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Abstract

Lithium metal anodes are vital enablers for high energy all-solid-state batteries

(ASSBs). To promote ASSBs in practical applications, performance limitations like

the high lithium interface resistance and the grain boundary resistance in the solid

electrolyte (SE) need to be understood and reduced by optimization of the cell design.

In this work, we use our 3D micro-structure resolved simulation approach combined

with a modified grain boundary transport model for the SE to shed some light on the

1

anton.neumann@dlr.de


aforementioned limitations in garnet ASSBs. By using high-resolution volume images

of the SE electrode sample, we are able to reconstruct the SE microstructure. Using a

grain segmentation algorithm, we further distinguish individual grains and account for

the influence of the SE grain size and grain boundaries. We focus our simulation work

on the trilayer cell architecture, consisting of two porous SE electrodes separated by a

dense layer. Even though the highly porous SE electrodes reduce the lithium interface

resistance by providing a higher active surface area, the increased electrode tortuos-

ity also reduces the effective ionic conductivity in the SE. We confirm via impedance

simulation studies and validation against experimental results that with increasing SE

electrode porosity, the lithium transport becomes limited by grain boundaries. We

also correlate the area specific resistance to different lithium infiltration stages in the

trilayer cell by spatially resolving the current density distribution. This analysis al-

lows us to suggest a plausible deposition mechanism and, moreover, we identify current

density hot spots in the proximity of the dense layer. These hot spots might lead to

dendrite formation and long-term cell failure. The joint theoretical and experimental

study gives guidelines for cell design and optimization which allow further improvement

of the trilayer architecture.
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1 Introduction

All-solid-state batteries (ASSBs) promise very high theoretical energy densities, which is an

essential requirement for the electrification of our society.1,2 The advantages of solid elec-

trolytes (SE) are their reduced flammability and increased safety, which is a prerequisite e.g.,

for electric vehicles.3,4 Furthermore, they are seen as an enabler for lithium metal anodes,

2



which will increase power and energy density. Thereby, garnet type SEs such as Li7La3Zr2O12

(LLZO) are considered to be almost ideal candidates since they possess high ionic conductiv-

ity of more than 0.5 mS/cm and show remarkable electrochemical stability.5,6 Additionally,

garnet type SEs have interesting mechanical properties allowing them to be used as a self-

supporting structure during manufacturing.7 This might allow for new cell designs that can

further increase energy density at the cell level.8,9 Naturally, the application of SEs in con-

ventional cell designs also causes some challenges which need to be addressed.

Liquid electrolytes perfectly wet the surface of the active material (AM), improving the elec-

trochemical reaction environment. With SEs the situation at the interface is more complex

and requires interface engineering on the negative10,11 as well as on the positive electrode.12–14

Most prominently on the negative electrode, the generally poor contact between the SE and

the lithium metal anode results in a large interfacial resistance.6,15,16 The contact between

the two electrodes can also deteriorate due to the Li metal electrode’s volume change during

plating and stripping, resulting in a constant rise of the cell resistance. One approach is to

increase the external pressure on the cells, resulting in a significant reduction of the charge

transfer resistance, which causes additional mechanical stress within the cell.17 Therefore,

several authors try to improve the Li-SE interface itself by adding polymeric interlayers18–20

or by surface chemistry control methods such as coating of lithiophilic layers.9,21,22

The separator in LLZO based ASSBs is typically a dense sintered pellet. A major concern of

the solid cell system with metallic lithium is the formation of Li dendrites along grain bound-

aries (GB) in the polycrystalline SE. The emerging dendrites penetrate the cell and lead to

cell failure due to short-circuting.10,11,23 Thereby, we distinguish between the external and

internal origination for dendrite formation. The internal formation of dendrites along GB

is facilitated through the low remaining electronic conductivity of LLZO, enabling extended

electronic pathways, which eventually reach the GB and reduce the present lithium-ions.24,25

Moreover, recent atomistic calculations suggest,26 that the lower band gap of the LLZO sur-

face states compared to the bulk can promote internal dendrite formation.
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As for externally originating dendrites surface carbonates that prevent wetting,9 surface

flaws such as scratches, and the defect like nature of GBs and the resulting reduced trans-

port along the GBs are a key aspect.10,11,27 Combined with the presence of poor interface

contact (non-wetting) between lithium metal and the SE, the rise in interface current hot

spots initiates a preferential dendrite formation at these surface flaws and along GBs.28 The

often cited empirical "critical current density” (CCD) is generally used to define the highest

possible current density before cell failure,16 originating by either of these processes. Suitable

approaches to reduce the formation of internal dendrites are the reduction of the electronic

conductivity of the SE or the aforementioned addition of electronically-blocking coatings at

the SE surface.19,22 As for the prevention of external dendrites the optimization of the SE

to lithium metal interface is necessary and the recent realization of the importance of this

has significantly reduced the interfacial impedance resulting in increased CCD. We demon-

strated importance of modifying SE surface to remove lithium carbonate layer by atomic

layer deposition (ALD) of thin (5 nm) alumina layer to enable lithium wetting resulting in

a reduction of interfacial impedance by over 2 orders of magnitude.9 Subsequently, it was

shown by Taylor et al.21 that the introduction of a thin gold interlayer between LLZO and the

lithium metal, essentially doing the same, can significantly increase the room temperature

CCD from 0.5mA/cm2 up to 0.9mA/cm2 compared to a conventional unmodified Li metal

electrode.23 The recent experimental findings emphasize, that in order to enable metallic

lithium anodes for commercial high current density and thus high power ASSBs, interface

compatibility needs to be improved.

Beyond improving wetting of lithium across the entire SE surface, increasing the total in-

terfacial surface area is critical to increase current density. One possible solution is the

so-called trilayer structure proposed by the authors, which is a 3D garnet framework con-

sisting of two highly porous Li7La2.75Ca0.25Zr1.75Nb0.25O12 (LLCZNO) layers (∼70-100µm),

separated by a thin but highly dense SE layer (∼20 µm). The two highly porous electrodes

increase the active surface area for electrochemical reactions by a factor of around 40.7 The
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porous geometry reduces the local current density at the Li-SE interface, which enables

cycling at high current densities without any sign of dendrites. Thereby, the dense sepa-

rator is acting as an additional barrier between the two porous layers since the very dense

structure has a high mechanical stability and only few GBs favoring dendrite formation.7–9,29

Optimization of the porous layers will allow even further improvement of the CCD of

the trilayer design. Still, the influence of the SE microstructure and GBs on lithium trans-

port within the porous electrode is not fully understood. Electrochemical impedance spec-

troscopy (EIS) measurements demonstrate that GBs have a significant impact on the trans-

port of lithium ions in the SE microstructure and become even more important in porous

3D networks.7,30,31 Especially, quantitative analysis on the effect of structural bottlenecks

and pinpoints on the local current density is needed in order to predict critical operation

conditions causing the formation of dendrites. The transport limitation due to present GBs,

which might have a detrimental influence on the ionic conductivity of the porous layer as

well as the structural intergrity.

Therefore, microstructure resolved continuum simulations have become an efficient tool

for a detailed structural and electrochemical analysis of batteries and battery materials.32,33

Simulations are performed directly on virtual microstructures of electrodes and cells and

inherently include structural features of the materials.30,34–36 Microstructures are typically

reconstructed based on image data originating from structural characterization techniques

like focused ion beam scanning electron microscope (FIB-SEM) or X-ray tomography. In our

recent studies, we extend this method to microstructure resolved electrochemical simulations

of ASSBs.14,37 By combining electrochemical characterization of the materials with simula-

tion studies on a digital twin, we were able to identify limiting processes for the battery

performance.
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Experiments
Ref. [5,7,8,9,30] 
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Figure 1: Schematic overview of the work flow and corresponding sections in the manuscript.
Details on experimental data is given in Ref.5,7–9,30

In this study, we apply our methodology to investigate transport phenomena in porous

LLZCNO samples, which is a promising component for future ASSBs. Figure 1 gives an

overview of the workflow and corresponding sections in the manuscript. To validate of

our model simulation, we use various experimental measurements for different cell setups on

LLZCNO and metallic lithium. Thereby, we use focus on three LLZCNO samples with differ-

ent porosity and grain size, which are characterized structurally and electrochemically using

FIB-SEM tomography and electrochemical impedance spectroscopy (EIS),30 respectively. In

Section 2, the simulation setups are introduced, which are based on the segmented 3D recon-

structions of the porous samples. The different virtual sample reconstructions account for the

changing cell setup morphology and, therefore, are the basis for the microstructure resolved

simulation studies. In Section 3, we introduce our general simulation framework including

the interface models. The modified transport model also accounts for the lithium transport

across GBs within the polycrystalline garnet SE. Finally, in Section 4, we discuss results of

the systematic parameter studies on the two virtual cell setups and compare them against

the experimental data. The validation of the impedance results allows us to assign features

in the impedance spectra originating from structural properties, such as grain size, electrode
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porosity, and secondary phase formation. Furthermore, we investigate lithium stripping and

plating in trilayer cells using different setups and configurations. The simulations provide

local information on the CCD and allow us to deduce guidelines for optimized cell designs.

2 Microstructure Models

In the following, we present our algorithm for the generation of virtual structures. The virtual

structures are reconstructed based on data measured by FIB-SEM tomography. Details on

the measurements can be found in Ref.30 and in the supplementary information S1. We

will focus on the image processing toolchain, which is used to segment the original grayscale

data into microstructures consisting of individual grains. This segmentation enables the

definition of interfaces between grains at which the modified grain boundary interface flux

can be applied in the later electrochemical simulations (cf. Section 3.2.2). Furthermore, we

present the different virtual cell setups which are used throughout the study.

