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Abstract: Due to challenges in manufacturing composite cathodes with oxide solid electrolytes, new
cell concepts are emerging in which the infiltration of solid-polymer electrolyte (SPE) into 3D cathode
pore structures improves capacity retention and cycling stability. However, the performance limita-
tion and the resulting practical relevance of such a hybrid concept have not yet been analyzed and
discussed. This study investigates the impact of laser-ablated geometric structures on the performance
of hybrid solid-state batteries (SSBs). A Doyle–Fuller–Newman modeling approach is developed and
parameterized for structured hybrid SSBs that incorporate a PEO/LiTFSI SPE and an LLZO ceramic
separator, as well as NMC-811 and Li-metal for the positive- and negative-electrode active materials.
Comparison between structured and planar cell designs reveals significant rate capability improve-
ments in structured designs due to reduced diffusion and interfacial charge transfer polarization.
A sensitivity analysis of geometric structure parameters shows further potential for performance
improvement in terms of specific capacity and energy density. However, current constriction effects
in the LLZO separator can deteriorate the rate capability. A more general perspective is then taken
by analyzing the impact of changing SPE parameters. An energy density of 128 Wh kg−1 at 1C, and
220 Wh kg−1 at 1C with improved SPE parameters is achieved in the best case, approaching the target
of 250 Wh kg−1, which is currently achieved for conventional Li-ion batteries.

Keywords: hybrid solid state; DFN model; geometric cell design; polymer transport limitation;
performance optimization

1. Introduction

In recent years, lithium-ion batteries (LIBs) have enabled great technological progress
in mobile applications and electric vehicles [1]. In strong evolving markets, the cost and
performance requirements for next-generation batteries are also becoming more stringent.
The SSB is one of the most promising representatives due to advances in the ionic conduc-
tivity of inherently safe solid electrolytes (SEs) in combination with high-energy lithium
(Li)-metal anodes [2,3]. Different material classes of SEs—namely oxides, halides, sulfides,
and polymers—show different advantages and disadvantages in terms of electrochemical
stability, ionic transport properties, interface, interphase formation, or mechanical prop-
erties, which have already been discussed in several articles [4–7]. Ceramic oxides and
especially the garnet-type lithium lanthanum zirconium oxide, Li7La3Zr2O12 (LLZO), is
unique due to its processability in ambient atmosphere, mechanical strength, and elec-
trochemical stability towards low-anode and high-cathode potentials, as well as intrinsic
high-temperature stability [8]. Current state-of-the-art literature shows that Li-metal anode
plating and stripping capacities up to 5 mAh cm−2 at 2.5 mA cm−2 could be reached by
using a dense LLZO separator in contact with a 3D porous LLZO layer as an Li-metal
host [9]. A similar Li anode concept was used by Shi et al. [10], where Li was infiltrated in a
porous 3D LLZO host structure. This stable anode concept was used to further investigate
and optimize the rate performance of Li-S cells.
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To match the requirements of high-energy densities, thick composite cathodes are
needed that are able to provide high-capacity loadings. However, processing such high-
energy composite cathodes that deliver sufficiently high performance at the same time
is currently the major challenge when using LLZO as an SE since high-temperature co-
sintering of active material (AM) and ceramic SEs comes with material degradation and
large interface resistances, or large void formation [11,12]. Ihrig et al. [13] proposed filling
the remaining voids by additional infiltration with a polymer electrolyte. Their results show
that this approach led to minimized interfacial resistances and resulted in a percolated
network. Their 100 µm thick LFP-LATP composite cathodes, infiltrated with an MEEP
polymer, show a nearly full cathode active material (CAM) utilization and an area-specific
storage capacity of more than 3 mAh cm−2. In contrast to ceramic SEs, SPEs help to achieve
and maintain a high contact surface to the AM and compensate for AM volume changes
due to their flexible and soft nature [14]. Furthermore, electrochemical instabilities of
the AM in contact with ceramic SEss could be addressed with SPEs buffer layers [10].
The major disadvantage of SPEss with Li-ion conductive salts is poor ionic transport at
room temperature, with conductivities around 10−5 S cm−1, diffusivity of 10−9 cm2 s−1, and
a low transference number of typically < 0.3. This leads to polarization and performance
issues, which are typically mitigated by cycling and characterizing batteries at elevated
temperatures between 60 °C and 90 °C [15–17]. Furthermore, the additional interface
between the SPE and inorganic solid electrolyte (ISE) affects ionic transport in hybrid cell
concepts. Studies using impedance spectroscopy show that charge transfer resistance at
this interface strongly depends on the conductive salt content in the SPE, leading to a
significant voltage drop [18–20].

Alternative ways of manufacturing ceramic composite cathodes exist to avoid co-
sintering with the active material. The common goal is to create a porous ceramic SE host
structure with a sintering process, followed by an infiltration process of a slurry mixture
containing CAM, an SPE, and additives. The first part of Table 1 lists experimental-based
studies regarding composite cathodes using different methods to achieve a 3D porous
ceramic electrolyte structure, which are summarized in the following. More detailed
information on the presented methods can be found in the listed literature in Table 1.
Polymer pore formers are often used as a template to create a defined pore structure. The
structure template is filled with LLZO powder and is subsequently sintered to remove
the template polymer structure [21]. Another common method is freeze-casting, which
generates LLZO green bodies with a directed pore structure, followed by a subsequent
sintering process [22–24]. As a third method, laser ablation is used to generate directed 3D
structures in a dense ceramic SE pellet. The laser beam passes the ceramic SE in multiple
cycles to increase the material removal and handle the structure depth as described in
Kriegler et al.’s work [25]. Micrometer-sized structures with varying dimensions and depths
can be precisely fabricated. The process is adaptable to other oxide solid electrolytes by
adjusting the laser parameters, demonstrating the material versatility of laser ablation [25].
Laser-induced, directed 3D structures were already analyzed in terms of their impact on the
performance of liquid electrolytes and lithium-ion batteries. By laser-structuring of graphite
anodes, the cell’s rate capability and lifetime could be increased due to the reduction in the
electrode tortuosity and a reduced risk of lithium plating, respectively [26–28].

Summarized in the second part of Table 1, different simulation-based studies elaborate
on achievable energy densities and the performance of 3D-structured composite cathodes.
Clausnitzer et al. [29] used a 3D microstructure modeling approach to analyze the impact
of vertically aligned channels of inorganic SE LPSCL on the performance of NMC/LPSCL
composite cathodes. Since the migration-dominated transport in the porous LPSCL phase did
not limit cell performance, a structuring approach to reduce tortuosity in the LPSCL SE phase
and enhance Li-ion transport did not result in significant performance gain. An increase of
max. 14 Wh kg−1 (relative estimates to 8%) could be achieved at roughly 1.1C current load.
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Table 1. Overview of studies regarding 3D structuring in SSBs.

Experimental-Based Studies

Ref. Topic Solid Electrolyte Material Structuring Method

Ji (2022) [30] 3D microchannel high-rate and long-cycling ceramic battery LLTO Sintering pore former
Li (2019) [21] 3D garnet structure, polymer infiltration Ga-LLZO + PEO/LiTFSI Sintering pore former

Kriegler (2022) [25] 3D-directed structured ceramic with laser ablation LATP Laser ablation
Shen (2019) [22] Oriented 3D-LLZO structures for battery application LLZO Freeze-casting
Shen (2020) [23] Porous 3D-LLZO freeze-tape-casting LLZO Freeze-casting

Buannic (2018) [24] Dense freeze-cast LLZO with open porosity, polymer infiltration LLZO + Polymer Freeze-casting
Xu (2021) [31] 3D-micropatterned garnet LLZO Laser ablation

Jangid (2023) [32] Improved rate capability by 3D architectures Graphite Mechanical-press with 3D mold
Zekoll (2018) [33] Hybrid electrolyte 3D-garnet LLZO 3D-printed template + sintering

Modeling and Simulation-Based Studies

Ref. Topic Solid-Electrolyte Material Model Type

Kriegler (2024) [34] Energy content of scaffold-based ASSB LATP and LLZO Theor. calculations
Bielefeld (2022) [35] Cone-type structures filled with AM LPSCL 3D mircostructure

Wu (2022) [36] Self-supporting composite cathode and laser drilling LFP-CM 3D electrolyte transport
Clausnitzer (2024) [29] Inluence of electrode structuring on ASSB performance LPSCL 3D microstructure

This work Impact of structure geometry on hybrid cell performance SPE + LLZO p3D

p3D = pseudo-three-dimensional model.

In summary, a suitable processing route to enable ceramic composite cathodes includes
an infiltration step of an additional ionic conductive polymer electrolyte. The resulting
hybrid cell concept, by using ceramic and polymer SE, enables a stable ionic percolation
network in the composite cathode, which can improve composite cathode performance.
Different processing routes to achieve a 3D ceramic host structure are described and laser
ablation is identified as a scaleable manufacturing route to obtain a directed pore structure.

