additional
electric GB transport on R¢g, would be more pronounced for
decreasing conductivity ogg or a more prominent GB micro-
structure (i.e., an increased GB volume fraction and more GBs
to be crossed along the dominant transport path). Interestingly,
assuming a non-zero microscopic polarization resistance at the
interface (Zgp # 0, Zct # 0, greenish data points) does not alter
E, csr despite the high value of E, ot with 0.43 eV, even when
Rpg) is varied by an order of magnitude (Rpy, — 10- Rp). The
reason is that in the case of 7y, < 7cy, the transport processes
across the interface, i.e., across both the pores and the phys-
ical contact area, are predominantly dielectric in the frequency
range close to 1/7cg,. In consequence, Rey, and E, ¢y, are not
affected by the electric transport step across the physical contact
Aygse and thus by the polarization resistance.*’

In Figure 6b, we consider the case of comparable relaxa-
tion times 7¢y, = Tor and study the activation energy E,
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Figure 6. The constriction resistance R¢g, is composed of contributions of all electric transport processes within the system. Its activation energy
(numbers is dashed box) depends solely on the activation energy of the individual transport processes E, ;. Only electric charge transport processes
in the frequency range around 1/ 7, have an effect on the constriction resistance R¢g,. Thus, a) the microscopic polarization resistance has no effect
if Tcr > Tegy and b,c) it affects E, cg, if 7cr < 7cqy. The legend indicates the relative changes of the microscopic transport parameters in the computed
impedance series. Note that the red and green points in (a) overlap and are only shifted along the y-axis for clarity.

of the single effective macroscopic interface resistance Ryy;.
In the frequency range of the interface impedance, pores
are still almost dielectrically conductive while the transport
across the physical contact takes place electrically. The trans-
port situation resembles that for Ry, in the case of 7or < Tegy,
where the corresponding Arrhenius diagrams are displayed in
Figure 6¢. In both cases, the microscopic electric CT process
at the interface is contributing to or even dominating the mac-
roscopic resistances Ry, or Rgg,, respectively. As a result of
the frequency-dependent changes of the active SE volume for
frequencies around 1/7¢g,, the averaging of the microscopic
transport processes yielding Ry, and E, 1, or Regy and E, cgy
also changes.

The trends for the Arrhenius diagrams and the activation
energies extracted are very similar, when looking at the five sets
of microscopic transport parameters. The findings in the case
of a reversible WE|SE interface considering highly conducting
GBs (Zcr = Zcp =0, blue data points) or resistive GBs (Zgp # 0,
Zcr =0, red data points) are similar to the results for 7y, < 7ot
shown in Figure 6a. The activation energy E, 1; or E, cg, €quals
that of the bulk process with 0.34 eV or increases only slightly
to 0.35 eV due to the specific constellation and choice of mate-
rials parameters, respectively. Interestingly, the microscopic
polarization resistance Rp, now dominates the overall behavior
of the macroscopic constriction resistance (Zgg # 0, Zcr # 0,
greenish data points) for such an order of time constants. The
activation energy E, ¢y, approaches that of the CT effect E,,cr
with 0.43 eV, the more resistive the interface becomes, i.e., for
increasing Rp,. The activation energies of the effective interface
resistance Ry, in Figure 6b tend to be slightly higher compared
to those of pure constriction R¢g, in Figure 6¢. The reason is
that Ry, includes a pure contribution of the macroscopic CT
resistance Rcy based on the microscopic Rp,, which typically
has a higher activation energy than R, as originating from a
microscopic migration process.
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Altogether, the results on the temperature-dependence of
Regr and Ry, imply that the activation energies determined
from Arrhenius diagrams reflect a weighting over all micro-
scopic migration processes within the system. This indicates a
relationship according to Rey, = Z; ¢; - 1/0; and a corresponding
equation for Ry,. The weights ¢; depend, for example, on the
interface morphology, the contact area, the microstructure of
the SE, the locations of GBs within the system and the order
of the time constants of the individual transport processes.
In particular, it holds that ¢; = 0, if 7¢g, < 7,.1*”! The equation
also implies that there is a range of values for E, cq, or E,n
with boundaries given by the lowest and highest activation
energies E,; with o; # 0 of electric migration processes, i.e.,
min(E, ;) < E, coy < max(E,;). This is due to the fact that E, ¢y,
or E,p, are a weighted average over the microscopic activation
energies E,; present in the system.