2.1 Microstructure Generation

For this work, we reconstructed three different SE samples with varying porosity. An

overview of the samples is given in Tabel S2, and details on sample preparation can be

found in the supplementary information S1 and S2. Starting with a stack of grayscale im-

ages recorded by FIB-SEM we reconstruct 3D volume images of the samples in GeoDict.38

Binarization of the images is done by setting a threshold for the grayscale value. For the

analysis of secondary phases, an additional grayscale threshold is set to distinguish the third

phase. The binarized volume images are then processed in MATLAB, and we perform a

watershed transformation on the continuous volume image to segment the electrode and

identify individual grains.39 Figure 2(a) shows a representative microstructure of the highly

porous sample after segmentation, where the different colors represent individual grains in-
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troduced through the segmentation routine. At each interface between two adjacent grains

with different color, we define the grain boundary interface flux introduced in Section 3.2.2.

Despite the different colors, all grains do have the same physical and chemical properties. In

the last processing step, we rescale the electrode volume to a resolution of 0.5 µm to reduce

the computational cost. The complete image processing routine is described in detail in the

supplementary information S1.
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Figure 2: (a)Exemplary grain resolved microstructure obtained via the image processing
routine. Connected grains with different colors define a homogeneous grain-grain interface
and allow for the application of the grain flux model. The color code is used as a guide for
the eye and despite the different colors, all grains do have the same physical and chemical
properties. (b) First-order approximation of the electrochemical potential distribution be-
tween intersecting grains in equilibrium (solid blue) and excitation (dotted red). The fixed
transition state between two grains defines the transport barrier induced by the unresolved
grain boundary.

2.2 Impedance Setup

In the experiments, the impedance spectra of the porous samples are measured under block-

ing conditions. Thin gold films are deposited on both sides of the porous layers and serve as

a contact to the current collectors. Details of the setup are also given Ref.30 In our simula-

tions, we reproduce the experimental setup in order to provide comparable results.

First, we create virtual samples of the porous layers characterized by EIS measurements

under blocking conditions. The basis for the virtual samples are the three segmented mi-

crostructures with 56%, 42%, and 25% porosity, respectively. Since we could not fully
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resolve the evidence for a secondary phase formation using XRD,30 we do not take them

into account in our base model. The effect of virtual distributions of a secondary phase is

investigated in Section 4.2.

To achieve the same thickness (x-direction) of the virtual and experimentally characterized

samples, we repeatedly mirror the segmented microstructures. Through the repetition pro-

cess, we preserve the specific porosities, such as grain sizes and electrode tortuosity of the

original reconstructed SE volumes. All three virtual samples are cropped to identical lateral

dimensions (y,z-directions) of 100 × 100 voxel.

The gold electrodes are introduced as a continuous layer covering both sides of the porous

SE electrode with a fixed thickness of 8 voxels. An exemplary virtual structure for the

impedance simulation reproducing the experimental configuration is given in the supple-

mentary information Figure S3. The relevant geometric parameters of the cells are listed in

Table S1 and S2.

Dense layer

Lithium

Mirror axis

(a) (b)

Li → Li+ + e-

Li+

e-

Figure 3: (a) Exemplary trilayer microstructure used for the electrochemical simulations.
The grain segmentation of the porous structure was omitted for a clearer representation.
(b) Schematic for a sliced trilayer framework with lithium infiltration close to the current
collector. Inset: lithium reaction mechanism for the transition from the metallic into the SE
phase.

2.3 Trilayer Setup

In ASSBs, the porous layers serve as a host matrix for the active material. Therefore, we in-

vestigate the lithium transport and cycling performance of a symmetric trilayer structure. A
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schematic of this setup, which was also investigated experimentally in our previous work7,8,40

is shown in Figure 3(a). For our simulations, we select the virtual sample with 56% porosity,

enabling a high energy density that is needed to outperform Li-Ion batteries with liquid elec-

trolytes.7,41 The trilayer setup consists of two porous SE layers (Lx= 100µm) separated by

a dense layer of Lx,Dens = 20 µm thickness. The dimensions of the full trilayer structure are

440×100×100 voxels, which creates a virtual sample volume of 220×50×50µm3. The dense

layer is assumed to be a homogeneous layer containing no grains and GBs, as indicated by

experimental measurements.7,8

In our simulations, we study the effect of lithium distribution on the area-specific resistance

(ASR) and critical current density. For the different cases, the SE pore space is virtually

infiltrated with lithium to reproduce different lithiation scenarios resulting from ideal plating

and stripping. A schematic of the infiltrated structure is shown in Figure 3(b). If the strip-

ping is not ideal, islands of lithium will remain on the SE surface. Therefore, we additionally

mimic different lithium morphology with varying surface coverage, as discussed in Section 4.4.

3 Simulation Methodology

In the following section, we describe our general simulation framework for microstructure

resolved electrochemical simulations. Additionally, interface models are introduced, repre-

senting both heterogeneous interfaces between SE and AM and the homogeneous interfaces,

such as grain boundaries, between individual SE grains. All relevant model parameters,

variables and constant with the respective description and units can be found in the supple-

mentary information Table S4.
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3.1 Modeling Framework

The simulation results presented in this study are based on the microstructure resolved sim-

ulation framework BEST (Battery and Electrochemistry Simulation Tool).42 The dynamic

evolution of the concentration, potential, and temperature distribution in the simulated cell

is described by a set of coupled partial differential equations resulting from the conserva-

tion equations for mass, charge, momentum, and energy. The consistent derivation of this

coupled set of partial differential equations is based on the fundamental principles of non-

equilibrium thermodynamics.32 A short overview of our model equations and the simulation

methodology for the calculation of electrochemical impedance spectra is provided in Ref.34

A prominent feature of our simulation framework is the ability to perform microstructure re-

solved simulations on virtual electrodes consisting of a voxel-based 3D image.35 Microstruc-

tural effects, like particle morphologies or the AM and SE tortuosity, are intrinsically in-

cluded. We continuously improve and extend the simulation framework to describe addi-

tional interface and transport phenomena in solid-state battery cells.14,37 A summary of all

transport equations for isothermal simulations can be found in the supplementary informa-

tion S3.

The resolution of our 3D microstructure resolved simulations is typically lower than the

width of charge imbalances, so-called space-charge layers (SCL). Therefore, we only implic-

itly take into account the effect of SCLs in our simulation by the corresponding interface

models at GBs and with active materials described below. A detailed analysis of lithium-ion

transport phenomena and interfacial processes, including SCLs on a nanometer scale within

inorganic SEs, can be found in Ref.33
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3.2 Interface Models

3.2.1 Active Material

At the interface between AM and SE, we assume Faradaic as well as capacitive contributions

to the overall local current density. A detailed description of this approach can be found in

Ref.34

The charge transfer reaction at the interface with Li metal (AM) is described by a ther-

modynamically consistent Butler-Volmer (BV) type model.43 The equation for the Faradaic

current is given by

iBV = i00c
α
SE

[
exp

(
α∆ϕ

RT

)
− exp

(
−(1− α)∆ϕ

RT

)]
, (1)

where i00 is the exchange current density, cSE the lithium concentration in the SE and α

defines the symmetry factor. The driving force for the electrochemical reaction ∆ϕ is defined

by the difference in the electrochemical potential ϕSE/AM between the solid electrolyte and

active materials

∆ϕ = ϕAM − ϕSE = FΦAM − (ϕSE − µLi)− FU0. (2)

The electrochemcial potential difference can be reformulated by using the electrostatic po-

tential in the active material ΦAM and the open circuit voltage U0, with µLi being the

electrochemical potential of the lithium reference.43 Note, that the electrochemical potential

is given by ϕi = µi + FΦi (i ∈ {SE,AM,Gj}) and the resulting Butler-Volmer expression

is similar to the derived definition of Ref.43 The detailed description of the electrochemical

potential in the SE is given in the supplementary information S3 and S4.

The contact between two materials with different electrochemical potential induces the for-

mation of SCLs at the interface. In liquid electrolytes this layer, consistent of two SCL

on each side of the contact interface, is typically referred to as electric double layer (DL).33

The thickness of the SCL in SEs is around an order of magnitude larger than in liquid sys-
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tems due to the higher polarizability of the material, the crystal structure, and the reduced

charge mobility.33,44 In our model we do not resolve the thickness of the SCL and we use

the analogy to a simple parallel-plate capacitor to account for the capacitive contributions

to the interface current. Thereby, the SCL current iDL assuming constant differential area

capacity CDL is given by

iDL = CDL
d(4Φ)

dt
. (3)

The electric potential difference 4Φ between the AM and SE across the SCL can be calcu-

lated according to

4Φ = ΦAM − ΦSE. (4)

Further details are given in the supplementary information S3 and Ref.34 In our interface

model we assume that the Faradaic current Equation (1) and SCL current Equation (3) are

in parallel. The sum of both contributions accounts for the exchange of mass and charge

at the interface between AM and SE

~NAM · ~nA = NBV, (5)

~JAM · ~nA = iBV + iDL, (6)

~NSE · ~nA = NBV +NDL, (7)

~JSE · ~nA = iBV + iDL. (8)

Thereby, ~NAM and ~NSE denote the molar flux densities and NBV and NDL are the correspond-

ing molar interface fluxes along the surface normal vector (~nA) of lithium given by iBV/F

and iDL/F , respectively. F denotes the Faraday constant. We emphasize that this approach

is generic, and different expressions for the Faradaic and SCL current can be introduced to

improve the level of detail and model predictions.
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3.2.2 Grain Boundaries

For the interface flux between two SE grains, we additionally need an interface model which

describes the transport of lithium across the grain boundary, as well as takes into account

the SCLs due to misorientations of the crystal lattices.25,45,46

At a grain boundary, two grains with different crystalline orientations are in contact, which

presents a transport barrier for the flux of lithium ions. Furthermore, amorphous inter-

phases47,48 may form at GBs, which presumably enhance the transport barrier and therefore

electrochemical potential step height. In a first approach, we model the transport of lithium

across the GB by a hopping process, which is derived in the transition state theory43,49 and

results in a Butler Volmer-like expression.