The hybrid cell concept in this study combines the advantages of the high electrochem-
ical, mechanical and temperature stability of the LLZO SE and avoidance of degradation
during co-sintering of AM and LLZO with the concept of using a 3D ceramic host structure
and subsequent infiltration of SPE and AM. Compared to other fabrication routes for
ceramic host structures, laser ablation allows for a high degree of flexibility in the geometric
design of the directed pores, which could then be easily modified in a fabrication line.
Disadvantages of the concept may arise due to cost reasons, as SE material is ablated
during the laser treatment. Therefore, analysis of the cost of the laser ablation process and
the application of laser treatment to non-ceramic SEs may be of interest for future studies.

Taking into account the state-of-the-art simulation studies, a research gap was identi-
fied because the interplay between the limited ionic transport in the SPE, the additional
interfacial resistance at the SPE|ceramic SE, together with the influence of directed struc-
tures, is unknown. To the best of our knowledge, there are no studies that detail the
performance of hybrid SSBs with a 3D-structured ceramic composite cathode and an
additional infiltrated ion-conducting polymer.

The aim of this work is to analyze the effect of laser-ablated 3D-directed pore structures
on the charging performance of a ceramic–polymer hybrid solid-state battery. For com-
parison, a “classical” planar cell design without a 3D structure using an LLZO separator
and a polymer composite cathode is considered. This is achieved by utilizing an adapted
physicochemical modeling approach with the additional consideration of material-phase
boundaries. Thus, the resulting lithium-ion transport pathways, the limiting transport
mechanisms, and the sensitivities with respect to the geometrical design variations could
be identified.

The structure of this work is as follows. First, in the modeling section, the physico-
chemical modeling approach is introduced, and model adaptations due to the use of 2D
geometry and additional phase boundaries are explained. Starting with an initial physic-
ochemical parameterization, and a detailed dimensioning of the geometric structure, the
different sensitivity studies are introduced and described in detail to achieve maximum
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transparency on changing model parameters. Furthermore, the 2D adaptation of the polar-
ization calculation method proposed by Nyman et al. [37] and the procedure for calculating
the evaluated energy densities and specific capacities are presented. In the results sec-
tion, the charge rate capability of the initial structured geometric design is first evaluated
and then compared to the equivalent planar cell design. Individual fractions of the total
polarizations are presented and the main limiting transport mechanisms are discussed.
Subsequently, the results of the geometric sensitivity studies are evaluated and interpreted
by taking into account the influence of previously identified limiting mechanisms in the
hybrid cell concept. Finally, the practical relevance of the structured hybrid cell concept is
discussed in light of general energy and power density targets for SSBs.

2. Modeling

In this work, the physics-based model approach of the Doyle–Fuller–Newman (DFN)
model [38,39], often equivalently designated as the pseudo-two-dimensional (p2D) model
approach, is used. This approach has already been used for SSBs with binary salt SPEs or
single-ion conducting ISEs, in addition to the classic use case of modeling liquid electrolyte
cells [40,41]. To capture the internal states of a structured 3D cell geometry, a 1D model
domain, as used in the p2D model for a classical planar cell design, is not sufficient.
Therefore, at least a 2D geometry is needed. The 2D model domains plus the additional
pseudo-dimension is referred to below as the pseudo-three-dimensional (p3D) model and
is used to describe the electrochemical behavior of the hybrid solid-state battery cell.

Figure 1a describes the procedure to obtain a structured model cell design based on
the concept proposed by Kriegler et al. [25]. Starting with laser ablation of a dense LLZO
pellet, a line structure was obtained, which was subsequently infiltrated with the cathode
slurry containing the CAM and SPE electrolyte.

Li
LLZO-ceramicAM NMC-811

PEO/LiTFSI-polymer

x

y

z

α

lst,t

lst,b

ly
lin

dst

dsepΩsep

Ωphb

Ωpos

Laser ablation

Infiltration AM+SPE slurry

S
ym

m
etry

(a)

x = x0

2D-model geometryCell schematic (b)

Figure 1. (a) Process chart to obtain a structured cell design with laser ablation and subsequent
infiltration of cathode slurry containing AM and SPE. Due to symmetry conditions in the z- and
y-plane, the geometry can be reduced to 2D. (b) The resulting unit cell 2D-model geometry including
the dimensioning of geometric parameters and spatially resolved LLZO model domain Ωsep and
cathode domain Ωpos.
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From a modeling perspective, the real 3D geometry can be simplified into a 2D model
geometry without any loss of information due to geometry symmetry in the z- and y-plane.
The resulting unit cell model geometry is depicted in Figure 1b and consists of the spatially
resolved LLZO domain Ωsep and the composite cathode domain Ωpos in the x- and y-plane
as presented in Figure 1b. The Li-metal anode is modeled as a boundary condition at x = x0
to account for charge transfer at the LLZO|Li interface. No spatial resolution of the Li-
metal electrode or the aluminum and copper current collector is necessary due to their high
electronic conductivity and minor impact on cell performance. Due to immobile anions in
the single-ion conducting LLZO SE, Li ions in Ωsep are transported solely migration-based
due to gradients in the electric potential. Concentrated solution theory, which captures
Li-ion transport by migration and diffusion, was used to account for ionic transport in the
SPE phase in Ωpos. To account for additional charge transfer at the SPE|LLZO material
phase boundary Ωphb, an additional purely Butler–Volmer (BV)-like reaction kinetics is
incorporated as described in our previous publication and adapted here regarding the
implementation for the 2D geometry [42]. Therefore, the additional potential drop from the
SPE|LLZO charge transfer was calculated via an analytical formulation of the BV equation
according to Equation (1), which can be used as a simplification due to a transfer coefficient
of αphb = 0.5 [43]:

∆φΩphb(x, y, t) =
2R T
F arcsinh

(
iΩphb(x, y, t)

2i0,Ωphb(x, y, t)

)
(1)

This additional potential drop has to be considered in the governing equations. As a result,
the following boundary conditions on Ωphb has to be fulfilled:

iΩphb(x, y, t) = iSPE(x, y, t) = iLLZO(x, y, t) (2)

JLi, SPE(x, y, t) = JLi, LLZO(x, y, t) (3)

JLi, SPE(x, y, t) = −DLi, SPE(x, y, t)∇ cLi, SPE(x, y, t) +
iSPE(x, y, t) tSPE

+ (x, y, t)
F (4)

JLi, LLZO(x, y, t) =
iLLZO(x, y, t)

F (5)

∆φΩphb(x, y, t) = φLLZO(x, y, t)− φSPE(x, y, t) (6)

In order to better interpret the results of the simulation study, the model assumptions
are presented below.

Material degradation and related side reactions due to temperature-dependent or
electrochemical material instabilities are neglected in the model. To ensure an electro-
chemically stable model system, the upper cut-off cell voltage in this study is set to 4 V
instead of around 4.3 V for nickel-rich AM to avoid electrochemical instability between
the PEO/LiTFSI SPE and the nickel-rich AM as observed in the literature [44,45]. In addi-
tion, an ideal contact between the AM and SPE as well as between the SPE and LLZO is
assumed. This is based on the results of Wetjen et al. [44], who analyzed the microstructure
of PEO/LiTFSI-based composite cathodes. Their SEM images showed fully embedded
and homogeneously distributed NCA-CAM particles in the SPE matrix, resulting in good
mechanical contact between the SPE and CAM. To achieve sufficient non-limiting elec-
tronic conductivity in the composite cathode, inactive additives such as carbon binder are
considered in the electrode morphology by assuming an inactive volume of εadd = 3 vol %.

For modeling and simulations, the entire system is assumed to be isothermal at
T = 80 °C at all times. The model equations are depicted in Table A1 and are solved using
COMSOL Multiphysics® 6.1. The solver settings are unchanged from the default ones
recommended by the software for the given set of equations.
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2.1. Parameterization

The parameters used for the simulations with respect to the microstructure, the ma-
terial transport, the kinetics and the cell are listed in Table A2. The composition of the
composite cathode is chosen based on the study by Kriegler et al. [25] to obtain a functional
cell design. Therefore, the cathode consists of ωAM = 88 wt % NMC-811, ωSPE = 10 wt %
SPE, and ωadd = 2 wt % conductive additive, resulting in volumetric proportions of
εAM = 66 vol %, εSPE = 31 vol %, and εadd = 3 vol %, respectively [25]. According to
the literature, functional cells are produced with an SPE volumetric fraction in the range
of 20 vol % to 43 vol % [12,13]. To achieve complete penetration of the slurry into the laser-
ablated structure during infiltration, the particle size must be chosen to match the bottom
structure size lst,b. Therefore, the particle radius of the CAM was chosen to be Rp = 1 µm.
Proper infiltration is expected with the chosen particle size since the smallest bottom part
of the structure in this study is lst,b = 7.5 µm. The ionic tortuosity factor in the SPE phase is
set to τ = 4 [46].