3.2.2. Effect of SEl Formation Due to Chemical Instabilities at
Morphologically Stable Interfaces

Next, we turn to the right branch in the decision tree shown
in Figure 2 and include the (electro)chemical instability of
metal|SE interfaces. To our knowledge, there are only a few
solid electrolytes that form an electrochemically and kinetically
stable interface with alkali metals. Examples are the interfaces
between lithium metal and garnets.”’>4 More common is the
formation of an SEI (i.e., usually a multi-phase and nanoscale
composite) at the interface, which usually exhibits less favorable
charge transport properties, in particular a lower ionic conduc-
tivity than the SE itself. Here, the SEI is often continuously
formed at the interface during operation, for example, when
considering argyrodite-type SEs versus lithium metal."o"l
The dynamic formation process corresponds to a transition
from a WE|SE interface into a WE|SEI|SE layered interface over
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time — ignoring the many inner homo- and hetero-interfaces in
the SEI itself. In the following we will therefore consider the
SEI as a homogeneous phase for the sake of simplicity and
as there is not enough knowledge on the composition of the
SEL. At the end of this process, the SEI layer covers the entire
interface and is morphologically stable. In consequence, the
impedance response of the interface is exclusively determined
by the SEI. This situation corresponds to the first leaf node in
the right branch in the decision tree in Figure 2. The increasing
thickness &y, of the SEI will lead to an increase of its resistance
(Rsgr ~ Ory) and a decrease of its capacitance (Csgy ~ 1/0yy). The
transport behavior across the interface is more complex, when
the interface is only partially covered by the SEI layer. This may
be due to the presence of pores at the interface or ideal metal-
SE contact areas. In such cases, the effect on the impedance
response of the system is not clear and needs to be studied in
detail on the basis of microstructural information of the cor-
responding samples.

Corresponding experimental interface morphologies are,
for example, described in a recent study by Otto et al., when
bringing lithium foil with a passivation layer on its surface (e.g.,
Li,COs, LiOH or Li,0) into contact with a garnet-type SE.’]
The surface roughness of the SE leads to local penetrations
of the passivation layer, which leads to a distribution of ener-
getically preferred Aypgsg contacts and less preferred Aygseyse
contacts at the interface. The interface structure described rep-
resents the third leaf node in the right branch of the decision
tree in Figure 2. Apparently, the interface morphology seems
to show many similarities to the porous interfaces considered
in the previous section. Thus, we only substitute the pores by
a resistive SEI (or passivation) at the interface within the theo-
retical 3D model system, i.e., we assume that the aging of the
interface is exclusively caused by an SEI. The adapted inter-
face morphology consists of a single contact spot Aygsg in the
middle of the electrode surrounded by an SEI layer Aygseyse
(see inset in Figure 7a).

Again, we perform a series of impedance computations mim-
icking that the microstructure of the SE is kept constant and a
gradual degradation of the WE|SE occurs, this time due to the
formation of an SEI layer. The capacitance Cgp; and resistance
Rgpy of the SEI are set to 100 Q cm? and 88 uF cm™2, respec-
tively. Without loss of generality, the microscopic polarization
resistance Rpg at the two-phase boundary Aygsg is assumed to
be negligible (Zct = 0), i.e., there is no macroscopic CT signal
in the impedance spectra. It represents a limiting case, experi-
mentally observed for the interface between lithium metal and
LLZ0.375859 This assumption significantly simplifies the data
analysis. Otherwise, the impedance response will depend on
the interplay of interface time constants 7y and 7gg; in a sim-
ilar way discussed in the previous section for the simultaneous
presence of CT and pores at the interface.

Figure 7a shows the modelled impedance data for five dif-
ferent contact areas in the range between 100% and 4.3% in
Nyquist representation. The respective interface morpholo-
gies are displayed on the right with the two-phase boundary
contact as a gray square in the center of the interface area and
the light blue three-phase layered contact surrounding it such,
that Aygse + Awgseyse = 100%. The impedance spectrum for
an ideal contact without SEI (Aygsg = 100%) consists of two
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well-separated semicircles representing bulk (blue) and GB
(red) transport within the SE. An additional interface semi-
circle (yellow) is formed in the spectra, when Aygsg decreases,
ie., an SEI forms. At first glance, the qualitative impedance
behavior seems to be similar to the case of a porous interface
discussed in the previous section. Bulk and GB impedance
remain unchanged, while the interface impedance increases
with decreasing Aygsg (cf. Figure 3a). To study the frequency-
dependence of the resulting interface signal, we performed a
DRT analysis of all impedance spectra as shown in Figure 7b.
The relaxation times of the bulk and GB signals are again inde-
pendent of the SEI fraction at the interface. Interestingly, the
time constant of the interface signal 7y, does not match the
time constant of the microscopic electric transport process
across the SEI layer 7gg;. Instead, it exhibits a relaxation time
in the intermediate range between GB and SEI time constant
(7B < Tint < TsE1)-