The electrochemical potential distribution at equilibrium and after excitation (ϕi,Ex) through

an external potential is schematically shown in Figure 2(b). As a first approximation, we

assume that the electrochemical potential of the transition state at the GB is only a function

of temperature and the rate of lithium transfer is given by a hopping rate khop. In this case

the interface current between two adjacent grains Gi and Gj is described by

iGB = khop

√
c̃Gi

c̃Gj

[
exp

(
∆ϕ̃

2RT

)
− exp

(
−∆ϕ̃

2RT

)]
(9)

Since under isothermal conditions the electrochemical potential of the transition state is

constant also the hopping rate is fixed. A brief derivation of the resulting GB current

expression is given in the supplementary information S4. The driving force for the lithium

transfer reaction is given by the modified electrochemical potential difference ∆ϕ̃ = ϕGi
−ϕGj

,

which is defined as the difference in the bulk electrochemical potentials of the two adjacent

grains (subscripts {j, i}) separated by the GB interface, as shown in Figure 2(b).

As experimentally shown,25,45,46 the electrochemical potential step along the GB, due to

misalignment of the crystal lattice and additional material changes in the GB, facilitates

the formation of screening charges (SCLs) in its vicinity. Since we do not spatially resolve
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the GB or electrochemical gradients along the SCLs, we adapt the model approximation

for capacitive contributions as introduced above. The modified double layer model from

Equation 3 enables us to incorporate the effective SCL formation at the GB and accounts for

the resulting polarization process. Therefore, we obtain similar expressions for the exchange

of mass and charge across the grain boundary given by

~NSE,Gi
· ~nA = NGB +NDL, (10)

~JSE,Gi
· ~nA = iGB + iDL. (11)

The definitions of the molar fluxes corresponds to Equation 5-8. Note that this interface

model is a first step to take into account the effect of GBs and SCLs in polycrystalline SEs.

In our future work, we aim at multi-scale simulations for the description of interface fluxes

and SCLs. Enabling us to include our derived theory-based input parameters, e.g., for the

hopping rate or SCL capacity, accounting for the potential and concentration distribution

within the grain boundary.

Secondary Phase The secondary phase is assumed to be an isolating material phase and

block the lithium transport to the SE. Therefore, the mass and charge transfer NGB and iGB

is omitted for the interface expression. Nevertheless, to account for the additional interface

charging through the non-vanishing permittivity of the secondary phase, we preserve the DL

interface condition for our model.

3.3 Model Parametrization

In the following section, we introduce bulk transport parameters and parameters of the

interface models used in our simulations. All relevant simulation parameters and operation

conditions are summarized in the supplementary information S5.
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Bulk Transport The composition and density of LLCZNO were determined in previous

works.7,9 This corresponds to an average lithium concentration of cSE,0Li = 0.0384mol/cm3.

Bulk transport parameters of LLCZNO for our simulations are either extracted from lit-

erature or are measured by the authors. The most decisive transport parameter is the

ionic conductivity of the SE. We estimated the bulk ionic conductivity within the grains

σSELi = 7.69× 10−4 S/cm using EIS measurements on highly dense LLCZNO pellets.9 This is

also in line with previous measurements published in the literature, which range from 2.4-

7.69×10−4 S/cm at room temperature.7–9,30 The secondary phase is assumed to be SE type

phase with a reduced ionic conductivity by orders of magnitude compared to the regular SE.

The conductivity is set to σSELi = 1.0× 10−9 S/cm, which can be regarded as isolating for the

ionic transport.30

The Li-ion diffusion coefficientDSE
Li = 5.36×10−9 cm2/s is calculated from these measured

lithium ion conductivities based on the assumption of negligible interactions between lithium

ions and lattice vacancies using DSE
Li = σSERT/c

SE,0
Li F 2 with T the absolute temperature, F

the Faraday constant, and R the gas constant. LLCZNO is generally regarded as a single ion

conductor with negligible electric conductivity. Therefore, we set the transference number

of lithium ions to t+Li = 1.

In our simulations, the electronic pathways in the porous layers are either through the

metallic lithium phase or electronically conductive surface coatings. We use an electronic

conductivity of lithium metal of κAMLi = 10× 104 S/cm, which is orders of magnitude higher

compared to the lithium-ion conductivity of the SE and therefore can be seen as an ideal

conductor. Since we do not explicitly simulate the lithium stripping and plating and rather

investigate the current distribution via potential initialization, the lithium-ion concentration

is assumed to be an infinite reservoir of charge carriers.
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Lithium Interface Recent work on garnet-type materials has shown that the interface

resistance between lithium and the garnet is dominated by the surface roughness and the

wetting behavior of lithium metal. By increasing the cell pressure up to 400MPa during

cycling, the induced plastic flow of lithium metal increases the contact and leads to a neg-

ligible charge transfer resistance.17 A comparable, and more easily scalable, effect on the

interface resistance was achieved by ALD coating of 5 nm alumina on the garnet SE. The

coating improved the wetting behavior of lithium metal and reduced the interface resistance

down to a similar negligible interfacial impedance of only 1Ωcm2.9 In addition, the alumina

coating is expected to prevent potential interface degradation and interlayer formation at

the lithium interface as observed for uncoated garnets.50,51 Various functional coatings for

LLCZNO have been demonstrated, such as alumina,7,9 zinc oxide,52 aluminum29 and germa-

nium53 to improve the interface wetting between lithium metal and the SE. The coating film

thickness is in the nanometer range and, therefore, cannot be explicitly resolved in our cell-

level simulation. The aspect of interface modifications through coatings is taken into account

by selecting the corresponding parameters for interface reactions. In the trilayer simulations

we use an exchange current density factor iLi00 = 2.59× 10−2 A/cm2 for the AM|SE interface

reaction measured by Han et al. using EIS on dense LLCZNO samples in a symmetric cell

setup.9

Blocking Electrodes For the cell configuration with blocking gold electrodes, the ex-

change current density iAu00 was reduced to 1 × 10−8 A/cm2 to suppress the charge transfer

reaction at the interface. The DL capacity of the gold electrode was adjusted to CAu
DL =

2.4× 10−4 F/cm2 based on the experimental data to reproduce the experimental impedance

response at low frequencies.

Secondary Phases To suppress the lithium transfer between the secondary phase and

the SE, the exchange current density iSP00 is set to 1× 10−8 A/cm2. For a first approximation

the double layer capacity is fixed at CSP
DL = 1 × 10−6 F/cm2, since the experimental EIS
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measurements indicate a presumably occurrence in the mid-frequency range (105-102 Hz).

A detail discussion on the transport and structural influences on the resulting impedance

response is given in Section 4.2.

Grain Boundaries For the parametrization of the homogeneous SE interface reaction,

we use EIS measurements on dense pellets published in Ref.9 These measurements are used

to estimate the hopping rate khop and the DL capacity CGB
DL which are in a second step

refined manually to improve the agreement with the experimental data. The corresponding

impedance simulation of the dense virtual sample is given in the supplementary information

S5. Note that we use the same set of grain boundary parameters given in Table S4 for all

simulations shown in this publication.

3.4 Electrochemical Simulations

Electrochemical Impedance Spectroscopy Electrochemical impedance spectra are mea-

sured and simulated on the porous samples in the configuration described in Section 2.2. In

both cases, frequencies range from 17 MHz down to 1Hz. For the simulation of impedance

spectra, we use the step-excitation method outlined by Hein et al.,34 and more details on

our experiments can be found in.30

Simulation of ASR The ASR is an important quantity for battery development. In our

simulations, we calculate the ASR for a given lithium distribution within the porous SE

samples of the trilayer setup. Thereby, we investigate different morphology and surface cov-

erage introduced in Section 2.1. We apply a constant current at the current collectors for

each configuration and solve for the stationary distribution of potentials and local current

densities. The data is then used to calculate the ASR and analyzed for the local current

density distribution within the trilayer.

Note, that our continuum modeling framework is not able to model the time-resolved lithium
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nucleation and film growth during stripping and plating in the SE structure. Nevertheless,

our microstructure-resolved simulation approach enables us to resolve transport phenomena

on the cell level scale, which can be again validated against experimentally accessible quan-

tities such as the ASR and CCD. To extract these quantities from our simulation, we need

to simulate specific cell configuration, which recreate experimentally observed or expected

snapshots.

4 Results and Discussion

4.1 Structural Analysis

This section presents the structural analysis for the three reconstructed samples with vary-

ing porosity based on the segmented FIB-SEM volume images. The material composition,

sample tortuosity, and average particle size are listed in Table 1.

Table 1: Structural parameters calculated based on segmented FIB-SEM reconstructions of
the samples with varying porosity: material composition by vol-%, SE tortuosity, SE specific
surface area, approximated GB specific surface area and average particle size.

parameter, unit Sample 56 Sample 42 Sample 25
Material composition, vol-%
Pore space 56.61 42.6 25.0
LLCZNO 42.6 55.9 75.0
Secondary phase 0.77 1.7 0
Specific surface area SE
ASpec,SE, ×104 cm2/cm3 2.18 0.93 0.66
Specific surface area GB
ASpec,GB, ×104 cm2/cm3 1.37 1.08 1.35
SE tortuosity (direc.)
x 1.75 1.45 1.21
y 1.68 1.34 1.15
z 1.78 1.26 1.20
Average particle diameter, µm
d̄ 3.1 4.59 4.62

The three analyzed samples show a varying porosity of 56.6, 42.6, and 25.0 vol-% and a

LLCZNO volume fraction of 42.6, 55.9, and 75.0, respectively. These values are in line with
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the composition estimated based on the density of the samples. The electrode surface area

shows the expected trend with decreasing pore space volume. Additionally, we find in our

reconstructions artifacts in the samples with higher porosity which might point to secondary

phase formation. Reports of degradation and secondary phases due to anion migration in

the lattice or lithium evaporation during sintering can be found, for instance, in Ref.54–56

However, in our previous work30 we could not identify the chemical composition of these

artefacts due to the relatively low quantity. A simulation study shedding some more light

on this issue can be found in Section 4.2.