The Li-ion transport parameters in the SPE phase in the composite cathode do-
main Ωpos are defined depending on the Li-ion concentration in the SPE phase, as mea-
sured in the study of Pesko et al. [15]. The initial salt concentration was chosen to be
cLi,SPE = 1960 mol m−3. The resulting initial polymer parameter values are listed in
Table A2.

The work of Pesko et al. [15] showed that modeling species transport in PEO/LiTFSI-
based polymer electrolytes by concentrated solution theory led to a high agreement of
simulation and experimental results for the electrolyte potential. This is why concentrated
solution theory, together with their set of concentration-dependent polymer parameters,
is used in this study. In the recent literature, the theory of species transport in polymer
electrolytes is extended by the effect of solvent motion [47]. Mistry et al. [47] showed
that polymer motion due to frictional coupling between ions and charge-neutral species
could affect Li-ion transport and resulting concentration gradients. Their results indicate a
non-negligible impact of solvent motion on Li-ion velocity and the resulting concentration
gradient at a higher salt concentration, as tested with cLi,SPE = 2580 mol m−3. Their work
is fundamental, but up to now, has been limited to symmetric Li-polymer-Li cell concepts
with a thick 500 µm layer of polymer electrolyte. As discussed in the latest work of Mistry
et al. [48], future work on measuring and analyzing the effect of solvent motion on the
pore-scale level in intercalation electrodes is needed.

The interface exchange current density between LLZO|PEO at Ωphb is also defined
depending on the salt concentration cLi,SPE, since the charge transfer resistance at the
material phase boundary decreases with increasing salt concentration [18,49,50]. This
is of particular relevance since the total cell performance of a hybrid SSB containing
ceramic/polymer SE phase boundaries shows a high sensitivity to changes in the interface
kinetics, as discussed in our previous study [42].

The equilibrium potential of the Li-metal anode is set to 0 V. The quasi open-circuit
potential (qOCP) of an NMC-811 CAM half-cell, measured at 25 °C during delithiation at
C/100, was taken from the literature [51]. The entropic heat coefficient of the NMC-811
CAM is small with a maximum value of ∂Ueq

∂T = −0.075 mV K−1 at a stoichiometry of
χ = 0.99 [51]. The resulting OCP offset at 80 °C is negligible, with a maximum deviation of
4.1 mV, and is therefore neglected in this study.

2.2. Geometric Structure Sensitivity Study

The main part of the simulation study analyzes the effect of laser-ablated structure
geometry on hybrid SSB cell performance. For all of the geometric variations presented in
the following, the physicochemical parameterization introduced in the previous section
remains unchanged. In order to ensure transparency with respect to the varied geometric
parameters, a dimensioning of the 2D structured geometry is introduced, as shown in
Figure 1b.
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A reference geometric design (#1 BASE) of the laser-ablated structures is derived from
the experimental study of Kriegler et al. [25] who analyzed their laser-ablated structures
with scanning electron microscopy and laser scanning microscopy. From these practically
realizable structure designs, the following geometric parameters are extracted.

A structure depth dst between 70 µm and 115 µm was achieved with multiple laser
scan cycles for an inorganic oxide LATP SE [25]. The adjacent structures are separated by a
residual amount of inactive separator material, which can be characterized by the definition
of the inactive width lin. According to Kriegler et al. [25], the laser process was adjusted
so that the distance between two adjacent structures was between 10 µm and 35 µm. In
the presented unit cell model geometry in Figure 1b, this distance must be interpreted
as twice the width lin due to the applied symmetry condition. The top width of the kerf
(twice the width lst,t) was varied between 45 µm and 80 µm. The #1 BASE was designed
conservatively with a structure depth of dst = 65 µm, lin = 10 µm, and a kerf top width of
lst,t = 20 µm, as listed in Table 2.

Table 2. Overview of all simulated geometric variations and the associated change in single geometric
parameters. Starting with a #1 BASE geometric parameterization derived from Kriegler et al. [25],
the analysis of a higher-capacity (#2 HC) version with a deeper structure follows. Based on the #2
HC geometry, the variation in the inactive width lin (study #3) and the structure angle α (studies #4
to #8) follows. The normalized capacity Ωpos of the cathode defines the change in absolute cathode
capacity compared to the #1 BASE geometric design.

Study # Study Name

Geometric Parameters

Normalized lin lst,t lst,b dst α dsep
Capacity Ωpos µm µm µm µm ◦ µm

#1 BASE 1 10 20 7.5 65 83 20
#2 High Capacity (HC) 1.4 10 22.6 7.5 85 83 20
#3 HC inactive 1.4 {1, 4, 7, 10} 22.6 7.5 85 83 20
#4 HC angle 1 1.4 1 34.9 7.5 63 70 20
#5 HC angle 2 1.4 1 30.6 7.5 69.3 75 20
#6 HC angle 3 1.4 1 25.7 7.5 78.1 80 20
#7 HC angle 4 1.4 1 20 7.5 92 85 20
#8 HC angle 5 1.4 {1, 4} 12 7.5 123 90 20

The thickness of the LLZO separator remains unchanged for all simulations with
dsep = 20 µm, as does the lower structure width lst,b = 7.5 µm. Table 2 lists in detail the
different simulated geometries and the associated change in each geometric parameter. An
additional visualization of the geometric variations performed is presented in Figure 2.

For the sensitivity study, the structure depth dst was first increased to 85 µm, resulting
in a high-capacity (HC) structure design (#2 HC). Compared to the #1 BASE design, the
cathode volume and capacity increased by 40%, which results in a normalized capacity
Ωpos of 1.4. The HC design serves as the base geometry for the subsequent geometric
sensitivity studies. To ensure comparability, the condition of equal cathode volume and
capacity must be fulfilled. Secondly, with this, a variation in the distance between the
structures, represented by lin, was analyzed for lin = 10 µm to 1 µm in the #3 HC inactive
study. Thirdly, the structural angle α was varied in subsequent studies #4 through #8. The
angle α describes the constriction towards the bottom of the laser-ablated conical structure.
In practice, there will be an upper limit for α below 90°, depending on the laser source used
for ablation in combination with the material of the workpiece. By setting α = 90° in the
sensitivity study #8, the cell behavior at the theoretical limit of the laser-ablated structure
geometry can be evaluated.
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BASE HC HC HCHC inactive HC angle

α

α

#1 #2 #3 #4 - 8

Geometric variations

Comparison structure vs. planar

Vs.
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(b)

Figure 2. (a) Visualization of the geometric variations for analyzing the sensitivity on cell performance.
Detailed geometric parameter values for each simulated geometry are listed in Table 2. (b) The
derivation of the equivalent planar cell design based on the given structured cell design.

For a better interpretation of the cell performance obtained with a structured cell
design, equivalent planar cell designs were also derived and simulated, as shown in
the lower part of Figure 2. To ensure comparability, the planar geometries are equally
designed for the separator thickness dsep, the unit cell width ly, and the cathode volume
Vpos, which ensures equal volumetric Qvol,pr and absolute capacity Qabs of the cells as
calculated according to Equations (8) and (9).

Based on the capacity, the absolute current to be applied at ly for the simulations was
calculated according to Equation (10). Therefore, an unambiguous definition of the applied
current Iapp was obtained, which ensures comparability between the different simulated
cell designs at different c-rates.

Qvol,th = Qsp,AM ωAM ρpos (7)

Qvol,pr = Qvol,th (χ0 − χ1) (8)

Qabs = Qvol,pr Vpos (9)

Iapp, 1C = Qabs h−1 (10)

The symbols are defined as the specific capacity of the AM Qsp,AM, the mass share of
the AM ωAM, the density of the electrode ρpos, and the utilized stoichiometric delta χ0 − χ1.

2.3. Energy and Polarization Calculation

For the comparison between different structured hybrid SSB cell designs and corre-
sponding planar cell designs, three major evaluation parameters are defined in this section.
A detailed list of assumed material parameters and calculations to obtain specific capacity
and energy densities is presented in Table A4. The main definitions are introduced in
the following.
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First, the chargeable specific capacity Qsp,ch in mAh g−1, normalized to the mass of
the cathode mpos, is used as a global measure for the utilization of the AM during charging,
and defined as follows:

Qch =
∫ tEoC

t0

Iapp dt (11)

Qsp,ch =
Qch
mpos

(12)

The chargeable capacity Qch is the charged capacity at the end-of-charge (EoC), as the cell
voltage reaches 4 V.

Due to the boundary conditions of identical morphology inside the cathode domain,
and identical cathode volume throughout the geometric sensitivity studies #2–#8, the
relation between the theoretical cathode capacity and cathode mass remains constant.
Therefore, the impact of the structure geometry on the electrochemical performance with
increasing c-rate can be clearly identified.

Second, the gravimetric energy density Egr,ch in Wh kg−1 is defined according to
Equation (14) as the charged energy until the EoC, normalized to the mass of the cell stack
mstack. The stack mass is defined as the sum of the mass of current collectors, separator,
and cathode as listed in Table A4.