To study the functional behavior of the interface time con-
stant 7y, in more detail, we consider the dependence of
the macroscopic transport parameters (Ry,, Cpy), derived by the
1D fitting approach of the computed impedance spectra, on the
contact area Aygsg (see Figure 7c,d). The macroscopic transport
quantities of the 1D fitting model, i.e., bulk (green) and GB
(orange) resistances as well as the SEI resistance and capaci-
tance (cyan), are given as reference values in the figures. As
expected, the resistance Ry, increases and the capacitance Ciy;
decreases with decreasing Aygsg, but the quantitative changes
do not fit those of an electric migration process. Both parame-
ters converge towards the limiting case of a completely covered
interface (Riy —> Rgpi, Crne = Csgy for Aygse — 0), instead of
being (inversely) proportional to changes of the contact area. The
same holds for the variation of the time constant (7, — s for
Aygsg — 0) as shown in Figure 7e. Consequently, the observed
interface impedance signal does not represent the pure char-
acteristics of the SEI or passivation as typically assumed in the
literature. Instead, the macroscopic parameters (Ry,, Ci,) are
also affected by the bulk and GB conductivity within the SE as
well as the microscopic polarization resistance at the interface.
These parameters influence the amounts of current flowing
across the two-phase boundary described by Aygsg and the
layered three-phase contact described by Aygseyse at frequen-
cies close to 1/, The influence of the SEI properties on (Ryy;,
Cry) increases as Aygsg decreases, since the fraction of current
flowing through the SEI layer increases.

The transport situation at the interface will change, if also
pores are present at the interface in addition to a non-uniform
SEI layer. When there is no direct contact between the metal and
the SE (i.e., Aygse = 0%), the interface impedance behaves simi-
larly to the studies performed in the previous chapter. Herein,
the SEI contact Aygsgyse takes the role of the ideal Ay areas.
The morphology corresponds to that of the second leaf node in
the right branch of the decision tree in Figure 2. Note that in this
situation, the effects of the microscopic transport parameters of
the SEI layer (ésmy Cspi) on the interface impedance are compa-
rable to those of the CT reaction (Rp,, Cpy) in the former case.*"!
Impedance data evaluation becomes even more complex when
there are also ideal Ayysg areas at the interface (see fourth leaf
node in the right branch of the decision tree in Figure 2). In this
case, there is not only an interplay between the transport across

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U80|7 SUOWIIOD BA e8I 3|t jdde auy Aq peusenob afe ss[ole VO ‘88N JO sa|nJ Joj Afeiq1T 8UlUO 48] UO (SUOTPUOD-PUB-SWLBIW0 A8 | 1M AleIq 1 Ul [UO//:SdNY) SUORIPUOD PUe SWS | 84} 885 *[£202/TT/60] U0 ARiqiTauluO AB|IM ‘Usssa1o 1eIsieAlun Bige1 T snsnr Aq #5£202202 IPe/Z00T 0T/I0p/Woo A8 | 1M Aeiq Ul |uoy/Sdny wouy pepeojumod ‘8 ‘€202 ‘0SEL96TZ



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

INTERFACES
www.advmatinte

(@) F

=Z"/ arb. unit

interface layer

(b)

int

-— ]

[15]
o
@
i
(&)
g
S
[¢]
)]
=
@
o
(&)
=

Y(7) / arb. unit
4

T
-~

. : TBulk GB TSEI
Z'/ arb. unit 7/ arb. unit
(c) (d) g (e)
- E -\
- Cint E Tser
£ = =
= S ] C
é -e r s TInt
© S [ T E
Ef S E interface layer = E
i — E Tes
R L WE|SE contact WE|SEI|SE o
Int contact o
100 75 50 25 0 100 75 50 25 0 100 75 50 25 0

contact area / %

contact area / %

contact area / %

Figure 7. Impact of the successive evolution of an SEI layer (cyan) at the interface on the impedance response of the system. a) An additional interface
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ered in the modeling. b) The time constant of the interface signal does not match that of the microscopic transport through the SEI, if the interface is
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time constant. Their qualitative behavior is similar to that of geometric constriction due to pore formation (cf. Figure 4). The macroscopic SEI (cyan),

bulk (green), and GB (orange) parameters are given as reference values.