The tortuosity of the transport pathways within the SE structure determines the ohmic

resistance of the porous layers. All three samples show an increase in tortuosity with in-

creasing porosity of around 44%. In our analysis, we do not observe significant deviations

between tortuosity values in the three spatial directions, which implicates a rather isotropic

and homogeneous SE structure. The rise in tortuosity with increasing porosity prolongs the

pathways for lithium transport and, therefore, increases the ionic resistance of the porous

SE layer. This result is in agreement with the structural analysis in our previous work30 the

simulated effective conductivities discussed in Section 4.3.

Moreover, we use the segmented reconstruction to estimate the particle size distribution.

Details on the calculation are given in the supplementary information S1.1 and S1.2. The

resulting average particle sizes for all three samples are listed in Table 1. The comparison

shows that the average particle size for the highest porosity (d56 = 3.1 µm) is around 32%

smaller than for the two samples with lower porosity where the diameter is around 4.6µm.

The reduced particle size increases the effective SE surface area (cf. Table 1) and, there-

fore, potentially leads to enhanced surface degradation during sintering. The reconstructions

do not allow to deduce a clear trend for the formation of secondary phases (cf. Table 1).

However, the impedance simulations presented in Section 4.2 indicate that the impedance

spectra of samples with high porosity show a pronounced additional feature which could be

linked to the formation of a secondary phase.
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The specific surface area for the SE phase, as well as the specific GB surface area, are also

listed in Table 1. We can clearly see the aforementioned rise in the specific surface area

between the SE and the pore space for increasing porosity. For the porous SE layer design,

the high specific surface area might present one strategy to mitigate dendrite formation in

high power applications, since a larger SE surface area decreases the local current densities.

A detailed analysis of this effect is presented in Section 4.4. Moreover, we observe a slight

increase in the GB interface area with growing porosity. Even though the samples with

56% and the 25% porosity have comparable specific GB surface area, due to longer lithium

transport pathways, the highly porous sample is expected to show higher GB contributions

to the overall impedance (cf. Section 4.2).

4.2 Impedance Analysis

In the following section, we analyze the impedance spectra of the different SE samples. Our

model is parameterized using a dense sample, and in this section, we apply it to the simulation

of electrochemical impedance spectra of the reconstructed virtual samples with different

porosity. Furthermore, we investigate the effect of secondary phases on the impedance and

compare our simulations to conductivity measurements.

Bulk and Grain Boundary Processes Following the structural analysis, we begin the

discussion of the electrochemical simulations with an impedance analysis of the porous SE

sample with 25% porosity. The schematic of the blocking electrode configuration used for

the shown impedance study is given in the supplementary information S2. Thereby, we focus

on a general discussion and comparison of simulated and experimental impedance spectra.

In our analysis, we assign features in the impedance spectra to physical and chemical pro-

cesses described in our model and evaluate the effect of grain boundaries.

Even within our model framework, the assignment of processes is challenging, since mi-
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nor changes in the material composition significantly change the EIS response. Several

impedance studies on LLCZNO materials are published in the literature,9,30,57 each of them

providing a different interpretation of the data. In these cases, the impedance analysis is

based on a fit of equivalent circuit models to the measured impedance spectra. In contrast,

impedance simulations presented in this study are based on our continuum model, describing

the most relevant physico-chemical processes in the cell. Parameters are determined using

impedance and conductivity data of a dense sample,9,29 and the corresponding simulation

results can be found in the supplementary information S5. Additionally, we perform simu-

lation studies in order to evaluate the effect of changes in bulk conductivity and secondary

phases in the following paragraphs.

Sim. Exp.Porosity:
25%

(b)

Frequency:
10 MHz

1 MHz

100 kHz

10 kHz

1 kHz

(a)

Figure 4: (a) Nyquist plot representation of the impedance response and (b) phase angle
evolution in frequency space for the sample with 25% porosity: simulated (orange) and
experiment (dotted gray). The open symbols mark the corresponding frequencies in the
experimental data.

Figure 4(a) shows the impedance spectra of the SE sample with 25% porosity, and thick-

ness of 217µm. The simulation results are shown as a solid orange line, and the dashed gray

line gives the experimental data. The corresponding phase angle diagram in the frequency

space is shown in Figure 4(b). The full Bode plot of the impedance data is given in the

supplementary information S10.

In the experimental data, we observe a distinct feature in the high-frequency regime above

106 Hz. In the mid-frequency regime, around 105-103 Hz, a second process emerges, which
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overlaps with the high-frequency process in the Nyquist plot (cf. Figure 4(a)). At lower

frequencies, we observe in the phase angle diagramm another feature around 101 Hz which

is commonly assigned to the impedance of the gold electrodes.29

In our model, we do not take into account the polarization of the bulk SE grains. Therefore,

the intersection with the real axis at around 53 Ωcm2 in our simulated impedance spectra

includes the effective bulk resistance and the corresponding bulk polarization. The magni-

tude of the bulk contribution is also determined by the tortuosity in the porous SE sample,

which increases the transport pathways for the ions and the effective ionic bulk resistance,

respectively. This effect becomes more prominent for increasing sample porosity, as discussed

in the following section.

The studied SE samples possess selective characteristic frequencies fC where different po-

larization processes, such as the bulk or GB polarization, show their maximum amplitude in

the impedance measurement. We estimate the expected characteristic frequency of bulk pro-

cesses fC,B based on the effective bulk permittivity εeff. and conductivity of the porous sample.

The characteristic frequency can be calculated according to fC,B = σeff.bulk (2πεeff.ε0)−1 with

ε0 being the vacuum permittivity. We approximate the effective permittivity εeff. with by

the Bruggeman mixing rule58 (cf. supplementary information S6). In our consideration, we

neglect contributions of the GB due to their small thickness and comparably small volume

fraction (<7 vol-%). The LLZCNO bulk permittivity value is determined around 75.59,60

Assuming that the remaining pore space is filled with air, we get an effective relative permit-

tivity of εeff. = 47 for the sample with 25% porosity. Compared to the dense sample with a

bulk relative permittivity of ∼ 75, this is a reduction by 37%. The effective ionic bulk con-

ductivity for the 25% sample (σeff.bulk = 3.66×10−4 S/cm) is based on our calculations given

in Section 4.3. Note, that the expected bulk characteristic frequency fC,B = 1.40× 107 Hz is

close to the upper-frequency limit of the measurement setup, which is around 1.5×107 Hz.

The limited resolution above 1×107 Hz results in the steep increase of the phase angle mea-
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surement shown in Figure 4(b).

The bulk processes are followed by the GB contribution in the frequency range between

107 to 106 Hz. In this frequency range, the simulated phase angle resulting from GB pro-

cesses is in qualitative agreement with the experimental data. Since the bulk polarization

contribution enters as a constant shift along the x-axis in our model, we therefore cannot

account for the superposition of the two polarization contributions as measured in the ex-

periment. This results in the observed misalignment in the phase angle and impedance plot

for the high frequency range between simulation and experiment. In our simulations, we

use a capacity for the space charge layers of CDL = 9.75 × 10−9 F/cm2, which is in the

range reported in the literature for this type of process.61 Based on the kinetic factors for

the transport across the GB, we estimate a characteristic frequency for the GB polarization

around fC,GB = 7.0× 106 Hz.

In the mid-frequency regime (105-103 Hz), we do not observe the additional feature seen in

the experiments, which indicates that our model misses a process causing a characteristic

in this frequency range. This observation might point to the secondary phase, which is not

included in these simulations and will be discussed in detail in the following paragraphs.

Instead, in our simulations, the grain boundary processes are followed directly by the feature

of the blocking gold electrodes in the low-frequency range. Since we assume ideally blocking

behavior on a flat surface, the corresponding increase in the imaginary part is steeper than

observed in the experiments.

Based on the limited number of frequency points above 1×107 Hz and the observed misalign-

ment of the first resonance in the phase angle diagram to the first semi-circle in the Nyquist

plot, we assume that the bulk polarization process is not fully resolved in the experiments.

Therefore, a straightforward decomposition and assignment of the bulk and GB polarization

contribution in the experiments is more complex. In combination with our simulations, we

conclude that we have an overlap between bulk and GB processes in the frequency regime

between 107 to 106 Hz in the experimental data. Thereby, the bulk contribution is smaller
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in magnitude and the contribution of the GBs dominates the impedance. This conclusion

is also in agreement with measurements on dense samples (cf. supplementary information

Figure S4) of LLCZNO.9,29

Effect of Porosity In this paragraph, we compare the predictions of our simulations on

virtual samples with different porosity to impedance data measured on the actual samples.

We want to emphasize that the parametrization for all three samples is identical, and there-

fore, changes in our simulations arise only due to differences in the sample microstructure.

Changes in SE properties e.g., due do lithium loss and formation of secondary phases during

sintering, will be analyzed in the paragraphs below.