Ech =
∫ tEoC

t0

Ueq · Iapp dt (13)

Egr,ch =
Ech

mstack
(14)

In addition to the specific capacity Qch,sp, the energy density Egr,ch captures the impact of
inactive mass on cell performance, which changes by varying the structure geometry in the
conducted sensitivity studies.

Lastly, the overpotential during charging is introduced as a third evaluation parameter.
Following the method by Nyman et al. [37], the total polarization is separated into contri-
butions based on their physicochemical origins and spatial domains. This allows for the
resolution of diffusion and ohmic processes in the SPE, ohmic polarization in the single-ion
conducting LLZO separator, diffusion-related polarization in the AM, and charge transfer
polarization associated with delithiation processes. Additionally, in line with our previous
study [42], charge transfer overpotentials at the SPE|LLZO interfaces are also considered.
For this study, the calculation method has been extended from 1D to 2D, with the relevant
equations presented in Table A5.

3. Results and Discussion
3.1. Impact of Structured Cell Design on Electrochemical Performance—Comparison Base
Structure vs. Planar Cell Design

The first part of the Results section deals with a deeper analysis of the impact of the
structured cell design on the electrochemical cell performance. In a top–down approach, the
rate capability between a structured cell and a “classical” planar design is first compared for
the defined evaluation parameters, the specific capacity Qsp,ch, and the gravimetric energy
density Egr,ch, as shown in Figure 3. To gain a deeper understanding of the performance-
limiting mechanisms in the different cell designs, the evaluation of single polarization
contributions is later presented in Figures 4a and A1. Finally, additional transient and
2D resolution of concentration gradients in the SPE phase and the resulting ionic current
distribution are presented in Figure 4b–d.
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Figure 3. Rate capability of structured cell design and planar equivalent for the #1 BASE (black) and
the #2 HC (blue) design. The c-rate is varied from C/100 to 2C, where each marker point represents
the respective simulation result, and linear interpolation between the data points visualizes the trend
of the rate dependence. Comparison of the chargeable specific capacity Qsp,ch in (a), and the resulting
gravimetric energy density Egr,ch in (b).

As shown in Figure 3a, the rate capability of the structured #1 BASE and #2 HC cell
designs is significantly better than their planar counterparts. At a low charging rate of
C/100, all cells achieved nearly the maximum specific cathode capacity of 128.1 mAh g−1,
indicating identical gravimetric and volumetric capacity, based on the mass and volume of
the cathode domain Ωpos. As the c-rate increases, the chargeable specific capacity Qsp,ch
decreases for all cells, with a more rapid decline in the planar designs. At 0.5C, the planar
BASE design reached only about 50 mAh g−1, while the structured BASE design achieved
around 100 mAh g−1.

The gravimetric energy density Egr,ch, as shown in Figure 3b, decreases from 168.4 Wh kg−1

for the BASE planar design to 118.2 Wh kg−1 for the BASE structured design at C/100,
which is a 42.5% reduction. This is due to the additional LLZO SE remaining after laser
ablation, which increases the volume of the structured cell by 37.7% and its mass by
44.4% due to the high density of LLZO of 5.07 g cm−3. With increasing c-rate, the strong
deterioration of the specific capacity observed for the planar cell designs starts to dominate
the rate capability behavior of the energy density. For the #1 BASE design, a crossover
occurs around C/3, from which, the energy density of the structured design is higher
compared to the planar counterpart.

To better understand the performance improvement due to structuring, polarization
analysis results are shown in Figure 4a. Comparing the polarization at EoC for planar and
structured BASE cell designs, the total polarization is lower in the structured cell across all
simulated c-rates. This correlates with the higher specific capacities Qsp,ch observed for the
structured cell in Figure 3a, as lower polarization results in better CAM utilization. The
most sensitive polarization contributions related to cell design are also identified.
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Figure 4. In-depth analysis of performance differences between the #1 BASE structured and planar
design. (a) End-of-charge (EoC) polarization at Ucell = 4 V at different c-rates. The shares of
polarization due to their physical and spatial origin, as calculated in Table A5, are stacked on
top of each other. Therefore, the top end of each bar corresponds to the total polarization for the
given rate. (b) Comparison of concentration gradients in the SPE phase between BASE structured
(solid) and planar (dashed) cell design for a 0.1C, 0.5C, and 1C rate. For each c-rate, the transient
development of the maximum and minimum concentrations is depicted, visualizing the spread in
cLi,SPE in domain Ωpos. The equilibrium concentration in the SPE phase is cLi,SPE = 1960 mol m−3.
(c,d) A 2D visualization of concentration gradients of cLi,SPE at an EoC of a 1C charge. Streamlines
indicate the direction of the Li-ion flux in the SPE phase in the cathode and the LLZO separator phase.
Since the concentration in the LLZO phase is constant, only the concentration profile in the SPE phase
in the cathode is colored.
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Diffusion-based Li-ion transport in the SPE phase within the cathode domain Ωpos
(yellow) shows significant improvement in the structured cell design compared to the
planar design. At a C/3 charge, the SPE diffusion polarization at EoC decreases from
118 mV in the planar case to 31 mV in the structured scenario. The structured design
shortens the Li-ion transport pathways in the cathode domain Ωpos, reducing diffusion
length. This is highlighted with the streamlines shown in Figure 4c,d, which illustrate the
direction of the ionic current in the SPE phase, propagating in the normal direction to areas
of equal concentration. Electrophoretic transport in the SPE (Figure 4a, green color) has
minimal impact, as the transference number for PEO/LiTFSI SPE is low, ranging from 0.06
to 0.26, depending on lithium concentration [15].

As the c-rate increases, the difference in SPE diffusion polarization (yellow) between
the structured and planar designs decreases, since the planar case does not show significant
further increases from 0.5C onward. This is due to evolving Li-ion concentration gradients.
Figure 4b shows the evolution of the maximum and minimum Li-ion concentrations in the
SPE in Ωpos during charging with C/10, C/2, and 1C for the structured and planar BASE
#1 design. With increasing rates, the concentration spread in the SPE phase of the cathode
increases for both designs, with the planar design consistently showing higher minimum
and maximum concentrations. At a C/2 charge rate, the gradient in the planar scenario
continuously increases slightly from the start to the EoC point. This behavior is indicative
of diffusion-limited ionic transport. By further increasing the c-rate, the concentration
gradients do not fully develop until the EoC criterion is reached, leading to a decrease in
the SPE diffusion polarization compared to the structured scenario, as observed in the bar
graph in Figure 4a.

The second dominant polarization contribution stems from charge transfer at the mate-
rial interface Ωphb between LLZO and SPE, which follows BV-like behavior in dependence
on the interface current density iΩphb , according to Equation (1). Due to structuring, the
boundary length lΩphb increases by a factor of 2.48. This reduces the mean boundary current
density for the structured design compared to the planar design. At lower c-rates, the
scaling effect is solely due to geometric design changes. At higher rates, concentration
inhomogeneities in the SPE phase of Ωpos cause Li-ion depletion near the boundary Ωphb.
Figure 4c,d show Li-ion concentration at EoC for 1C charging in both scenarios. The planar
design shows stronger depletion at the boundary Ωphb close to EoC, causing the exchange
current density i0,Ωphb to decrease, since the underlying charge transfer resistance Rct,Ωphb
(see Table A2, [15]) increases with decreasing concentration. As a result, a stronger transient
increase in charge transfer polarization is observed, as shown in Figure A1. Consequently,
the 4 V EoC criterion is reached earlier, impairing charge rate capability.

In summary, the modeling results presented indicate that structuring can be expected
to improve the performance of hybrid cell designs consisting of a ceramic LLZO separator
and a composite cathode with an ionic conductive SPE. The rate capability was signifi-
cantly improved for the structured design compared to the planar cell design due to the
reduction in the large polarization contributions from SPE diffusion and charge transfer at
the LLZO|SPE interface. In terms of energy density, structuring leads to higher material
fractions of LLZO, which increases cell volume and weight compared to the planar design.
Therefore, a trade-off between improving the specific capacity Qsp,ch and increasing the
weight and volume determines the energy density Egr,ch. This highlights the importance
of further analyzing the sensitivity of the structure geometry with the goal of minimizing
additional inactive LLZO SE amounts by maintaining or improving AM utilization.

3.2. Sensitivity Analysis of Geometrical Parameter Variation

To analyze the impact of geometrical parameter variations on cell performance, the
sensitivity study listed in Table 2 is evaluated in the following.

Initially, the design of the #1 BASE was modified by increasing the structure depth dst
from 65 µm to 85 µm. This enhancement in the laser-ablated structure depth resulted in a
40% increase in absolute cell capacity.
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The rate capability performance of the #2 HC design is illustrated in Figure 3. In
comparison to the BASE design, the specific capacity Qsp,ch of planar and structured design
exhibits stronger fading as the rate increases. This could be expected, as the deeper structure
extends the ionic transport pathways, resulting in increased polarization and an earlier
EoC at 4 V.