the Aygse and Awgseyse areas, but also across the Aygporeise
contact. Basically, the active electrode area can then change
with frequency between three levels: (1) the Aygsg contact, (2)
the Aygse + Awgjseyse contact, and (3) the entire electrode area.
Therefore, three impedance contributions are generally expected
in such a situation. Apparently, the exact form of the interaction
and the evolution of the interface contribution depends on the
morphology of the interface, the individual microscopic trans-
port quantities, and the order of the individual time constants.
In summary, the impedance signal for partially covered
interfaces Aygsg > 0% at different relative contact areas and
temperatures behaves similarly to that in the presence of geo-
metric constriction for porous interfaces (cf. Figure 4). The
main difference is the slightly different convergence behavior
for Aygsg — 0, ie.,, Ripy — Rggp and Cipy — Cgpy in the case of
SEI formation instead of Rege — o and Cegy — Cpore in the
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case of pores. Distinguishing between constriction due to SEI
or pores gets more difficult, when the SEI resistivity increases.
This leads to a similar frequency-dependence of the systems
and especially a similar interface impedance behavior. It should
be noted that the interface impedance reflects the pure SEI
characteristics only, when the interface is fully covered.

3.3. Strategies for the Identification of Interfacial Processes

The identification of the rate-limiting process at the interface is
an essential starting point for improving the overall characteris-
tics of a solid-state battery cell with a metal anode. Only in rare
cases, a single process determines the electric properties of an all-
solid metal|SE interface as shown in the decision tree in Figure 2.
Typically, several effects contribute to the impedance response of
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the interface. Examples from the microscopic to the mesoscopic
level are the CT step at the two-phase boundary Aygsg, geometric
constriction due to pores, or an SEI resulting in a layered three-
phase contact AwEpporejsE OF Awgjserjse- A MACroscopic static con-
striction effect may occur, if the area at which the macroscopic
WE is deposited on the SE surface is smaller than the latter, i.e.,
Ayp < Agp?) However, this can be easily avoided by an appro-
priate contact preparation, for example, via sputter deposition. In
what follows, we assume that the stacks are prepared such that all
macroscopic layers have the same lateral dimensions.

The discussion in the previous sections has clearly shown
that a careful analysis of the impedance data, in particular as
a function of pressure, in the time or frequency domain allows
the identification of the rate-limiting process at the interface in
many cases. This holds especially for static situations, in which
no SEI is dynamically formed or transformed during opera-
tion. It refers to systems with chemically stable interfaces and
also to systems forming a kinetically stabilized interlayer (i.e., a
uniform static secondary phase). Based on the derived criteria,
we exemplarily define a strategy for experimentalists to follow
in order to identify the origin of the interface impedance sig-
nals in recorded experimental spectra for symmetric Me|SE|Me
arrangements, as described in Figure 1. In this situation, only
CT and constriction effects determine the interface properties.
The recipe for analyzing corresponding impedance data com-
prises several steps. The analysis is best performed in the time-
domain according to the hierarchical scheme shown in Figure 8.

o Step 1: Collection of impedance data at different stack pressures
and performance of the corresponding DRT analyses.

Record an impedance spectrum of the pristine sample and
perform a DRT analysis. The DRT will reveal either three or
four main signals. The two signals at the shortest relaxation
times 7 usually correspond to transport processes within the
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SE, i.e., in the bulk of grains and across GBs. The remaining
signals originate from the interface.

i) If constriction and CT processes differ sufficiently in their
characteristic time constants 7;, two interface signals arise
in the DRT (left branch).

ii) If not, the signals due to the two interface processes
overlap in the DRT (right branch).

Step 2: Behavior of the interface DRT signals under applied
pressure.

Controlled application of stack pressure results in a con-
tinuous tuning of a porous interface morphology. Pores
will gradually close with increasing pressure until an ideal
and non-porous interface results at the highest pressures,
ie, Aygsg — 100%. This leads to a vanishing geometric
constriction contribution. The DRT signal due to geometric
constriction will exhibit a continuous change of the time
constant (see black horizontal arrow in Figure 8) with the
applied pressure and will vanish at the highest pressure at
which the interface is ideal.

i) In the case of two (separate) resolved interface signals,
the one with decreasing amplitude and with changes
in time constant as a function of pressure results from
geometric current constriction. The time constant of the
interface signal due to electric CT is independent of stack
pressure, but its amplitude will also slightly change.