In Figure 5 the measured (gray dashed lines) and simulated (solid lines) electrochemical
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Figure 5: Nyquist plot representation and (d) phase angle evolution in frequency space for
the impedance response of all reconstructed samples: 56% (dark red), 42% (red) and 25%
(orange) porosity. The open symbols mark the corresponding frequencies in the experimental
data.

impedance spectra are shown for all three reconstructed samples with 25%, 42%, and 56%

porosity. Figure 5 (d) additionally presents the phase angle as function of frequency to

supplement our discussion of the impedance spectra. In our measurements and simulations,

we observe a substantial increase in the impedance with increasing porosity. This is in line
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with the general picture that the impedance is proportional to the tortuosity of transport

pathways. Moreover, we observe that with decreasing porosity, simulated impedance spec-

tra show better agreement with the experimental data (cf. Figure 5(a) and (b)). Since we

parametrized our model with impedance measurements on a dense pellet (≤2% porosity),

we expect and do indeed see the best agreement with the sample with low porosity discussed

in the previous paragraph. With increasing porosity, deviations become significant. This in-

dicates that additional effects in the samples with higher porosity contribute to the increase

in impedance measured in the experiments. One aspect might be degradation phenomena

during sintering due to the large specific surface area of the highly porous samples.30,60

In the Nyquist plot for our simulations, we observe a shift of the high frequency intersection

with the real axis. This corresponds to an increase in bulk resistance with porosity and

tortuosity, respectively. The measurements do not show the same shift, which again points

at overlapping contributions of bulk and GB processes in the high-frequency regime.

Note that the tortuosity also affects GB contributions. Although the specific GB sur-

face area values for the 56% (ASpec,GB = 1.37 × 104 cm2/cm3 ) and 25% (ASpec,GB =

1.35 × 104 cm2/cm3) sample are comparable, the reduced tortuosity in the 25% sample

provides shorter pathways for the lithium transport and consequently reduces the number

of GBs along the path. In contrast, for the highly porous sample, the reduced grain size

and larger tortuosity give rise to a higher number of grain boundaries along the lithium

transport pathway. Therefore, we see higher GB resistance in our simulations for the highly

porous sample and comparable to reported experimental data.15,62–64 In general, we notice

that our model underestimates the impedance at high frequencies by almost 30% for the

highly porous samples. The deviation could be an indication for changes in bulk or GB

conductivity during processing of the porous SE materials.

The EIS measurement shown in Figure 5(a) demonstrates that with increasing porosity of

the SE, the process around 104 Hz becomes much more prominent. In the sample with 56%
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porosity, we even observe a distinct semi-circle in our measurements, as shown in the follow-

ing paragraph on secondary phases. As discussed above, this trend is proportional to the

increase in specific surface area of the samples and also points to an increasing lithium loss in

the highly porous samples. At some point even the tetragonal phase might be formed, which

has a significantly lower ionic conductivity.56,60 Moreover, the phase angle diagram displayed

in Figure 5(d) indicates that the characteristic frequency of the process shifts towards lower

frequencies (103 Hz) with reducing porosity and eventually overlaps with the contribution of

the gold electrode. Additionally, we suggest that through the increasing tortuosity (Table

1) of the samples, the ionic transport becomes more sensitive to phase impurities or areas

with lower conductivity. Lithium ions need to cross a higher number of GBs, and the effect

of secondary phases with low conductivity becomes more dominant.

Multiple studies on garnet SEs, like LLZO,54–56 report lithium loss at the particle surface

exposed to air during sintering, changing the composition and conductivity of the material.

This change in lithium stoichiometry on the SE surface could modify the effective bulk con-

ductivity as well as the grain boundary composition, leading to an overall reduced transport.

In the following paragraph, we will first focus on the effect of decreasing bulk conductivities

during sintering before turning our attention to the effect of secondary phases.

Effect of Bulk Conductivity The increasing deviation between impedance measure-

ments and simulations for the highly porous samples indicates a reduction of transport

parameters during sintering. Therefore, we investigate the influence of changing bulk con-

ductivity on the impedance. Figure 6 shows Nyquist plots for the samples with 42% and

52% porosity with varying bulk conductivity. Note, that we only change the bulk conduc-

tivity σbulk from 7.69 × 10−4 S/cm down to 2.0 × 10−4 S/cm. We emphasize that all other

model parameters are unchanged in this study.

Simulations of the sample with 42% porosity are shown in Figure 6(a), where solid lines

give the simulation data, and the gray dotted lines provide the corresponding experimental

27



Porosity 42%

Porosity 56%

(a) (b)
Experiment

Figure 6: Nyquist plot representation of the impedance response with reduced bulk conduc-
tivity from 7.69-2.0×10−4 S/cm: (a) 42% porosity sample and (b) 56% porosity sample.

measurement. As expected, the decreasing bulk conductivity causes a shift along the x-axis,

reflecting the increasing bulk resistance of the sample. Thereby, the simulated spectra with

a bulk conductivity of 3.0 × 10−4 S/cm (light blue) shows the best agreement with the ex-

perimental data. The same trend is also seen for the sample with 56% porosity displayed in

Figure 6(b). There we see the best agreement with the experimental data at slightly lower

bulk conductivity around 2.0×10−4 S/cm (cyan). Therefore, we see a reduction in bulk con-

ductivity by 60% and 75% for the samples with 42%, and the 56% porosity, respectively.

Moreover, we can observe that also the semi-circle linked to the GB contribution increases

with decreasing conductivity. Again, the rise in GB contribution is more pronounced for the

highly porous sample due to the higher tortuosity and larger specific GB surface area.

Therefore, we conclude that a reduction of conductivity due to lithium evaporation at ex-

posed SE surfaces could be one reason for the increase in impedance with SE porosity.

Even though the lithium loss is occurring predominantly at the SE surface, we assume that

evaporation in the proximity of grain boundaries could as well result in a change of the GB

composition. A similar study on the GB transfer resistance contribution can be found in the

supplementary information S7. The GB resistivity study emphasizes the strong dependence

of the impedance response on the GB transport parameter. The increase of the GB charge

transfer resistance by 25% improves the agreement between simulation and experiment,
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similar to the effect of the bulk conductivity. Since both degradation mechanisms possess a

similar effect on the impedance response, an exact deconvolution of both contributions via

EIS is unfeasible without additional information on the GB composition.

Nevertheless, the change in bulk and GB conductivity do not reproduce the second semi-

circle in the mid-frequency regime. Therefore, we will investigate the effect of secondary

phases on the impedance spectra in the next paragraph.

Effect of Secondary Phases Generally, the analysis in the previous paragraphs indi-

cates that the mid-frequency polarization process becomes more distinct with increasing

porosity. Especially for the sample with 56% porosity the polarization contribution in the

mid-frequency regime becomes clearly distinguishable, as shown in Figure 7(b)(gray curve).

We assume that the mid-frequency polarization contribution is related to the formation of a

secondary phase, which is promoted by the rising sample porosity and the amplified lithium

loss. This assumption was supported by FIB-SEM images, which indicate the formation of

such a secondary phase in the sample. Therefore, we proceed to investigate the influence

of this aspect in more detail. Since the observed features in the impedance data cannot be

uniquely assigned to secondary phase formation, we acknowledge that further effects, such

as the formation of interlayers at the SE| metal interface50,51 or additional surface diffusion

effects in the garnet structure could be related to the mid-frequency processes. Nevertheless,

our experiments do not provide a clear indication on the aforementioned phenomena and we

therefore focus on the structural aspects of the secondary phase formation and distribution.

Starting point are the SEM images of the highly porous sample, which show features of

a secondary phase indicated by a difference in gray-scale value. An exemplary image for the

spatial distribution of the secondary phase is given in the supplementary information S1.3.

However, in the highly porous sample, the content is as low as 0.77 vol-%, and contributions

of measurement artifacts can not be excluded. Moreover, no additional phases were found
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Figure 7: (a) Phase angle evolution against frequency and (b) Nyquist plot representation
of the impedance response for varying secondary phase distribution: no secondary material
(red), clustering (green), reduced clustering/increased surface coverage (blue). (c) Schematic
representation of the secondary phase distribution in the porous sample. The open symbols
mark the corresponding frequencies in the experimental data.

in XRD measurements since such small amounts are below the detection limit.

Still, secondary phases or phase impurities such as the tetragonal phase are also reported

in the literature.54,56 Therefore, we perform a simulation study on the effect of secondary

phases. We expect that this phase is poorly conductive,30 yet polarizable. The correspond-

ing parameters are given in Section 3.1.

Figure 7 shows simulated impedance spectra for the sample with 56% porosity and varying

secondary phase distribution. The corresponding phase angle diagram in the frequency space

is shown in Figure 7(a).The solid green line in Figure 7(b) shows the impedance response for

the unmodified secondary phase distribution as reconstructed from FIB-SEM. As shown in

the upper schematic Figure 7(c1), the secondary phase seems to form small clusters in the

SE pore space at bottlenecks between SE grains. Based on the FIB-SEM reconstruction, we

estimate that ∼ 1.2% of the SE surface is in contact with the secondary phase. As indicated

in the phase angle diagram in Figure 7(a), the inclusion of the secondary phase causes a

small feature in the mid-frequency range around 5 × 103 Hz. Due to the low volume and

contact are to the SE, the resulting contribution in the Nyquist plot is small relative to the
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first semi-circle. Still, it is an indication that even small amounts of phase impurities can

cause the second feature seen in the experiments.

Thin surface films of secondary phases forming due to lithium evaporation at the SE surface

might be challenging to resolve in the SEM. In order to shed some more light on this topic,

we artificially distribute a thin layer of a non-conductive phase on the SE surface (cf. Fig-

ure 7 (c2)). The resulting surface coverage of this approach is still as low as ∼ 2.2%. The

corresponding simulated impedance spectra are shown as solid blue lines in Figure 7.

The redistribution of the thin film with a higher surface area increases the contribution of

the secondary phase significantly, resulting in a distinct semi-circle. Although the impedance

is still smaller than in the experimental data, the qualitative trends in the Nyquist plot (Fig-

ure 7(b)) and phase angle (Figure 7(a)) show better agreement.

