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All-solid state lithium polymer batteries are promising next-generation batteries with high safety and energy density. Their success
depends on an improved design with a tailored cathode manufacturing process. To facilitate a knowledge-driven optimal design of
cathode, a model-based analysis on the impact of the cathode particle structure on the electrochemical cell performance is
conducted. During production of solid-state cathodes, small active material particles such as lithium-iron phosphate tend to form
large agglomerates with inner electrolyte-filled pores which have significant effect on transport properties within a secondary
particle. Therefore, a battery cell model with secondary particles and optionally with a core-shell structure is developed and
evaluated. Discharge performance is shown to be stronger impacted by changing the electrolyte fraction inside the particle than by
changing the size of the electrolyte core within the secondary particle. A core-shell structure has a positive impact on the discharge
performance and should be preferred for high power application. In contrast, cells with homogeneous agglomerate particles show
better performance at low discharge rates. Thus, they are recommended for high energy and low power applications. The results of
this study highlight the potentials of tailored production process for next-generation batteries.
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article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
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All-solid state lithium batteries (ASSB) are considered to be
promising candidates for safe battery systems with high energy
density. By eliminating liquid components of the battery, disadvan-
tages such as leakage and flammability of the electrolyte are
avoided. Furthermore, an energy increase can be realized due to
usage of pure lithium metal anodes Nevertheless, several key
challenges like low ionic conductivity and scalable processing for
mass production are needed to have a breakthrough for this
technology.1,2

A typical ASSB consists of a lithium metal anode and a
composite cathode, including active material, solid electrolyte,
conductive additive and binder. Both electrodes are separated by a
separator. The structure and morphology of the cathode is crucial for
battery high performance and high energy density.3

Laue et al. have proposed a model-based approach of a micro
structure model of composite cathodes. It has shown that the
structure, composition and distribution of cathode components
have a strong influence on the effective electric and ionic
conductivity.4 Bielefeld et al. have also used a microstructure
modeling approach and investigated the percolation of solid electro-
lyte and active material of a cathode to find the ideal composition for
ASSB.5 Strauss et al. compared large and small cathode active
material particles in lithium-ion batteries (LIB) and ASSBs with a
solid thiophasphate electrolyte. They have shown that active
material particle size is crucial for the high performance of an
ASSBs in contrast to LIBs. Discharge behavior of LIBs with
different particle sizes was similar whereas ASSBs with small active
material particles generated the highest discharge capacity.6

Furthermore, Helmers et al. have investigated production processes
which resulted in different cathode particle structures.7 They
proposed two scalable processes for solid polymer batteries based

List of symbols
as specific surface area, m−1

ce Li+ concentration in electrolyte phase, mol m−3

cs Li concentration in solid phase, mol m−3

CDL double layer capacitance at the working electrode, C m−2

De salt diffusion coefficient in electrolyte, m2 s−1

Ds lithium solid diffusion coefficient in solid phase, m2 s−1

F Faraday constant, C mol−1

jLi reaction current density, A m−3

jtot total current density, A m−3

jDL double layer current density, A m−3

k reaction rate constant, m4mol−1s−1

R universal gas constant, J mol−1 K−1

R particle radius, m
t time, s
tp transference number, —
α transfer coefficient, —
β Bruggeman’s exponent, —
δ thickness, m
εs active material volume fraction, —
εe electrolyte volume fraction, —
η reaction overpotential, V
Φe electrical potential in electrolyte, V
Φs electrical potential in solid, V
σe electrolyte conductivity, S m−1

σs electric conductivity, S m−1

Superscripts and subscripts
a anode
agg agglomerate phase
c cathode
DL double layer
e electrolyte phase
max maximum value
prim primary particle

(Continued).