In the case of overlapping interface signals, the character-
istic time constant of the single peak at the highest pres-
sure will solely correspond to the CT effect. If no DRT
signal can be resolved at the highest pressure, it is likely
that dynamic constriction determines the overall interface
properties of the system.
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Figure 8. Guideline for assigning individual impedance signals to microscopic processes and estimating their magnitude on the systems interface
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Adv. Mater. Interfaces 2023, 10, 2202354 2202354 (15 of 20)

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U80|7 SUOWIIOD BA e8I 3|t jdde auy Aq peusenob afe ss[ole VO ‘88N JO sa|nJ Joj Afeiq1T 8UlUO 48] UO (SUOTPUOD-PUB-SWLBIW0 A8 | 1M AleIq 1 Ul [UO//:SdNY) SUORIPUOD PUe SWS | 84} 885 *[£202/TT/60] U0 ARiqiTauluO AB|IM ‘Usssa1o 1eIsieAlun Bige1 T snsnr Aq #5£202202 IPe/Z00T 0T/I0p/Woo A8 | 1M Aeiq Ul |uoy/Sdny wouy pepeojumod ‘8 ‘€202 ‘0SEL96TZ



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

o Step 3: Determination of the macroscopic transport parameters
of the CT effect.

The remaining interface signal at the highest pressure is
solely due to the CT effect. This means that the 1D equiv-
alent circuit model used for fitting this experimental
impedance spectrum in the frequency domain can be
restricted to three RC-elements representing the two
microscopic transport processes in the SE and that of
the CT process at the interface. The macroscopic trans-
port parameters for the CT effect based on the 1D fit-
ting approach are given by the microscopic polarization
resistance Ryy(Awgise = 100%) = Rer(Awgse) = Rpol and
the double-layer capacitance Cn(Awgse = 100%) =
Cer(Awgise) = Cpr

Step 4: Determination of the macroscopic transport parameters.

i) If two interface contributions are observed, the series
of impedance spectra taken at different pressures can
be fitted by a 1D equivalent circuit model consisting of
four RC-elements, i.e., (Rpur, Cpun), (Rge, Cgr), (Rcn
Cer), and (Regy, Cege). This holds for Aygge < 100%,
i.e., apart from the highest pressures applied where the
impedance response does not vary anymore. Only (Rcgy,
Ccst) and (Rer, Cer) should vary as a function of pres-
sure, the parameters corresponding to the SE should
be independent of pressure as the pores are typically
dielectrically shorted in this frequency range. It should
be noted that the electrode area may change during the
application of stack pressure, requiring a specific nor-
malization of the impedance spectra, as described in the
literature.[374

If only one interface contribution is observed, the
series of impedance spectra taken at different pres-
sures can be fitted by a 1D equivalent circuit model
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consisting of three RC-elements, i.e., (Rpur, Chui)
(RGB7 CGB): and (Rlntv CInt)' Here, only (Rlntv CInt)
should vary as a function of pressure.

Step 5: Order of the time constants of the interface processes.

The dependence of Rcr and Cer on pressure correlates
with their dependence on the physical contact area Aygse
as it increases with increasing pressure. Although Aygsg is
not necessarily a linear function of pressure, the observed
dependence of Rcr(p) and Cer(p) can be compared to the
relations for Rer(Awgse) and Cer(Awgse) given in Table 1.
This helps to identify the order of the characteristic time
constants 7cr and 7cg,, in the case that both signals do not
overlap. The assignment should agree with the order of 7
derived from the DRT series in step 2, and thus serves as a
validation.

i) Rcr increases with pressure and Ccr decreases with pres-
sure, then 7o < Tegy

ii) Rcr decreases with pressure and Ccr increases with pres-
sure, then 7er > 7oy

In the case of overlapping interface signals, the relations
for Rer(Awgse) and Cer(Awgse), together with Rpg and Cpp
derived in step 3, help to estimate the magnitude of the CT
effect for different pressures or contact areas and thus to
identify the dominant interface effect.

Step 6: Correlation with structural properties.

The dependence of Recr(p) and Cer(p) can be translated,
based on the theoretical dependence of Rer(Awgsg) and
Cer(Awgse) given in Table 1, into a functional relationship
Aygse(p)- This can be correlated with the results of the struc-
tural analysis of the pore distribution (e.g., via FIB SEM) in

Table 1. Overview of the characteristics of transport signals compared to signals of geometric origin.

Tulk < TeB < Tostr < TcT

Taulk < Tge < Tcr < Testr

constriction
Testr (Awejse) # const.

Restr(Aweyse): non-linear

Restr(Awese — 100 %) — 0

o

Restr (Awese — 0 %) — {~
SEI

Cestr(Awese): non-linear

Cestr(Awgjse — 100 %) — oo

Cestr(Awese = 0 %) — { =

Ea,Bqu <Ea,Cstr < Ea,GB

Ea,cste(Awejse) # const.

charge transfer
Ter(Aweyse) = const.