As discussed in the previous paragraphs, the changing bulk and grain boundary transport

properties due to degradation during sintering, could be the origin of the deviation between

experiments and simulations. Again, we want to emphasize that we do use the same set

of parameters in our simulations. Therefore, we expect that our model simulations only

reproduce qualitative trends observed in the experiments.

Nevertheless, based on the results presented in this study, we conclude that a thin polariz-

able layer of a secondary phase could be forming on the surface of the porous sample during

sintering. As indicated by the analysis presented in Ref.,30 this thin secondary phase film

will be most likely hard to distinguish in the FIB-SEM images and below the detection limit

of the XRD.30 Since our simulated distribution is artificial, we can only draw qualitative

conclusions on the phase formation and its influence. Further analysis is necessary to deter-

mine morphological and structural properties.
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4.3 Effective Conductivity

In the next step, we will use our parametrized model for the porous SE sample to estimate

the effective ionic conductivity taking into account both the effect of the microstructure

and grain boundaries. Figure 8 shows the effective ionic conductivity of the samples with
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Figure 8: Experimental ionic conductivity (gray symbols) taken from Ref.30 and calculated
ionic conductivity of the different electrode samples for varying model conditions: structural
model (dotted blue) and fully model combining structural and grain boundary transport
(solid red). The red shaded area describes the lower limit for the effective conductivity for
the reduced LLCZNO bulk conductivity as discussed in Section 4.2

.

different porosity. In our analysis, we separate the effect of microstructure and GBs on the

conductivity. In the discussion below, we refer to the first case, where only structural effects

are taken into account, as effective bulk conductivity (blue). The latter case using our full

transport model including GB processes, is shown in red color in Figure 8.

The calculated effective bulk conductivity shows the expected decrease with increasing sam-

ple porosity. The effective conductivity reduces up to one order of magnitude for the highly

porous sample to 1.1×10−4 S/cm. However, deviations to the experimental data are still
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another order of magnitude (∼ 5.17×10−6 S/cm).30

In contrast, the estimated effective conductivity, including GB processes, shows much better

qualitative agreement to our measurements. Notably, the strong decay in conductivity of up

to two orders of magnitude of the highly porous sample can be assigned to the increasing

GB resistance. As discussed in Section 4.2, the effective ionic conductivity is a result of the

superimposition of geometrical constraints, as well as transport limitations through GBs.

We observe that the GB resistance provides a significant contribution to the reduction of

the ionic conductivity from 2.1×10−4 S/cm down to 8.6×10−6 S/cm when going from the

dense to the highly porous sample. Still, there is approximately a factor of two between our

simulated and the measured effective conductivity. Therefore, we performed some additional

simulations using the lower bulk conductivity identified in Section 4.2, which might be a re-

sult of lithium evaporation during sintering. The effect of this change in bulk conductivity is

given by the red area below the red line and is in excellent agreement with the experimental

data.

Note that we did in these calculations not account for the influence of secondary phases on

the effective transport properties (cf. Section 4.2). Still, the agreement between simulation

and experiment demonstrates that the GB model is able to describe the relevant transport

properties of the SE. Therefore in the next section, we investigate the influence of the porous

layer transport on the trilayer performance. The change in effective conductivity of the

porous SE layer is essential for the following discussion since the lithium transport in the

porous SE layer will be a dominating factor for the ASR of the trilayer cells.

4.4 Analysis of Trilayer Cells

In the following section, we extend our simulation study to the galvanostatic operation of

virtual trilayer cells. As introduced in Section 2.3, the trilayer structure consists of a dense

layer between two porous layers. In our simulations, we use the sample with 56% porosity,

which will provide the most considerable advantage in energy density for future applications.
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Degradation of the materials due to lithium evaporation during sintering, such as a reduced

bulk conductivity or secondary phases, are neglected in this study. We will specifically focus

on the effect of lithium distribution on the ASR of the trilayer. Thereby, we will also analyze

the current density distribution and potential hotspots for lithium deposition and dendrite

growth. This analysis provides guidelines to identify critical structural features and strategies

to mitigate the risk of dendrite formation and cell failure.

4.4.1 Area Specific Resistance

Dense layer

Mirror axis

Li
th

iu
m

 S
u
rf

ac
e 

co
va

ra
g
e:

 0
%

5
0
%

 Lith
iu

m
 

in
filtration

Scenario 1

Denslayer

32%

Scenario 2

55%

Scenario 3

Denslayer

73%

Scenario 4

1 2 3 4
Scenario

101

102

103

A
S

R
 [
Ω

cm
2
]

0.1mA/cm2

0.5mA/cm2

1mA/cm2

5mA/cm2

10mA/cm2

(b)(a1)

(a3)

(a2)

(a4)
Exp. ASR Ref [7]

Figure 9: (a) Schematic representation of the four lithium infiltration scenarios investigated
for the ASR and the current density distribution of the trilayer framework with 56% porosity.
For all four scenarios, we assume an ideal 50% filling of both porous electrode sides close
to the current collector. The surface coverage of the remaining pore space is gradually
increased: (a1) 0% surface coverage, (a2) 32% surface coverage, (a3) 55% surface coverage
and (a4) 73% surface coverage. (b) Calculated ASR for the four different lithiation scenario
at different external currents from 0.1mA/cm2-10mA/cm2.

In this paragraph, we analyze the effect of lithium distribution on the ASR. The distribu-

tions are chosen to represent different scenarios during galvanostatic cycling of the trilayer

cells. The different distributions are generated based on a visual interpretation of SEM

images, and a schematic overview of the scenarios is shown in Figure 9 (a1) to (a4). The

underlying concept for the lithium plating is a surface closing film growth, starting from the

current collector towards the dense layer. This mechanism is accompanied by the formation

of extended lithium whiskers branching along the SE surface, cross-linking the remaining

lithium islands and subsequently expanding the percolating network.40 The corresponding

34



evolution of the ASR is shown in Figure 9 (b).

In our simulations, we start with a configuration in which half of the porous layers close

to the current collectors are filled with lithium. This corresponds to an ideal plating and

stripping of lithium without additional electronic conductivity provided by the SE or the

SE surface coating.8 In this case, a lithium front moves through the porous layer towards

the separator or current collector during plating and stripping, respectively. This scenario

is referred to as scenario 1 and is depicted in Figure 9(a1).

For the estimation of the ASR, we apply different currents from 0.1mA/cm2, 0.5mA/cm2,

1mA/cm2, 5mA/cm2 up to 10mA/cm2. Note, that the latter corresponds to the highest

stripping current reported in literature for this type of system.7 The corresponding ASRs

are shown in Figure 9 (b) and are also listed in Table S5.

In scenario 1 the ASR for all currents fluctuates around 1100Ωcm2. This is in line with the

expected potential drop based on the effective ionic conductivity of the samples and similar

values were measured on a non-infiltrated trilayer between planar lithium electrodes.8 This

indicates that most of the ASR is related to the lithium transport in the SE. Moreover, it

demonstrates that our model parametrized based on the impedance measurements is able to

provide qualitative predictions on the ASR of the porous samples in trilayer configuration.

However, the ASR of fully and partially infiltrated samples is reported to be orders of magni-

tude smaller.7,8,40 Since most of the ASR is due to lithium transport in the SE, the transport

pathways need to be considerably shorter in this case. This indicates additional pathways

for electronic conduction, presumably through lithium clusters or deposits, which remain in

the porous structure during cycling.

To investigate the effect of residual lithium in the porous layer on ASR, we simulate

three additional scenarios with increasing lithium content in the pore space. For the second

scenario (Figure 9(a2)) we redistribute ∼ 3vol − % lithium in both porous layers of the

trilayer setup. This residual lithium covers 32% of the SE surface, yet, it does not form a
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percolating conduction network. For scenario 3 and 4 (Figure 9(a3) and (a4)), the residual

lithium content in the pore space is increased to 6% and 10 vol-%, respectively. For scenario

3 an electronically conductive network starts to form (55% surface coverage). However, a

fully percolating network is only established in scenario 4 with a surface coverage of 73%.

Overall, we observe a decrease of the ASR with increasing lithium surface coverage in the

porous SE layers. Even in scenarios 2 and 3 where we did not observe a percolating network,

the ASR already decreases to ∼ 194Ωcm2 and ∼ 17Ωcm2, respectively. Finally, in scenario

4, where the residual lithium film is almost entirely covering the SE surface (73%), the

simulated ASR reduces to ∼ 7Ωcm2, which is also reported in experiments on similar struc-

tures.7 As indicated by the distribution of local current densities, higher surface coverage

reduces the effective length for the transport of lithium ions in the SE (cf. supplementary

information S9). In scenario 4 a large fraction of the cell ASR originates due to the dense

layer (∼ 3.7-7Ωcm2). Additionally, the increasing surface coverage promotes a homogeneous

distribution of local Faradaic currents by increasing the active surface area and allows for an

improved stripping/plating of the metallic lithium. This point is discussed in more detail in

the sections below.

However, we underline that in our studies, the contribution of Faradaic processes to the ASR

is minor compared to the ionic transport in the SE, indicating that an essential factor for

ASR reduction is the optimization of the conductive networks. After the initial thermal in-

filtration step, the lithium distribution is expected to be more homogeneous, corresponding

to scenario 1. Indeed the measured ASR in the initial cycles is higher and then gradually

decreases. This is in line with our assumption that lithium clusters like in scenarios 2-4 form

in the initial cycles and help to reduce the ASR of the trilayer setup. Therefore, the initial

stripping and plating cycles are regarded as important for battery lifetime, and a sufficient

lithium infiltration is essential to surpass the large initial ASR due to the low ionic conduc-

tivity of the highly porous SE (cf. Figure 8).7,8

We expect that the formation of a percolating lithium surface layer inside the SE can be en-

36



hanced by a functional coating, which improves the wetting behavior between the electrolyte

and metallic lithium. The reduced surface tension allows for intimate contact and, therefore,

should also increase lithium mobility along the SE surface.7,8,40 Moreover, recent atomistic

calculations on the electronic structure of LLZO indicate a tendency for enhanced lithium

deposition on the SE surface due to an increased electron density.26 Generalizing these find-

ings to LLCZNO, this material characteristic would additionally promote formation of thin

percolating surface films during cycling.