OCP open circuit potential
s solid phase
sec secondary phase
sep separator
tot total
0 initial value
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on composite cathode granules with lithium iron phosphate (LFP) as
active material. The granules consist of a solid polymer core and an
active material and conductive additive shell. The first production
process includes an additional extrusion step which leads to a
homogeneously distributed polymer electrolyte. Whereas the second
route leads to more inhomogeneous distribution and a lower rate
capability. Cathode structure is thus an important one factor for
improving the rate capability.7 This kind of production can easily
lead to agglomeration of LFP particles which is typically reported in
literature.8 Furthermore, the initial production step may cause a core-
shell particle structure that either remains mostly unchanged without
additional production steps, or it is further altered to large
agglomerates in further production steps.

Core-shell particles have been reported in literature for batteries. Su
et al. showed an overview about possible core-shell particle concepts.9

All proposed concepts are mostly induced to balance different dis-
advantages of each component in a particle for improvement of battery
performance. Sun et al. investigated experimentally core-shell particles
consisting of two different active materials for cathode material. Here,
the active material within the core has a high capacity and the shell a
high thermal stability which combines the advantages of both
materials.10 Cho et al. reported a similar concept but with a different
material combination.11 All proposed experimental investigations have
focused on LIB and none of them have considered core-shell particles
with an electrolyte core for ASSB.

Modeling is recognized and used more and more to investigate
batteries to reduce the high amount of trial-and-error experiments.
Thus it leads the path toward knowledge-driven battery operation.
Different modeling methods have been applied to investigate
structural influences in batteries. These include classic pseudo-2-
dimensional (P2D) models according to Doyle and Newman.12 Such
models have the advantage of moderate computational cost. Liu
et al. employed a model-based approach to investigate mechanical
influence during charge and discharge of core-shell particles con-
sisting of a graphite core and a silicon shell.13 Herein, they coupled
mechanics and electrochemistry to investigate mechanical behavior
of a battery cell. Further, Wu et al. used a model for core-shell
particles to investigate the mechanical effect of lithiation and
delithiation of two cathode active materials.14 Their model has
shown that independent mechanical stress within the shell and core
during discharge and charge induce fracture and debonding of both
particle areas. Lueth et al. proposed a P2D model with agglomerate
active material particles.15 They have investigated different proper-
ties of intrinsic and geometric parameters for agglomerate particles
of Li(Ni0.33Co0.33Mn0.33)O2 active material. Nevertheless, they all

have focused on LIB which fast lithium transport properties of solid
electrolytes and active material. A few models have recently been
used for the investigation of polymer-based,16 single-ion
conducting17 or thin film ASSBs,18 but none of them focused on
particle structures within the electrodes. 3D electrochemical models
show a considerably higher computational cost. These models can
take into account irregularities in the cell structure, though often
limited to small cell sections.19 Furthermore, there are 3D micro-
structure models of ASSBs that calculate effective parameters
without performing electrochemical simulations.4,5 They enable to
determine, e.g. electric conductivity, ionic diffusivity and active
surface area for arbitrary particle and pore size distributions as well
as heterogeneous mixtures of active material, electrolyte and
additives. Further, identified dependencies of effective parameters
on composition of the electrode can be used to setup surrogate
models. These microstructure models can be coupled with P2D
models as shown by Laue et al., to more realistically evaluate
batteries with different structures.20

All model-based and experimental works on core-shell particles
have focused on either mixtures of two active materials or on single
active materials but with agglomerate structure for liquid electrolyte
batteries on a system level. Although, experimental work empha-
sizes the importance of the particle structure, currently no model-
based approach exists of agglomerates or core-shell particles for
ASSB. In this regard, we have focused our investigation on
discharge behavior for cells with different secondary particle
structures which consist of slow diffusive active materials and
polymer based electrolytes to identify their limitations. This leads
to the objective of this work which is to investigate discharge
behavior of an polymer solid-state lithium battery cell and to give a
recommendation for optimal cathode particle structure. For this
purpose, a battery model with optionally agglomerate and core-shell
particles is formulated. To the best knowledge of the authors, this is
the first model to study core-shell structures in all solid-state
batteries. The investigated battery cell consists of lithium iron
phosphate (LFP) and a lithium metal foil as active materials for
the cathode and anode, respectively. A polystyrene-b-polyethylene
oxide (PS/PEO) with LiTFSI as conducting salt is used as polymer
electrolyte in the separator as well as in the composite cathode.