Rer ~1/Aweise

Rer(Awgse — 100 96) —Rpy
Rer(Awgse = 0 9%6) —> o0
Cer ~ Aweyse

Cer(Awese — 100 9%6) — Cp,

Cer(Awgise > 0 %) — 0

Eapuk < Eac < Eact

Ea i(Awgjse) = const.

constriction
Testr (Awejse) # const.

Restr(Awejse): non-linear

Resr(Awese — 100 %) — 0

oo

Restr (Awese — 0 %) — {~
SEI

Cestr(Awejse): non-linear

0, Rpol \

Cestr(A —100%) —
Cstr( WE|SE °) {Oy Rp°| 1

CPore

Cestr(Awese = 0 %) > {
Csei

Ea,Bqu < Ea,Cstr < Ea,CT

Eacste(Awejse) # const.

charge transfer
Ter(Aweise) = const.

Rer ~ Awese

Rer(Awgjse — 100 %) — Rpol
Rer(Awese = 0 9%6) — 0
Cer ~ /Awese

Cer(Awese — 100 9%6) — Cp,

Cer(Awgse = 0 %) — o

Eapuk < Eace < Eact

Ea i(Awgjse) = const.
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nominally equivalent samples treated at different pressures.
Such comparisons serve as an additional validation of this
data analysis approach.

e Step 7: Correlation with temperature-dependent impedance
measurements.

Temperature-dependent measurements allow to extract
thermal activation energies for the observed macroscopic
resistances R; deduced by the 1D equivalent circuit fitting
approach with four or three RC-elements connected in series.
Typically, the activation energy of the metal ion migration in
the bulk electrolyte is less than that of ion transport across
a grain boundary in the SE and this in turn is less than or
equal to that of charge transfer at the metal|SE interface
(Eapu < E,gp < E,cr). This consideration is based on the
assumption that charge transfer Me = Me" + €’ is the rate-lim-
iting kinetic step in the system rather than ion migration in
the electrolyte phase. In consequence, the activation energy
of the 1D fit parameter Rcy,, which represents an average of
all microscopic electric transport processes in the system,
lies somewhere between that of the bulk and that of the CT
process, i.e., min(E, ;) < E, ¢ < max(E, ;). However, the value
depends not only on the magnitude of the individual micro-
scopic activation energies E,; (i = Bulk, GB, CT), which are
independent of geometry, but also on the global character of
the constriction effect, which defines the macroscopic sample
volume contributing to the transport and thus the weights in
the averaging of the microscopic activation energies.

(@) 800

600

200
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Table 1 summarizes the functional behavior of the macro-
scopic transport parameters describing CT and constriction
effect when fitting with 1D equivalent circuit models in the
case of different situations characterized by the order of the
time constants 7cr and 7y, The clear dependences should be
helpful in the interpretation of experimental impedance spectra.
However, a word of caution is essential here. The dependences
derived, of course, are to some extent affected by the assump-
tions about the 3D sample morphology (see Figure 1). Minor
deviations are anticipated, for example, if not only the contact
area Aygsg but also the thickness &, of the electrically insu-
lating layer at the interface is varied. In particular, this has a
major superimposed effect on the macroscopic constriction
capacitance as Cggyr ~ Ent/Omp in contrast to the constriction
resistance as Regy = Z; ¢ - 1/0;+ Z; @ - Rpq, j.

Establishing similar hierarchical schemes for analyzing the
interface impedance response in cases, in which an SEI layer
is dynamically formed, is in principle also possible. However,
this will require additional structural information and prob-
ably will depend significantly on the materials involved. For
example, in the cases in which a non-uniform secondary phase
takes the place of pores at the interface, the assumption that the
interface morphology approaches a state under pressure where
Aygse = 100% is not valid. In consequence, the constriction
effect will not disappear at high pressures, and thus the derived
hierarchical scheme is not applicable. Therefore, it is essen-
tial to know how the two phases at the interface behave under
pressure in order to establish a corresponding scheme for such
cases. The situation in the case of dynamic SEI formation is

(b)

GB
2000 [
‘ 10 MPa
[0]
1500 | 5
N 20 MPa B
g . a
~ ©
= 1000 - 27.5 MPa 2
\S/\ =]
‘ A 35 MPa
500 |
[0]
A ~ 41 MPa 5
(72}
o
o
. A 400 MPa s
L1 11ii L1 111 L1 1iii L1111 .g
1078 107° 1074 1073 ]
T/s -