Note that in our studies, due to the spatial resolution of virtual samples, the lithium

distribution algorithm most likely overestimates the residual lithium content needed for a

percolating network. We expect that the formation of conductive surface pathways is possible

at a much lower lithium content. Nevertheless, qualitative predictions of our model will not

change and additional information on the morphology of lithium deposits at different depths

of cycling is needed to confirm our analysis.

4.4.2 Current Density Distribution

The decreasing ASR is an indicator for a reduced local current density inside the trilayer

structure. A homogeneous distribution of local currents will in turn be very beneficial for

the cycle life of the cells. We use a histogram representation to quantify current densities

in the trilayer structure for the four different scenarios shown in Figure 10(a). In addition,

the microstructure resolved simulations allow us to spatially resolve the location and corre-

sponding magnitude of the emerging current densities in the SE. To compare the influence of

the increased residual lithium on hot spot formation in the SE pore space, we select the two

complementary cases at scenario 1 and scenario 4. In Figure 10(b,c) the spatially resolved

current density distribution for the two different scenarios at 0.5mA/cm2 are shown. To

visualize the internal current hot spots, a threshold of 0.5mA/cm2 was set to show only cur-

rent densities exceeding the applied external current. We also excluded the current densities
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of the infiltrated lithium phase represented by the transparent grayish area.
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Figure 10: (a) On the left side, the simulated current density distribution inside the SE for
varying lithium infiltration scenarios at fixed 0.5mA/cm2 external current (dotted gray): 0%
coverage (green), 32% coverage (red), 55% coverage (blue) and 73% coverage (orange). The
histogram distribution is normalized, and the solid black lines are introduced to improve vi-
sualization. The included schematic indicates the spatial occurrence of the displayed current
densities in the SE structure. On the right side, the respective current density distribution
inside the SE phase after setting a threshold of Iext. = 0.5mA/cm2: (b) surface coverage 0%
(scenario 1) and (c) surface coverage 73%(scenario 4).

Initial Lithium Distribution Figure 10(a) shows the normalized local ionic current den-

sity distribution in the SE for the four lithium distributions. The dotted gray line represents

the applied external current density Iext. = 0.5mA/cm2. We discard the local current den-

sities of the infiltrated lithium phase for an improved presentation of the data and include

additional contour lines for each distribution (dotted black).

All four distributions show a high count of low current densities in the range between 0-

0.1mA/cm2, resulting from the contribution of the SE in contact with the homogeneously

infiltrated lithium phase in the porous layers close to the current collector. In scenario

1 (green), without any residual lithium close to the separator, the slight second peak at

0.5mA/cm2 indicates that this type of distribution does not considerably reduce the mean

current density in the SE structure. The maximum current density reaches up to 9mA/cm2
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and around 73% of the SE effectively needs to conduct a current which is higher than the

applied external current.

The corresponding spatial distribution of local current densities above 0.5 mA/cm2 for sce-

nario 1 is shown in Figure 10(b). We see clearly that a significant part of the current flows

as lithium ions through the constricted SE volume of the trilayer. As expected, the resulting

distribution confirms that for the electrode domains fully infiltrated with lithium (grayish

area), the local current reduces due to the increased active surface area of the porous SE.

Therefore, we have no significant contributions in the regions close to the current collector.

In contrast, the electrode domains close to the dense layer without any lithium on the surface

show significant local current densities even way above the applied external current density.

We observe distinct hot spots (yellow ∼ 3mA/cm2 and red ∼ 6mA/cm2) in the current

distribution, which are similar on both sides of the trilayer due to the symmetry of the

setup. These hot spots occur predominantly in narrow bottlenecks close to GBs. Thereby,

the magnitude of local currents exceeds the applied external current by more than a factor

of ∼ 10. However, in the homogeneous dense layer, the current is able to redistribute again.

Remarkably, although we do not consider grains and GBs in the dense layer, we see inho-

mogeneities in the local current density due to the contact with the porous layers.

The estimated high ASR for scenario 1 results from the extremely high local currents in the

porous SE structure. Therefore, the low effective ionic conductivity of the SE (cf. Figure 8)

is responsible for the major potential drop and gives rise to an increased resistance of the

virtual sample similar as it is observed in the initial cycles of the trilayer in the experiments.

Increasing Lithium Coverage The current distribution changes for scenario 2 with in-

creased lithium coverage of the SE surface, shown in red color in Figure 10(a). The second

peak in the distribution, which is also seen in Scenario 1, shifts below the applied current

density. Still, 31 % of the local current density exceeds the applied external current causing

a significant increase in ASR. Moreover, the high local currents observed in scenarios 1 and
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2 might cause material degradation and the formation of lithium deposits at grain bound-

aries,16,23 which is a topic that needs to be revisited in order to understand the impact of

local currents on cycle life.

Finally, for scenarios 3 and 4, we see in our simulations a reduction of the mean local

current density with a relatively homogeneous distribution across internal surfaces. The re-

sulting current density distributions are displayed in Figure 10(a) in blue and orange color,

respectively. With increasing surface coverage, the peak in the distribution shifts further

towards lower currents, and the width of the distribution also reduces. For scenario 4, only

a minor fraction of the ionic current (1.1%) exceeds the current applied externally.

This statistical analysis of scenario 4 is illustrated in the corresponding current density

distribution shown in Figure 10(c). Elevated currents above 0.5mA/cm2 are only observed

close to and inside the dense layer. In general, the distribution of scenario 4 shows a signifi-

cant decrease in the magnitude of local currents without any hot spots, as seen in scenario

1. Only at the contact between the dense and porous layers isolated spots with slightly in-

creased current are emerging. Nevertheless, through the residual lithium and the increased

active surface area, the local current densities and the ASR in the porous SE structure is

reduced significantly.

The simulation study confirms that in order to cycle the trilayer structure at elevated dis-

charge currents, a sufficient coverage of the porous SE surface area by metallic lithium is

mandatory. Otherwise, the reduced active surface area for the lithium transfer into the SE

will lead to prolonged ionic transport pathways, increasing the cell resistance due to the

low effective ionic conductivity of the porous layers. The increasing surface coverage in the

porous SE enhances the formation of a conductive electronic network, which improves the

electrode utilization as well as the cycling performance.7,8

Moreover, we identified that at the contact area between the porous SE network and the

dense layer as critical for the lithium transport. Since the dense layer also serves as a protect-
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ing layer to suppress dendrite formation, the current density distribution in this domain is

critical for operation at higher currents. In the following section, we focus on the distribution

of the current hot spots inside the trilayer structure at elevated currents.

4.4.3 Operation at High Currents
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Figure 11: (a) Normalized SE current density distribution for the trilayer structure (scenario
4) at 10mA/cm2 external current. (b) Respective spatial current density distribution after
applying a Iext.=0.5mA/cm2 threshold filter. Inset: (c) Normalized distribution for the
estimated interface current densities: GB interface (light green) and SE-lithium interface
(gray).

The previous analysis revealed that even though a conductive network of lithium is form-

ing in scenario 4, elevated current densities can be observed inside the dense layer and at

the contact points to the porous structure. In the experiments, stable operation of the sym-

metrical trilayer of 10mA/cm2 was achieved.7 CCD experiments were not conducted so this

was not necessarily an upper limit on current density. Instead, after achieving 10mA/cm2

the cycling shifted to a lithium depletion test wherein the amount of lithium cycled was

increased to the point that it exceeded the volume of lithium in the pores and the cor-

responding increase in ASR at that point used as confirmation of lack of dendrite shorts.

However, distinct spikes in the cell voltage were observed during cycling, indicating sudden

changes in the ASR. This fluctuation could point towards non-uniform stripping and plat-

ing due to the inhomogeneous current density distribution discussed above. High currents
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could amplify inhomogeneities which could cause degradation of the SE as well as ultimately

enhance dendrite formation.

As described earlier, a common criterion in this respect is the empirical CCD, which is

meant to indicate the highest current density before the cells start to fail. Recent publica-

tions suggest that the CCD for garnet-type materials that are wetted by a lithium metal

electrode is around 0.9mA/cm2.21 Therefore, a dendrite free stripping and plating in the

trilayer system can be expected, if the major part of the current density distribution at the

lithium interface as well as at the GB and SE interfaces stays below 0.9mA/cm2. Note that

the CCD is a rather empirical concept which is generally sensitive to multiple factors such as

the SE thickness, surface area, roughness, and cell configuration. Certainly, additional work

is necessary to identify stability windows of the materials and critical local conditions for

dendrite formation as function of local material properties. Nevertheless, the CCD concept

provides a first estimate for critical conditions, and we select a CCD of 0.9mA/cm2 as an

experimentally common test rate for the later analysis of the trilayer.10 In our discussion,

we investigate the current distribution for scenario 4 at elevated external currents to identify

limitations of the setup. Figure 11(a) shows the resulting SE current density distribution at

10mA/cm2 external current. The respective 3D current distribution in the trilayer is shown

in Figure 11(b). A threshold of 0.5mA/cm2 is set to allow comparison with the current

distribution at low currents shown in Figure 10(c). Additionally, we include in the inset in

Figure 11(c) the local current density distribution found at the SE-lithium interface (solid

gray) and the GB interface (solid pink). These interface currents for the SE-lithium and the

GB interface relate to the aforementioned dendrite growth kinetics, namely the internally

and externally originating dendrites.