Mathematical Modeling

In the first part of this section, the geometrical structure of the
model is described, followed by the electrochemical system and its
equations, four investigated particle cases and the parameter set.

Figure 1. Overview of model containing porous LFP particles and electrolyte core.
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Electrode and core-shell particle geometries.—The battery cell
consists of a lithium anode and a composite cathode separated by a
full solid polymer electrolyte separator. The cathode is completely
filled with polymer electrolyte and active material without any voids
in the overall structure. The polymer electrolyte serves as a binder,
so that an additional additive is not necessary. The cathode
structure is partitioned into a core-shell particle surrounded by
electrolyte which is represented by particle fraction εsec and outer
electrolyte fraction within the electrode of electrolyte fraction εe,bulk

as can be seen in Fig. 1.
The cathode is modeled as a single spherical porous particles

with radius Rsec, and consist of a core and a shell, based on a single
particle model (SPM).21 The SPM is applicable to cells with evenly
distributed current densities along the electrode. The core is located
in the center of the secondary particle. It has a radius Rcore and
consists entirely of electrolyte. The fraction of the core volume to
secondary particle volume is defined as εcore. The shell encloses the
core and thus occupies the remaining volume of the secondary
particle. The shell takes up the volume fraction related to the
secondary particle radius Rsec and its volume fraction can be
described as follows:

ε =
−

[ ]
R R

R
1shell

sec
3

core
3

sec
3

where εshell is the volume fraction of the shell inside the secondary
particle. To determine the capacity of the entire cathode, the total
volume of active material in the shells is required. It is assumed that
the particle contains only electrolyte and active material. Thus the
total volume fraction of the active material can be described as:

ε ε ε ε= · · [ ]2s,total shell sec s,agg

with active material volume fraction within the shell εs,agg.
The secondary particles are assumed to be spherical particles

with radius Rsec, and they are as compact particles without any
electrolyte, agglomerates, i.e. secondary particles with electrolyte in
the pores, or as compact or agglomerated particles with a core-shell
structure. In contrast to Lueth et al.,15 the particles have a specific
surface of the secondary particle depending on the particle radius.
The outer surface area of the particle agglomerate is calculated as:

ε ε
=

· ·
[ ]a

R

3
3s,sec

sec s,agg

sec

ε
=

·
[ ]a

R

3
4s,agg

s,agg

prim

with Rprim being the radius of the primary particle. All equations in
the particle are implemented in radial coordinates and all indexes in
the particle are provided with agg.

The equations at cell level are in Cartesian coordinates in one-
dimensional space and the indexes for this phase are provided with
sec.

Governing equations.—In this section, the model of a solid state
battery with polymer electrolyte and agglomerate or pore-shell type
cathode particles is introduced. This electrochemical model is a
modification of an agglomerate model by Lueth et al.15 and a
combination with an ASSB model with binary electrolyte based by
Wu et al.16 Hereby, the particles are implemented as superimposed
phases of active material and electrolyte, similar as in the porous
electrode theory.22 Hereby agglomerate particles are considered to
be secondary particle with radius, Rsec, that consist of optionally
agglomerated LFP primary particles with a radius of Rprim as
illustrated in Fig. 1.

LFP as active material is known as two-phase material with a Li-
rich and Li-lean phase. Due to the two different phases, lithium
diffusion in the solid phase of the active material changes during
discharge, resulting in a diffusion coefficient change of 10−18 to
10−20 m2 s−1.23 As this work focuses rather on secondary particles
and electrode structure, where the principle interplay of design and
processes is the focus, we use an average diffusion coefficient.
However, we conducted simulations in the full range of the diffusion
coefficients and were seeing negligible impact (see Appendix). All
governing transport equations of the cell model, are summarized in
Table I. Ion transport of Li+ and TFSI− in the binary electrolyte is
described using Nernst-Planck flux. Due to the monovalent ions
(zk; k ∈ {Li+, TFSI−}) and assumption of electroneutrality
(∑zkck = 0) the transport equations for both species can be combined
to the electrolyte transport (see Eq. 5). As a result, the influence of
the charged species by migration can be represented only by the
transference number (1− tp) in the term of the wall flux at the
electrode surface.22,24

Thus, Eq. 5 consists of an accumulation term on the left side and
a diffusion, production and flux term on the right side, where
Ne,bulk = 0 and jLi,sec = 0 in the separator phase. The additional flux
term describes the local sink/source of electrolyte due to diffusion

Table I. Equations for solid state battery model with core-shell particles.