Figure 9. Experimental impedance data on the pressure-dependence of the interface impedance of a symmetric Li|LLZO|Li cell. The raw data originates
from a recent study of Krauskopf et al. published in the literature. Adapted with permission.l’l Copyright 2019, American Chemical Society. The dashed
lines indicate an artificial offset along the y-axis for visualization. a) The interface impedance (yellow) decreases with uniaxial pressure and vanishes
after applying an isostatic pressure of 400 MPa. b) Even in the DRT analysis, there is no evidence for an interface signal at 400 MPa. Note that the bulk
DRT signal could not be observed, since its impedance behavior is not fully captured in the measured frequency range.
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even more complex as the SEI changes continuously during
operation. If its temporal evolution is known from a structural
analysis, the corresponding variation of the impedance spectra
during operation may be addressed and meaningful parameters
may be extracted. For example, if a closed SEI layer at the inter-
face is formed, its macroscopic transport parameters Rgp; and
Cggy will vary systematically with its thickness &, according to
Rgp ~ Oy and Cggp ~ 1/ 8. The analysis may be quite intricate,
once the SEI itself is porous, which is a natural consequence of
a negative reaction volume of SEI formation.!*#]

3.4. Evaluating the Effect of Individual Interface Processes
between Lithium and LLZO

Finally, we present an experimental case study to demonstrate
the applicability of the hierarchical scheme discussed in the
context of Figure 8. The data, which are analyzed here in more
detail, are those of Krauskopf et al. They comprise an investiga-
tion of the effect of stack pressure on the impedance response
of a symmetric Li|LLZO|Li cell arrangement.l’] Resistive SEI
formation can be ruled out for this material combination, since
the garnet-type solid electrolyte LLZO is one of the few Li-ion
conductors that is kinetically stable against lithium.’>4 Fur-
thermore, Krauskopf et al. performed a microstructural analysis
of the interface region and identified pores for stack pressures
smaller than 400 MPa.l®-% Both pieces of information dem-
onstrate that the experimental results fulfill the assumption
underlying the hierarchical scheme previously presented.

Figure 9a shows a series of impedance spectra in Nyquist
representation taken at various external pressures. The initial
spectrum at 10 MPa uniaxial stack pressure consists of three
separated semicircles, i.e., two from bulk (blue, =1 MHz) and
GB (red, =10 kHz) transport in the SE, and one from transport
across the interface (yellow, <1 kHz). The continuous increase
of uniaxial pressure resulted in a decrease of the single inter-
face signal, i.e., an initial resistance Ry, of about 300 Q cm?
at 10 MPa decreased to 50 Q cm? at 41 MPa. Furthermore, the
semicircles of bulk and GB transport remained unchanged,
i.e., they are not influenced by the applied pressure. In the
frequency domain, it seems that only one interface contribu-
tion is present as only one impedance signal can be discerned.
Interestingly, no interface signal could be resolved anymore
(<0.1 Q cm?) after further increasing the external load to an
isostatic pressure of 400 MPa, i.e., only the unchanged bulk and
GB semicircles were observed.

We proceed now stepwise according to our hierarchical
scheme:

As step 1, we perform a DRT analysis of the impedance data.
The resulting series of DRT at various pressures is shown in
Figure 9b. Frequency points below 200 Hz were excluded in
the analysis, since individual residuals were greater than 4%
in the Kramers—Kronig test. Similarly, frequency points above
0.2 MHz were neglected as most of the bulk contribution (blue)
is not captured in the measured frequency range. As a result,
parts of the GB impedance (red) were not reflected in the con-
sidered frequency range, which affects the magnitude of the
corresponding DRT signal. Thus, the analysis conducted can

Adv. Mater. Interfaces 2023, 10, 2202354 2202354 (18 of 20)

INTERFACES

www.advmatinterfaces.de

only reveal qualitative trends in the data. Nevertheless, the DRT
of the initial impedance at 10 MPa consists of four signals. The
one at low relaxation times represents transport across GBs
(red), while the three broad signals at higher relaxation times
result from the WE|SE interface (yellow) as the CE was pre-
pared as ideal QRE. The occurrence of more than two interface
signals in the experimental data is due to competing transport
paths through the sample.[?}]

As step 2, we identify the interface DRT signals whose
characteristic time constant depends on pressure and assign
its origin to the constriction effect. The time constant of the
GB signal around 107 s is independent of stack pressure as
expected. The three other DRT signals from interface pos-
sesses with relaxation times between 10~ s and 1072 s, all
strongly depend on external load. Their time constants shift
and their amplitudes decrease and vanish with increasing
uniaxial pressure. No contribution from the interface can be
observed after an isostatic pressure of 400 MPa was applied.
This suggests that all three signals arise from the constriction
effect and the CT effect is negligible in case of the Li|LLZO
interface.