As expected from the previous analysis, a large fraction (∼ 96.5%) of the ionic current

density in the SE is below 0.5mA/cm2, due to the percolating conductive network for elec-

trons in the lithium phase. Still, compared to the low external current case (0.5mA/cm2),

we observe an increase in current density contributions above the critical value by a factor

42



of ∼20. Moreover, the distribution becomes broader with a larger share of currents above

10mA/cm2, and some isolated spots around 14mA/cm2. A similar trend can also be seen in

the distribution of interface currents given in Figure 11(c). Although most of the interfacial

current densities stay below the CCD, around 1.5% of the current fraction is still above the

critical value. This could potentially accelerate degradation processes in the trilayer cell. In

general, both distributions are more narrow compared to the overall SE current density with

maximum currents around 4mA/cm2. This results from the fact that the overall SE ionic

current density also includes bulk contributions for all three spatial axis directions of the

evaluated voxel.

Note that we observe a peak in GB interface current given in (cf. Figure 11(c)) at around

2mA/cm2. Our analysis shows that most of the voxels with currents around 2mA/cm2 are

close to the dense layer. The increased GB current could trigger the formation of internal

dendrites along GBs, which rupture the dense layer. Recent publications suggest that the

relatively high electronic conductivity of LLZO compared to other SE would allow for the

formation of metallic lithium along GBs even at some distance to the lithium interface.24,26,65

In order to avoid inhomogeneities in the dense layer, a rational design of the porous layers

is needed, which is discussed in the next paragraph.

The 3D current density distribution shown in Figure 11(b) emphasizes that critical currents

predominantly occur in the dense layer and in the porous layer where lithium is plated at

the SE-lithium interface. The same pattern can also be found in the 3D distribution of GB

and SE-lithium interface currents shown in the supplementary information S9. Compared

to the lower currents (cf. Figure 10(c)) the number of hot spots as well as the magnitude of

the currents increases significantly. Due to the high porosity of the SE electrode, there are

only few points in contact with the dense layer. Therefore, the current is highest at these

bottlenecks and then reduces in magnitude inside the dense layer (cf. Figure 11(c)). At low

external currents, the homogeneous structure of the dense layer is able to redistribute the

current after only few micrometer. (cf. Figure 10(b,c)). However, at high currents, we see
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that the inhomogeneities propagate through the whole thickness of the dense layer, as seen

in Figure 11(b). The currents in these inhomogeneities exceed the applied current density

by more than 50% which might increase the risk of material degradation due to undesired

lithium plating in the vicinity of the dense layer. Like lithium deposition along the GBs, the

inhomogeneous lithium plating at the interface to the dense layer could additionally be an

origin of mechanical failure mechanisms of the trilayer structure.

The inhomogeneities also influence the current distribution in the porous layer, causing an

asymmetry, despite the lithium distribution in both porous layers being identical. We as-

sume that these asymmetries can cause inhomogeneous stripping of the lithium surface in

the porous layers. Eventually, in some pores, lithium can be entirely stripped from the

surface, causing a sudden increase in the ASR, which can be seen as a spike in the cell

voltage like observed in the experiments at high currents.7,40,66 Since the ASR reduces in

subsequent cycles, the experimental data suggest a reestablishment of the lithium surface

covering during cycling, again providing short transport pathways for lithium ions in the SE.

4.4.4 Optimization Strategy

Our studies in the previous paragraph show that the low contact area between porous and

dense layer mitigates high local currents and produces inhomogeneous current distribution

through the dense layer. Both effects significantly increase the ASR and might trigger addi-

tional degradation mechanisms.

To improve the rate performance at elevated currents, we propose a modification of the con-

tact area between the porous and dense layer. By creating an electrode with a gradually

decreasing porosity towards the dense layer, one can improve the transport of ions at the

dense layer. This structure optimization would provide a more homogeneous distribution of

currents, without significantly reducing the pore space for lithium infiltration.

In order to virtually test this approach, we create a trilayer structure with a porous layer
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Figure 12: (a) Normalized SE current density distribution for the standard (orange) and
mixed (dark red) trilayer cell for infiltration scenario 4 at 10mA/cm2 external current.
(b) Spatial current distribution for the mixed trilayer structure after setting a 0.5mA/cm2

threshold. (c) Evolution of the interface current density between standard and mixed trilayer
for scenario 4 at 10mA/cm2. Inset: Schematic for the modified structural design of the mixed
trilayer cell.

with a reduced porosity of 25% on both sides of the dense layer (cf. Figure 12(c)). The

7µm thick layer is on one side in intimate contact with the dense layer to improve the ionic

transport. On the other side, it is connected with the highly porous layer (56%), which

provides the necessary pore space for high energy applications.

Figure 12(a) shows current density histograms of the standard (orange) and the mixed tri-

layer (dark red) setup for an external current of 10mA/cm2. In both structures, we use a

lithium distribution following scenario 4. The corresponding 3D SE current density distribu-

tion of the mixed trilayer is shown in Figure 12(b). In addition, the distribution of interface

currents for the GB and SE-lithium interface are given in Figure 12(c).

Figure 12(a) shows a histogram of ionic current in the electrolyte. The graph shows that the

suggested modified trilayer geometry (dark red) provides a more homogeneous distribution

and significantly reduces the maximum current compared to the standard (orange) electrode.

For the mixed trilayer design, the overall fraction exceeding 0.5 mA/cm2 decreases by 30%,

which results in an ASR reduction of ∼4.3Ωcm2 (−30%). This reduction can also be linked

to the decrease in GB interface current, given by the pink line in Figure 12(c). Remarkably,
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we see that the peak at around 2mA/cm2 observed for the standard trilayer setup (pink) de-

creases significantly in the mixed trilayer design (violet). This proves that the lower porosity

optimize the transition of lithium ions from the porous to the dense layer. Therefore, the

mixed design might be less prone to internal dendrite formation. Moreover, we observe an

improved redistribution of the current density, potentially enabling a more stable cycling at

higher currents and consequently reduce the experimentally observed voltage spikes.

Still, the reduction of pore space close to the dense layer results in a corresponding rise of

the SE-lithium interface current due to the reduced lithium contact area, as shown in Figure

12(c) (solid black). The fraction of interface current above 0.5 mA/cm2 increases by a factor

of 4 compared to the standard electrode. Still, overall the fraction is on a relatively low level.

Moreover, we assume that unless the dense layer show any pin holes or significant structural

surface defects, the mechanical integrity of the dense layer is sufficient to avoid the penetra-

tion due to externally originating dendrites.8 Therefore, we believe that the benefits of the

mixed design such as the reduction of the ASR and the homogenized ionic current distribu-

tion in the dense layer more than compensate the higher SE-lithium interface currents. Still,

more studies on the mechanisms of dendrite formation8,24,65 in this specific setup are needed

to prove our assumptions.

Overall the optimization study emphasizes that a porosity gradient in the porous layers

provides a possible route to improve the trilayer performance.7 Nevertheless, additional ex-

perimental studies are needed to test the predicted improvements for the ASR and cycling

stability as well as explore possible processing routes.

5 Conclusions

In this work, we present microstructure resolved continuum simulations of LLCZNO samples

with varying porosity. A special feature of our model is that it describes the transport of

lithium across grains and grain boundaries in the solid electrolyte network. The simulation
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studies are performed on reconstructions of LLCZNO samples obtained by FIB-SEM mea-

surements. For the parametrization and validation of our model, we simulate electrochemical

impedance spectra and compare them to the corresponding measurements. This approach

allows us to correlate structural features of the reconstructions such as SE porosity, grain

boundary density, and secondary phases, with characteristic features in the impedance spec-

tra. Our simulations indicate that highly porous samples are prone to lithium evaporation,

reducing the bulk and or grain boundary conductivity and eventually might be responsible

for the formation of secondary phases with very low lithium conductivity. The latter can be

identified by a second feature in the impedance spectra and is most prominently observed

for the highly porous sample. Moreover, we confirmed that the effective ionic conductivity is

controlled by the electrode porosity, which affects the constriction of the lithium transport

pathways as well as the contribution of the grain boundaries. Simulated effective conductivi-

ties are in excellent agreement with the experimental data providing the basis for our design

study of the so-called trilayer setup.

In a first step, we analyze the ASR of trilayer cells for various lithium distributions, repro-

ducing potential infiltration scenarios during galvanostatic cycling of the cells. The analysis

shows that a percolating conductive lithium network is needed for a low ASR as it is ob-

served in the experiments. Only in this case, stable cycling at high rates will be possible.

Furthermore, we performed a detailed analysis of the spatial distribution of local current den-

sities. Our analysis demonstrates that the trilayer setup significantly reduces local currents.

However, we identify local hot-spots in the current distribution at the interface between the

porous and dense layers, which cause a very inhomogeneous current distribution at high cur-

rents. These inhomogeneities increase the ASR and also the risk for degradation processes.

Therefore, we propose a modified trilayer structure with a gradually decreasing porosity to-

wards the dense layer. The virtually designed electrode shows an improved current density

distribution as well as a drastically reduced ASR, insinuating a more stable cycling behavior

at elevated currents.
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The computational studies presented in this work provide an analysis of physical and electro-

chemical processes limiting the performance of the trilayer design, representing a promising

cell concept for ASSBs. Based on our simulations, we are able to suggest strategies for the

design of the next generation of trilayer cells. Still, fundamental questions such as the influ-

ence of grain boundary properties and composition on the effective SE conductivity need to

be addressed. Especially, taking into account effects like lithium loss during processing, since

a fundamental understanding and tailoring of structural and grain boundary properties will

be essential to further improve oxide-based SE for future ASSBs.
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