In contrast, the achievable gravimetric energy density Egr,ch of the HC design increases
at low c-rates compared to the BASE design, as presented in Figure 3b. This can be explained
by the lower relative weight contribution from the current collectors, Li-metal anode, and
the separator in relation to the total mass of the cell stack. Therefore, at C/100 charging,
the Egr,ch increases by 10% from 118 Wh kg−1 in the BASE scenario to 130 Wh kg−1 for the
HC design. Analogous to the #1 BASE design, the energy density of the HC is dominated
by the rate-dependent behavior of the specific capacity, as depicted in Figure 3b. For the
HC design, the crossover point between planar and structured design is shifted to a lower
rate of C/5 compared to C/3 for the BASE design. This means that the structured design
outperforms the equivalent planar design already at a rate of C/5. This indicates that by
increasing the cathode capacity, structuring has a higher positive impact on the energy
density rate capability.

3.2.1. Variation in the Inactive Width lin
The practical realization of structuring a ceramic SE by laser ablation has limitations

regarding the optimization of the structure design. The first practical limitation comes from
the separation between adjacent line structures, which is described by the inactive width
lin. A minimum limit for lin will appear in the practical laser ablation process to maintain
the mechanical stability of the scaffolds and to address the challenges of positioning the
laser beam or the workpiece during multiple scan cycles. Therefore, the simulation-based
determination of the sensitivity of lin on the cell performance is useful to identify needs or
potentials for cell design optimization.

For the sensitivity analysis, different cell designs are analyzed by varying lin from
10 µm to 1 µm in study #3 of HC inactive, as listed in Table 2. All other geometric parameters
remain unchanged from study #2 HC. By decreasing lin, the volume and mass of the LLZO
separator domain Ωsep decrease, as well as the total volume and mass of the cell, by
maintaining the cathode capacity. Therefore, an increase in energy density is expected.

Figure 5b illustrates the rate capability in relation to gravimetric energy density. As
expected, at C/100, Egr,ch increases from 130 Wh kg−1 for lin = 10 µm to 187 Wh kg−1 for
lin = 1 µm, marking a 44% rise. However, with increasing c-rate, the relative gain in Egr,ch
diminishes, as indicated by the varying slopes of the curves. In addition to expectations,
the energy density is influenced not only by changes in mass but also by polarization
variations across different designs, although the geometric and morphological cathode
design of Ωpos has not been changed. This is further evidenced by the specific capacity
shown in Figure 5a. At higher rates, the cell design with lin = 1 µm exhibits lower charge
capacities compared to other designs, demonstrating a clear trend of decreasing specific
capacity with reduced inactive width as the c-rate increases. Polarization analysis further
revealed that the reduction in specific capacity is attributed to increased polarization caused
by ionic transport in the LLZO solid electrolyte within domain Ωsep. As lin decreases, the
current density in the narrower region of the LLZO SE increases, resulting in increased local
polarization. This current constriction in the narrow region can significantly deteriorate
cell performance. When decreasing lin from 10 µm to 1 µm, the specific capacity Qsp,ch at
1C decreases from 73.1 mAh g−1 to 66.9 mAh g−1, showing a relative decline of 8.5%.
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Figure 5. Comparison of the rate capability under variation in the inactive width lin (study #3 of
HC inactive; see Table 2). Starting from the HC cell design with lin = 10 µm, the inactive width was
reduced to lin = 1 µm. Results for the specific capacity Qsp,ch in (a) and for the gravimetric energy
density Egr,ch in (b) of the structured designs are presented.

3.2.2. Variation in the Structure Angle α

The second practical limitation of the laser structuring of ceramic SE is the structure
angle α. Depending on the laser source used, the process parameters and the material to be
ablated, the angle of the characteristic conical structure can vary, as shown in the study by
Kriegler et al. [25]. The following section analyzes the sensitivity of the angle α on the cell
performance. Therefore, sensitivity studies #4-8 have been defined according to Table 2. As
visualized in Figure 2, a change in the structure angle α leads to a change in several other
geometric parameters in order to maintain the same cathode capacity compared to the
previously conducted sensitivity studies. Detailed values for all geometric parameters are
given in Table 2. Since the previous study #3 of HC inactive shows that the energy density
could be improved by reducing the inactive width, lin is kept constant during the variation
in the angle by fixing it to lin = 1 µm.

In Figure 6a, the rate dependency of Qsp,ch is evaluated with varying structure angle α.
First, an increase in rate capability can be observed by increasing the angle from 70° to 85°.
At 1C, the specific capacity Qsp,ch increases from 51.4 mAh g−1 to 67.0 mAh g−1, which is
a relative increase of 30%. This trend is reversed when the angle is increased to 90°. As a
result, a strong decrease in Qsp,ch can be observed with increasing rates.

To identify the origin of the observed dependence on α, the polarization was analyzed
according to Table A5. Each bar in Figure 7 shows the calculated individual proportions of
the polarization for the given angle α. First, the total polarization decreases as the structure
angle increases from α = 70° to α = 85°, which fit the observation of higher specific
capacities for increasing α, as shown in Figure 6a. This reduction in total polarization is
primarily due to the decreased diffusion polarization within the SPE phase (yellow) in the
Ωpos domain, as increasing α reduces concentration gradients. Second, the polarization
within the LLZO domain (orange) Ωsep increases with increasing α due to the stronger
current constriction in the narrower LLZO region, resulting in higher current densities and
local polarization. The electrolyte current density for a structure angle of α = 85° (study #7)
and α = 90° (study #8) are presented in Figure A2.

Thus, there is a trade-off between reducing the diffusion polarization in the SPE and
increasing the ohmic polarization in the LLZO. In particular, at α = 90°, the ohmic polar-
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ization in the LLZO phase increases significantly, leading to higher total polarization and
reduced charging performance in terms of specific capacity Qsp,ch, as shown in Figure 6a.
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Figure 6. Comparison of the rate capability by evaluation of the specific capacity Qsp,ch in (a) and
the gravimetric energy density Egr,ch in (b) under variation in the structure angle α (studies #4–8
HC angle; see Table 2). The angle α is varied between 70° and 90°, while keeping the inactive width
constant with lin = 1 µm.
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Figure 7. Bar plot presenting the total polarization at EoC for different c-rates. For each c-rate, the
five bars present the total polarization for different angles from 70° (far left) to 90° (far right). The
different colors represent the shares of polarization due to the spatial and physical origin.

The two main trends observed for the specific capacity are also visible when evaluating
the gravimetric energy density Egr,ch, according to Equation (14), and become additionally
overlayed by varying stack mass due to structure angle variation. Increasing α reduces both
the volume and mass of the LLZO domain Ωsep, resulting in a 32% decrease in total cell
stack mass as α increases from 70° to 85°. As a result, Egr,ch increases significantly due to
the reduction in stack mass along with the improved rate capability of the specific capacity.
As shown in Figure 6b, for α = 85°, an energy density of 200 Wh kg−1 at C/100 and about
100 Wh kg−1 at 1C is achieved, representing the best trade-off between energy density and
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rate capability of the herein tested geometries. Likewise, the α = 90° design achieves the
highest energy density of 283 Wh kg−1 at C/100, but exhibits significant deterioration at
higher rates due to current constriction.

For completeness, a brief analysis of the current constriction effect is presented. Study
#8 examines this by increasing the inactive width, lin, from 1 µm to 4 µm. The red lines in
Figure 8 show the results for the energy density rate capability of study #8. The increase
in lin to 4 µm improves rate capability by reducing current constriction, but decreases
the maximum achievable energy density due to the added mass of the LLZO. Further
comparison with previous results in Figure 8 depicts that the cell design with α = 90° and
lin = 4 µm performs similarly to the structured design in study #7. The effect of current
constriction on rate performance is significant and should be considered when optimizing
cell structures for specific material combinations and cathode morphologies.
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Figure 8. Evolution of the gravimetric energy density Egr,ch rate capability for selected sensitivity
studies of geometric parameters. The structured designs for the selected studies are additionally
compared to their planar equivalents as introduced in Figure 2. The HC #2 cell design and #7 HC
angle design (α = 85°) were selected to visualize the positive impact of the reduction in the inactive
width lin from 10 µm to 1 µm, as well as the influence of the structure angle of α = 85°. The results of
study #8 allow us to visualize the impact of the current constriction.

In addition to the visualization of the constriction effect, Figure 8 provides an overview
of the development of energy density depending on geometric cell design. A comparative
analysis of studies #2, #7, and #8 is provided in Figure 8, highlighting the critical role
of geometric design on cell performance. This analysis includes both structured and
equivalent planar designs. In particular, study #7 shows significant improvements by
reducing the inactive width lin from 10 µm to 1 µm and setting the angle to α = 85°. In
contrast, study #8 shows that further extreme modifications by laser ablation—resulting
in α = 90° and lin—do not improve the rate capability, thereby revealing the limits of
structural design improvements. Notably, the structured cells exhibit a significant increase
in rate capability compared to their planar counterparts.