Several other aspects support the conclusion that current
constriction rather than CT is the rate-determining step at the
LilLLZO interface. First, the estimate of the upper limit of the
macroscopic CT resistance at small contact areas according to
step 5, which yields about 1 Q cm?, several orders of magni-
tude lower than the experimentally observed values for Ry,.>"!
Second, the structural analysis (corresponding to step 6 of the
hierarchical scheme) reveals pores at the interface. This is even
more supported by a theoretical study of Zhang et al. who sug-
gest that the physical contact Aygsg roughly changes by a factor
of five in the experiment of Krauskopf et al., from around 20%
at 10 MPa to almost 100% at 400 MPa.*! Third, temperature-
dependent impedance measurements (corresponding to step 7
of the hierarchical scheme) yield a small activation energy for
the interface signal E, 1, = 0.37 eV comparable to that of the
bulk process E, gy = 0.34 eV.

All listed observations agree very well with the computations
performed and also with fundamental studies on the constric-
tion effect published in the literature.?*-3¢ Thus, we conclude
that the CT step at the Li|LLZO interface is negligible as cur-
rent constriction effects clearly dominate the electric Li[LLZO
interface properties in the samples studied by Krauskopf et al.
This result is consistent with several other experimental obser-
vations, such as the evolution and the increase of an interfacial
(i-e., constriction) impedance contribution due to pore forma-
tion during anodic dissolution.’%636>-68] Moreover, Ortmann
et al. recently reported similar experimental findings for the
interface between sodium and NASICON-type solid electro-
lyte Naz4Z1,Siy 4P 60121 Their detailed analysis of the origin
of the interface impedance reveals that the contribution of a
naturally grown and kinetically stabilized interphase is
negligible. Instead, pore formation leads to current constric-
tion, which dominates the rate performance at the interface.
This further emphasizes the important role of geometric
constriction effects at alkali metal|SE interfaces on the way
towards the successful implementation of reversible metal
anodes in the market.
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4. Conclusions

Various processes, such as charge transfer, morphological and
chemical instabilities due to pores or SEI formation, affect
the interface properties of metal anodes in solid-state battery
cells. Identifying the dominant interface effect(s) at metal|solid
electrolyte interfaces is crucial, as the strategy for improving a
solid-state battery depends on the rate-limiting process, which
needs to be overcome. In this study, we use a 3D electric net-
work model to investigate the interplay of these interface effects
with the structural properties of a symmetric Me|SE[Me stack
in order to assess their impact on the impedance data in the
frequency and time domain.

We perform a thorough analysis of the dependence of the
impedance data on the physical contact area Ayggg and on tem-
perature for different orders of the time constants of the under-
lying interface processes. Fitting the computed impedance data
with 1D equivalent circuit models, in which different processes
are represented by RC-elements, allows to translate the micro-
scopic and mesoscopic transport properties into macroscopic
transport parameters (R;, C;). This enables the development
of universal recipes in the form of hierarchical schemes for
analyzing experimental impedance data. We introduce such a
scheme for systems with chemically stable interfaces, or with
kinetically stabilized interlayer, for example, battery stacks with
a porous WE|SE interface. The approach relies on the evolution
of the impedance data when the porous interface morphology
is continuously tuned under external pressure.

In principle, similar schemes can be developed for systems
with other interface morphologies, e.g., interfaces with dynamic
SEI formation. However, the impedance studies in such cases
need to be accompanied by thorough structural investigations
of the evolution of the interface morphology under operation
or under external parameters like pressure. This is a necessity
for extracting the functional relationship between the macro-
scopic transport parameters of the 1D equivalent circuit models
and external control parameters tuned in the experiment. The
approach sketched spans the bridge between 3D electric network
modelling of impedance data and experimental measurements
and corresponding analysis. It is widely employable and will
help to speed up the optimization of solid-state batteries in the
future.

This is successfully demonstrated considering experimental
impedance data of a Li|LLZO|Li stack. We prove unambigu-
ously that the Li|LLZO interface properties are dominated by
geometric current constriction while the electric CT migration
process plays only a negligible role. This also applies to recent
experimental results on sodium in contact with a NASICON-
type solid electrolyte. Consequently, charge-transfer driven mor-
phological instabilities during cycling impedes the successful
implementation of reversible metal anodes in the market.
Thus, methods need to be developed to suppress pore forma-
tion at the WE|SE interface.
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