Model equations Boundary Conditions

⎛
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into or out of the secondary particle

= ·
∂ ( )

∂
[ ]N D

c R

r
10e,bulk e,agg

eff e,agg sec

where De,agg
eff is the effective diffusion coefficient that takes porosity

into account and ce,agg the concentration of conductive salt in the
electrolyte phase in the secondary particle.

The total current density jtot for the simulated particle is com-
posed of the double layer current jDL, the reaction current at the
secondary particle surface jLi,sec and the reaction currents within the
particle jLi,agg. It is taken into account that the current density within
the particle is calculated per corresponding radius. Hence, the total
current density can be calculated by:

∫= + + [ ]j j j
R

r j r
3

d 11
R

tot DL Li,sec
par 0

2
Li,agg

par

Butler-Volmer equation is used to calculate the reaction current
density at the secondary particle surface

⎛
⎝⎜

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎞
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α η α η
= −

−
[ ]j a i

T T
exp

F

R
exp

F

R
12Li,sec s,sec 0,sec

a sec c sec

and the reaction current density within the particle at the primary
particle surface area

⎛
⎝
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⎛
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⎞
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⎛
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α η α η
= −

−
[ ]j a i

T T
exp

F

R
exp

F

R
13Li,agg s,agg 0,agg

a agg c agg

where a js, is the specific surface, i i0, is the exchange current density
and ηj is the overpotential of phase j. Further, αa and αc are the
anodic and cathodic transfer coefficient, respectively, T is the
operation temperature, F is the Faraday’s constant and R is universal
gas constant. The electrochemical double layer of the electrode is
modeled by

= ∂(Φ − Φ )
∂

[ ]j a C
t

14DL s,total DL
s e

whereCDL is the double layer capacitance, Φs is the electric potential
and Φe is the ionic potential. as,total is the total specific surface area of
the electrode composed of separate specific surfaces outside and
within the secondary particle.

ε ε= + · · [ ]a a a 15s,total s,sec s,agg sec shell

Here, the Li ions originating from the anode can either react at the
outer surface (as,sec), which corresponds to a non-porous secondary
particle, or Li-ions diffuse into the electrolyte-filled secondary
particle and react at the surface area of the primary particle
( ε ε· ·as,agg sec shell). The exchange current density is determined ac-
cording to the local concentrations at the surfaces. Thus, the
exchange current density at the interface of the secondary particle
can be calculated as follows

= ( − ( )) ( ) [ ]α α αi kc c c R c R 160,sec e,bulk s,max s sec s sec
c a a

where k is the reaction rate, cs is the solid lithium concentration at
the secondary particle radius, ce the concentration in the electrolyte
and cs,max is the maximum concentration of the active material. The
exchange current density within the particle can be described
likewise by

= ( ) ( − ( )) ( ) [ ]α α αi kc r c c r c r 170,agg e,agg s,max s sc a a

Overpotential occurs at electrolyte-electrode interface of the
secondary particle and primary particles and can be described as

η = Φ − Φ − ( ( )) [ ]U c R 18sec s e OCP s sec

and

η = Φ − Φ − ( ( )) [ ]U c r 19agg s e OCP s

where UOCP(cs) is the open circuit potential.
Effective transport parameters are calculated by the Bruggeman

relation and a Bruggeman coefficient of β= 1.5.15 Therefore, the
following applies to the diffusion coefficient:

ε= · [ ]βD D 20j i j i j i,
eff

, ,

wherein Dj i,
eff is the effective, Di j, is the free binary diffusion

coefficient of species j ∈ {Li, Li+} in phase i ∈ {active material,
electrolyte} as well as εj i, is the corresponding volume fraction.