In summary, the simulations indicate that hybrid cells with a ceramic LLZO SE separa-
tor and PEO/LiTFSI SPE in the composite cathode can benefit from laser-ablated structures.
While these structures add volume and mass compared to planar cell design, reducing
energy density at low rates, they significantly enhance rate capability by shortening diffu-
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sion pathways and increasing the surface area at the SPE|LLZO interface, thus reducing
polarization. Optimizing the inactive width lin and structure angle α shows potential for
further improvements. However, extreme geometries may decrease the rate capability due
to increased polarization. The next section will discuss the practical relevance of these
findings, focusing on specific capacity and energy density, alongside the prospects and
challenges of implementing structured designs.

3.2.3. Influence of Material Transport Parameters

In the model-based study of Clausnitzer et al. [29], the authors found that a structured
composite cathode cell design did not significantly improve performance when using a
single inorganic SE with properties similar to LLZO. In addition to the results presented so
far in this study, this indicates a material dependence of the effect of geometric structures
on cell performance. Therefore, this section examines the influence of improved polymer
transport parameters on the rate capability of structured cell designs, specifically evaluating
whether such designs offer advantages beyond the previously used PEO/LiTFSI SPE in
systems with less severe ion transport limitations. Based on our previous study that
reviewed the literature and established state-of-the-art transport parameter ranges for an
SPE combined with an LLZO SE, optimal values were selected for key SPE parameters
in the Ωpos domain [42]: the diffusivity DLi,SPE, the ionic conductivity κLi,SPE, and the
transference number t+. Additionally, the exchange current density at the SPE|LLZO
phase boundary Ωphb was adjusted. The specific parameter changes are detailed in Table 3.

Table 3. Electrochemical parameter variations based on the parameter ranges identified from the
literature for studying the impact of improved material parameters in structured cell designs. A
detailed description of the chosen parameters is presented in our previous study [42].

Parameter Unit Reference Improved Source

κLi,SPE S m−1 0.12 0.22 [15]
DLi,SPE m2 s−1 7.88 × 10−12 1 × 10−11 [6]
tSPE
+ - 0.086 0.9 *

i0,Ωphb
A m−2 1.07 15 [49,52]

* development towards single-ion conducting SPE.

Geometric parameter studies #4 and #7 were re-simulated using enhanced transport
parameters, focusing on designs with lin = 1 µm and two different angles, α = 70° and
α = 85°. Figure 9b compares the rate dependency of Egr,ch for these structured designs
and their planar counterparts, each with improved electrochemical parameterization. The
maximum theoretical energy density for each design is identical to the results of the
sensitivity studies since the same cathode morphology and geometric cell designs are used.
Consequently, the observed C/100 gravimetric energy densities in Figure 9b closely match
those in Figures 6b and 8.

As depicted in Figure 9b, the trend of improved performance in structured designs
compared to their planar equivalents is consistent with previous findings using the “strong
transport” limited parameterization. In both test cases, structured designs exhibit an
enhanced rate capability, as indicated by a reduced slope in the curve. Notably, lower
transport limitations cause the crossing points between structured and planar curves to shift
to higher c-rates. For instance, in study #7, with a structure angle of 85°, the crossing point
shifts from C/20 in the case of the original parameterization (see Figure 8, black lines) to 1C
in the case of improved SPE transport properties. In study #4, the crossing point advances
to 3.3C. This indicates that the crossing point’s position along the c-rate axis depends on
material properties. For improved SE material parameters, performance benefits due to
structuring can only be expected at higher c-rates. This indicates that structuring could be
particularly beneficial for applications requiring high charging rates. The best trade-off
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between energy density and rate capability in this study is observed with a structure angle
of 85° and an LLZO margin of 1 µm.
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Figure 9. Performance evaluation of structured and planar cell design for improved SPE transport
and LLZO|SPE charge transfer parameters, as listed in Table 3. The geometric designs of study
#4 and #7 are chosen with an inactive width of lin = 1 µm and a structure angle α = 70° and
α = 85°, respectively. (a) A comparison of the polarization for the two different designs with
improved SPE and original parameterization. The polarization is captured at EoC for different c-rates.
(b) The gravimetric energy density rate capability for cell designs #4 and #7 with improved SPE
transport parameters. (c) A 2D visualization of concentration gradients of cLi,SPE with improved SPE
parameters for the structured design of study #7 at an EoC of a 1C charge. Streamlines indicate the
direction of the Li-ion flux in the SPE phase in the cathode and the LLZO separator phase. Since the
concentration in the LLZO phase is constant, only the concentration profile in the SPE phase in the
cathode was colored.

In general, the rate capability of all designs clearly improved with improved transport
parameters. But in more detail, the rate capability behavior of the structured design with
α = 70° clearly differs from that of the α = 85° design, as indicated by the different slopes.
In contrast, the slopes when using the original parameterization were nearly identical
(see Figure 6b). The reason for the increased rate capability in the case of α = 70° can be
identified by analyzing individual polarization fractions in Figure 9a. With the improved
SPE transport parameters, the total polarization of the α = 70° cell design, shown by the
far-left bar, is lower than that of the α = 85° design, shown by the second left bar. This
trend is contrary to that observed for the original parameterization, as shown by the second
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right and far-right bars, and can be attributed to the change in SPE diffusion polarization
(yellow). Due to the improved SPE parameters, the ionic transport in the LLZO separator
(orange) becomes the major polarization effect.

The reduced diffusion limitation in the SPE phase in Ωpos significantly alters the
lithium-ion distribution within the SPE, when comparing the results in Figure 9c with
Figure 4c. Enhanced SPE transport parameters cause a more pronounced concentration
gradient in the x-direction from the current collector side toward the narrow region of
the structure, resulting in an increased mean lithium-ion concentration along the Ωphb
boundary. In contrast, with the original parameterization shown in Figure 4c, the con-
centration gradient develops instead in the y-direction, leading to low concentrations
distributed along the entire Ωphb boundary. As the charge transfer resistance at Ωphb
decreases with higher SPE lithium concentration, the improved lithium-ion concentration
distribution along the interface Ωphb enhances the charge transfer at the boundary leading
to lower polarization.

In summary, improving the SPE material’s transport parameters generally reduced
total polarization and enhanced rate capability, regardless of the cell’s geometric design.
Notably, a specific c-rate was identified where the structured design outperformed the
planar one, with this crossing point shifting to higher c-rates with improved parameters.
This metric could guide the choice of geometric cell design for specific applications. Addi-
tionally, the p3D model demonstrated that enhanced lithium-ion transport due to diffusion
in the SPE phase improves charge transfer at the SPE|LLZO interface due to its dependence
on lithium-ion concentration.

4. Assessment of the Practical Relevance of Structured Composite Cathodes by
Comparison with Benchmarks from the Literature

Randau et al. [3] benchmarked the performance of SSBs by analyzing the literature data
from existing experimental cells. The presented Ragone plots give valuable information
about the relationship between energy density and rate performance that could be identified
for different SE materials. Based on state-of-the-art liquid electrolyte lithium-ion batteries,
a target range of a minimum of 250 Wh kg−1 gravimetric energy density and cycling
rate greater than 1C was defined for SSBs. These indicators were also used to analyze
the charging performance of hybrid cells at elevated temperatures between 50 °C and
100 °C containing an inorganic SE in combination with a polymer electrolyte, as well
as cells containing only a polymer electrolyte. The literature data for seven different
polymer-containing cells result in gravimetric energy densities between 90 Wh kg−1 and
290 Wh kg−1, five of which have energy densities below 170 Wh kg−1 [53–59]. At a cycle
rate of 1C, the cells reached energy densities between 90 Wh kg−1 and 110 Wh kg−1. These
data are used in the following to discuss the practical relevance of the performance achieved
for the simulated cells with a structured design.

In this study, optimal performance in energy density and rate capability was achieved
with a minimal inactive width of lin = 1 µm and a structure angle of α = 85° (study #7; see
Table 2). Using state-of-the-art PEO/LiTFSI material parameters, the maximum energy
density reached 200 Wh kg−1 at C/100 and approximately 100 Wh kg−1 at 1C. Notably, this
study incorporates an additional 20% mass from the 10 µm thick current collectors into
the energy density calculation, unlike Randau et al. Without this mass, energy density
for design #7 increases to 253 Wh kg−1 at C/100 and 128 Wh kg−1 at 1C. Despite limited
ionic transport in the selected SPE parameters, the structured cell design demonstrated
improved charging performance over a planar design. However, direct comparison with
the literature is challenging due to varying polymer electrolytes and unreported transport
and charge transfer parameters.

An improvement of the ionic transport and charge transfer parameters within their
currently known parameter range further boosts the rate capability of the analyzed struc-
tured hybrid cell design. A gravimetric energy density for design #7 of 220 Wh kg−1 at
1C was reached in the simulation study, which is approximately 87% of the C/100 energy
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density value. At a high-rate 4C condition, at least an energy density of 100 Wh kg−1 was
achieved. In comparison, the best rate capability for polymer-containing cells, according to
the Ragone plot in Randau et al.’s work, was achieved in the studies by Bouchet et al. [58]
and Porcarelli et al. [57]. Bouchet et al. developed a single-ion polymer electrolyte based
on block co-polymers. The rate test of a prototype cell with a Li-metal anode and a com-
posite cathode containing 60 wt % lithium iron phosphate (LFP) AM and 32 wt % polymer
electrolyte was conducted at 80 °C. At 1C, a capacity retention of around 82% based on a
theoretical specific capacity of 170 mAh g−1 for LFP could be achieved, as well as a resulting
energy density of around 90 Wh kg−1. However, this is also due to the flat characteristic
curve of the LFP cathode and the low cut-off voltage during discharge, whereby a large
polarization of 1.5 V was tolerated [58]. Similarly, Porcarelli et al. synthesized a single-ion
conducting triblock copolymer electrolyte and tested the rate capability in a prototype cell
with a Li-metal anode and a composite cathode containing 65 wt % LFP and 20 wt % of
single-ion conducting polymer. The observed polarization at C/2 and 70 °C was small, but
some undiscussed limitations occurred, leading to an LFP capacity retention of 58% and a
resulting energy density of 100 Wh kg−1 [57].

The simulation study achieved an energy density of 220 Wh kg−1 at 1C, approaching
the target of 250 Wh kg−1 set by Randau et al. [3]. However, this result is constrained by
the limited upper voltage cut-off of 4 V, imposed due to the reported decomposition of
PEO/LiTFSI at higher cathode potentials [44,45]. By extending the voltage window to
4.3 V for nickel-rich CAMs and using suitable SPEs with enhanced electrochemical stability,
further increases in specific capacity and energy density could be expected.

Furthermore, the cathode morphology in the simulation study is not optimized for
a high-energy or high-power design. By increasing the CAM volume fraction εAM and
decreasing the SPE volume fraction εSPE, a higher energy density at a low c-rate is ex-
pected, but the resulting increase in the tortuosity factor τ in the composite cathode could
deteriorate the rate capability.

Up to this point, it could be shown that a well-derived structured geometrical design
could significantly increase the rate capability and energy density of a hybrid SSB containing
two different types of SE. Additionally, it could be shown that ionic transport and charge
transfer parameters can significantly shift the point from which a structured cell design
outperforms its planar equivalent. Therefore, the impact of the material choice of the
two SEs in the hybrid system shows up as a decisive factor in the question of whether
a structured design could increase the charging performance for a known application
scenario. Additionally, to the best of the authors’ knowledge, there are no data available
that report on the aging behavior of structured SSB cells, which will also be a decisive factor
for practical relevance. Finally, it should be mentioned that geometrical structuring, in
general, comes with an additional process step in the manufacturing route, which could
increase battery cost.

5. Conclusions

This study addresses the research gap in understanding the impact of laser-ablated
geometric structures on the charging performance of hybrid SSBs. First, a p3D modeling
approach specifically tailored for structured hybrid SSBs was implemented and parame-
terized, including a PEO/LiTFSI SPE in the cathode domain and an LLZO ceramic SE as
the separator. The charge transfer at the LLZO|SPE interface was considered with BV-like
kinetics, as introduced and discussed in our previous publication, and here transferred to a
2D model implementation [42].

Second, a basic geometric structure design was derived from the literature and com-
pared to the “classical” planar cell design by analyzing the specific capacity Qsp,ch, the
gravimetric energy density Egr,ch and significant polarization contributions under varying
charging rates up to 2C. Significant rate capability improvements in terms of Qsp,ch and
Egr,ch were obtained with a structured design compared to a planar design. The two main
reasons for improvement were identified, namely the reduction in the large polarization
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contributions from SPE diffusion and charge transfer at the LLZO|SPE interface. The
geometric structure shortens ionic pathways in the SPE phase and extends the length of
the LLZO|SPE boundary, which reduces charge transfer polarization. A trade-off between
improving the specific capacity Qsp,ch and increasing the weight and volume Egr,ch exists,
as the structured design leads to higher material fractions of LLZO.

Third, the sensitivity of the geometric structure parameters towards their impact on
charging performance was analyzed with the goal of minimizing additional inactive LLZO
SE amounts and maintaining or improving AM utilization. Variation in the inactive width
lin and the structure angle α showed potential for further improvements. The best trade-off
of the simulated geometries between high energy densities at low rates and good rate
capability was obtained for lin = 1 µm and α = 85°. However, more extreme geometries
with α = 90° and lin = 1 µm decrease the rate capability due to increased polarization. The
polarization within the LLZO domain Ωsep increases with increasing α, as the current in
the narrower LLZO region becomes more constricted, leading to higher current densities
and local polarization. This leads to a trade-off between reducing the diffusion polarization
in the SPE and increasing the ohmic polarization in the LLZO.

Fourth, the generality of the results obtained above was investigated by analyzing the
same structured cell designs but with improved SPE parameters. Consistent with previous
findings, improved performance was obtained for structured designs compared to their
planar equivalents. Specifically, lower transport limitations cause the crossing points between
the structured and the planar energy density curves to shift to higher rates, suggesting that
structuring is particularly beneficial for applications requiring high charge rates. Consistent
with the original parameterization, the optimal balance between energy density and rate
capability was observed with a structure angle of 85° and an LLZO margin of 1 µm.

Finally, the practical relevance of these results was discussed in the context of the
state-of-the-art literature. In the best case, an energy density at 1C of 128 Wh kg−1 with
the original parameterization, and 220 Wh kg−1 with improved SPE parameters, was
achieved for structured cell design, closely approaching the target of 250 Wh kg−1 set
by Randau et al. [3]. This highlights that the material parameters of the two SEs have a
high impact on absolute numbers of performance parameters. Regarding the practical
relevance, this emerges as a critical factor in determining whether a structured design could
improve the charging performance for a known application scenario.

Future studies can connect to this study by performing a detailed optimization study
based on the here shown high sensitivity of geometric parameters on performance indica-
tors. In addition to that, further studies should research the aging behavior of structured
SSB cells, which will also be a decisive factor for practical relevance. The analysis of
additional process costs would be necessary to evaluate the practical relevance from an
economic point of view.
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Acronyms
CM celluluse nanofibers + multi-walled carbon nanotubes
LATP lithium aluminum titanium phosphate
LFP lithium iron phosphate
LLZO lithium lanthanum zirconium oxide, Li7La3Zr2O12
LPSCL lithium phosphorus sulfur chloride
Li lithium
MEEP poly(bis-(methoxyethoxyethoxy)phosphazene)
NCA lithium nickel cobalt aluminum oxide
NMC lithium nickel manganese cobalt oxide
AM active material
BV Butler–Volmer
CAM cathode active material
CC current collector
DFN Doyle–Fuller–Newman
EoC end-of-charge
HC high-capacity
ISE inorganic solid electrolyte
LIB lithium-ion battery
PEO poly(ethyleneoxide)
SE solid electrolyte
SPE solid-polymer electrolyte
SSB solid-state battery
p2D pseudo-two-dimensional
p3D pseudo-three-dimensional
qOCP quasi open-circuit potential

Roman Symbols

c concentration, mol m−3

D diffusivity, m2 s−1

d thickness, x-axis, µm
∂Ueq
∂T entropic coefficient, mV K−1

E energy density, Wh kg−1

Ueq equilibrium potential, V
F Faraday’s constant, 96,485 A s mol−1

I current, A
i current density, A m−2

i0 exchange current density, A m−2

l length, y-axis, µm
m mass, kg
Q gravimetric capacity, mAh g−1

R universal gas constant, 8.314 J mol−1 K−1

Rp particle radius, m
T temperature, K
t+ transference number, no unit
V volume, m3

J molar flux, mol m−2 s−1

Greek Symbols
α structure angle, °
αct charge transfer coefficient, no unit
χ stoichiometry, no unit
ε volume fraction, no unit
η overpotential, V
κ ionic conductivity, S m−1
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Ω model domain
φ electrical potential, V
σ electronic conductivity, S m−1

τ tortuosity, no unit

Subscripts & Superscripts
abs absolute
add additional
app applied
ave average
b bottom
ch charge, simulation
eff effective
gr gravimetric, related to stack mass
in inactive
max maximum
phb phase boundary SPE|LLZO
vol volumetric
pos positive electrode
pr practical
sep separator
sp specific, related to electrode mass
st structure
stack cell stack with current collectors
surf surface
t top
th theoretical
tot total
v volumetric

Appendix A. Model Equations and Parameters

Table A1. Equations for the p3D model. Here, ∇ describes the spatial gradient in the real 2D
dimension, and ∂

∂r is the spatial gradient in the pseudo-dimension, along the radius of the active
material particles.

Domain Type Equation

General Spatial gradients ∇ = ( ∂
∂x , ∂

∂y )
⊺

Effective transport correction Deff
Li, SPE = εSE

τ DLi, SPE, κeff
Li, SPE = εSE

τ κLi, SPE, σeff
s = εAM

τ σs

Li Potentials φs = 0

Kinetics iloc(y, t) = i0(y, t)
[
exp
(

αct F η(y,t)
R T

)
− exp

(
− αct F η(y,t)

R T

)]∣∣
x=x0

LLZO Mass balance ∂cLi, LLZO(x,y,t)
∂t = 0

Charge balance ∇ iLLZO(x, y, t) = 0

Potentials ∇ φLLZO(x, y, t) = − iLLZO(x,y,t)
κLLZO

Cathode Mass balance ∂cLi, SPE(x,y,t)
∂t = ∇

(
Deff

Li, SPE∇cLi, SPE(x, y, t) + iSPE(x,y,t) tSPE
+

F

)
∂ cs(x,y,t,r)

∂t = 1
r2

∂
∂r

(
Dsr2 ∂ cs(x,y,t,r)

∂r

)
Charge balance ∇ iSPE(x, y, t) +∇ is(x, y, t) = 0 with ∇ is(x, y, t) = − 3εAM

Rp
iloc(x, y, t)

Potentials ∇ φSPE(x, y, t) = − iSPE(x,y,t)
κeff

SPE
+ 2RF

F
(
1 − tSPE

+

) (
1 + d ln f±

d ln cLi, SPE(x,y,t)

)
∇ ln cLi, SPE(x, y, t)

∇ φs(x, y, t) = − is(x,y,t)
σeff

s
with iapp(t) = is(x, y, t) + iSPE(x, y, t) ∀ x, y, t

Kinetics iloc(x, y, t) = i0(x, y, t)
[
exp
(

αct F η(x,y,t)
R T

)
− exp

(
− αct F η(x,y,t)

R T

)]
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Table A2. Reference parameterization of the p2D model with an additional SPE interlayer and AM
particle coating, separated for each model domain.

Parameter Symbol Unit LLZO Ωsep Composite Cathode Ωpos Ref.

Microstructure
Particle radius Rp µm 1
Active material fraction εAM vol.% 66 [25]
SE material fraction εSE vol.% 100 31 [25]
Cond. additives εadd vol.% 3
Tortuosity τ 4 [46]

Transport a

Diffusivity SE DSE m2 s−1 7.88 × 10−12 [6]
Ionic conductivity SE κSE S m−1 0.1 0.12 [15,50]
Diffusivity AM DAM m2 s−1 5 × 10−13 [60]
Electronic conductivity σ S m−1 100 non-limiting
Transference number t+ 1 0.086 [15]
Thermodynamic factor TDF 1 3.34 [15,17]

Kinetics

AM exchange current i0,AM A m−2 1000|x=x0
b 0.30

∣∣∣r=Rp [61,62]

phb exchange current i0,Ωphb
A m−2 1.07

∣∣∣Ωphb
[49]

Transfer coefficient αct 0.5 c

Cell
NMC equilibrium potential Ueq V 0|x=x0 meas. [51]
Stoichiometry χ 100% SoC χ1 0.474 d

0% SoC χ0 0.99
Max. concentration cs,max mol m−3 50,066

Concentration-dependent parameters e Argument/Unit Function/Unit

PEO|LLZO charge transfer resistance Rct,Ωphb
cLi,SPE/mol m−3 1.048 · c−0.4986

Li,SPE /Ωm2 [49]
SPE transport parameters see Pesko et al. [15] for analytical expressions

a SPE transport parameters are concentration-dependent and here evaluated at cLi,SPE =1960 mol m−3. b Negli-
gibly small interface resistance, if high external loads are applied and no contamination layers are present [61].
c Assuming symmetric charge transfer for all reactions. d The given stoichiometric value corresponds to an
NMC-811 equilibrium potential of 4 V. e Analytic functions for the electrolyte are physically not interpretable.
The output value is to be interpreted in the unit given in the table or in the literature reference.

Table A3. Additional parameters in relation to the specific capacity and energy density, as calculated
according to Table A4 for all simulated geometric variations presented in Table 2.

Study # Study Name
Cell Parameters

Normalized Normalized Theor. Areal Capacity Theor. Energy Density
Total Cell Volume Total Cell Mass mAh cm−2 Egr/Wh kg−1

#1 BASE 1 1 2.26 118.2
#2 High Capacity (HC) 1.28 1.27 2.88 129.7
#3 HC inactive 7 µm 1.16 1.14 3.17 144.7

HC inactive 4 µm 1.04 1.01 3.52 163.6
HC inactive 1 µm 0.92 0.88 3.94 187.3

#4 HC angle 1 1.17 1.15 2.64 143.9
#5 HC angle 2 1.09 1.06 3.00 155.9
#6 HC angle 3 1.00 0.96 3.54 173.0
#7 HC angle 4 0.87 0.82 4.50 202.1
#8 HC angle 5 0.66 0.59 7.30 282.9
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Table A4. Calculation of specific capacity and energy density for an out-of-plane (z-direction)
thickness tz = 1 m.

Domain Gravimetric Density ρ/g cm−3 Layer Thickness t/µm Volume V /cm3 Mass m/g

Copper CC 8.96 10 VCC,a = tCC,a · ly · tz mCC,a = ρCC,a · VCC,a
Aluminum CC 2.7 10 VCC,c = tCC,c · ly · tz mCC,c = ρCC,c · VCC,c
Lithium metal anode 0.53 5 VLi = tLi · ly · tz mLi = ρLi · VLi

LLZO separator Ωsep 5.07 20 Vsep = tsep · ly · tz msep = ρsep · Vsep

LLZO structure Ωst,LLZO 5.07 - Vmeas.
st,LLZO mst,LLZO = ρLLZO · Vmeas.

st,LLZO

Cathode structure Ωpos ρpos =
1

ωAM
ρAM

+ ωadd
ρadd

+ ωSPE
ρSPE

= 3.52 - Vmeas.
pos mpos = ρpos · Vmeas.

pos

Stack calculation
Total volume Vstack = VCC,a + VCC,c + VLi + Vsep + Vmeas.

st,LLZO + Vmeas.
pos

Total mass mstack = mCC,a + mCC,c + mLi + msep + mst,LLZO + mpos

Cell equil. potential Ueq = UOCP

( v
pos

cs,ave
cs,max

dpos
v

pos 1 dpos

)
Capacity charge Qch =

∫ tEoC
t0

Iapp dt

Energy charge Ech =
∫ tEoC

t0
Ueq · Iapp dt

Specific capacity Qsp,ch = Qch
mpos

Gravimetric energy density Egr,ch = Ech
mstack

Volumetric energy density Evol,ch = Ech
Vstack

Table A5. Calculation of individual polarization contributions for 2D model geometries for isotropic
material parameters, adapted from Nyman et al. [37].

Parameter Equation

Total current itot =
v

pos iv,pos dpos
Domain

Diffusion SPE phase 1
itot

v
pos

2RT
F (1 + ∂ ln f±

∂ ln cLi, SPE
)(1 − t+) [ 1

cLi, SPE
(

∂ cLi, SPE
∂ x iSPE,x +

∂ cLi, SPE
∂ y iSPE,y)] dpos

Diffusion AM particle 1
itot

v
pos iv,pos (Ueq, surf − Ueq, ave) dpos

Ohmic LLZO 1
itot

v
sep

i2LLZO,x+i2LLZO,y
κeff

dsep

Ohmic AM Pos 1
itot

v
pos

i2s,x+i2s,y
σeff

dpos

Ohmic SPE Pos 1
itot

v
pos

i2SPE,x+i2SPE,y
κeff

dpos

CT reaction cathode 1
itot

v
pos iv,pos (φs − φSPE − Ueq, surf) dpos

Boundary
CT reaction anode 1

itot

∫ y1
y0

iLLZO(y) (φLi − φLLZO − Ueq, Li) dy
∣∣x=x0

CT PEO|LLZO 1
itot

∮
Ωphb

in,phb (φLLZO − φSPE) dΩphb
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(a) (b)

Figure A1. Transient course of single polarization contributions stacked on top of each other at 1C
charging rate for the BASE structured design in (a) and the planar design in (b). Each colored section
represents the transient behavior of the allocated share of polarization, as calculated in Table A5.
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Figure A2. Electrolyte current density for (a) a structure angle of α = 85° (study #7) and for (b) a
structure angle of α = 90° (study #8). Different colormaps for the LLZO domain Ωsep and the cathode
domain Ωpos are used to visualize the different value ranges properly.
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