The spatial discretization of the partial differential equations for
the cell and the particle is done with a finite volume method and the
time derivatives are solved with an ode solver embedded in Matlab.
The boundary conditions for the model are listed in Table I on the
right. Furthermore, all simulation parameters and initial values are
taken from literature16,25,26 and listed in Table II.

Simulated particle structures.—As already mentioned, particle
structure could be a result based on the adjusted production process
route.7 Based on this idea four cases of particle structures are
focused on: agglomerate, core-shell, compact and compact core-
shell particles.

The core-shell particle as the base case scenario for all structures
is represented by an electrolyte core radius ( >R 0core ) and an
electrolyte fraction within the particle shell (εagg > 0) as illustrated in
Fig. 2.

The case of evenly distributed active material primary particles
within a secondary particle results in an agglomerate without any
electrolyte core. Hence, the core radius is equal to zero ( =R 0core )
but an electrolyte fraction in-between primary particles still exists
(εagg > 0). This means, mass transport within active material and
electrolyte within secondary particle is possible as well as electro-
chemical reaction.

Secondary particles with electrolyte core ( >R 0core ) and no
electrolyte structure within the shell of the secondary particle
(εagg = 0) are called compact core shell particle. Due to the missing
electrolyte phase in the shell, there is no ion mass transport within
the shell. Last case is a compact particle which has no additional
electrolyte structure within the secondary particle ( =R 0core &
εagg = 0). That means that no ion transport is possible inside the
particle so the electrochemical reaction only takes place at the outer
surface of the secondary particle.

These structures allow to investigate the influence of electrolyte
fraction within the particle on the discharge capacity and the
influence of core size on the discharge behavior.

Parameters.—Modeling is conducted using Matlab 2019b. All
used parameters in this simulation study are listed in Table II.
Thickness of the cathode δc is calculated for maximum usable
thickness for a SPM. Details can be found in the Appendix.
Thickness of the separator δsep was chosen sufficiently small to
make the transport effects within the particle predominant.
Furthermore, for the electric conductivity σs was assumed that the
conductivity additive is uniformly distributed in the solid phase of
the secondary particle and thus in the electrode. A typical electrical
conductivity used for LFP is 0.5 S m−1, where no potential gradients
are expected at the analyzed electrolyte fractions, thicknesses and
C-rates.17 Based on this, the analysis can focus on diffusion within
the active material and electrolyte. The ionic conductivity σe is
concentration dependent and is based on the work of Wu et al. to
calculation the ionic resistance within the separator.16 An Open-
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Table II. Base case parameter set for simulating the solid electrolyte battery cell.

Parameter/Symbol Value Unit References

Cathode thickness δc 25 μm —

Separator thickness δsep 20 μm —

Particle radius Rsec 2 μm —

Particle radius Rprim 0.5 μm —

Volume fraction particle εs,total 0.5 — —

Volume fraction electrolyte on cell level εe,bulk 0.5 — —

Max. Li concentration in the solid phase cs,max 22806 mol

m3
26

Electrolyte concentration ce,0 1200 mol

m3
—

Anodic transfer coefficient αa 0.5 — 16
Cathodic transfer coefficient αc 0.5 — 16
Solid phase diffusion coefficient Ds 8 · 10−18

m

s

2 16

Electrolyte phase diffusion coefficient De 7.8 · 10−12
m

s

2 16

Electric conductivity σs 0.5 S

m
17

Ionic conductivity σe σe(ce) S

m
16

Transference number tp 0.41 — 16
Bruggeman’s exponent β 1.5 — 25
Double layer capacitance CDL 0.2 F

m2
25

Reaction rate k 5.03 · 10−12
m

mols

4 16

Discharge rate Crate 1 1

h
—

Figure 2. Variants of the ASSB model with different cathode particle structures.
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Circuit-Potential (OCP) curve is used for lithium-iron phosphate
(LFP) from Ref. 26, which is a function of the state of charge (SOC)
of the cathode active material. To understand the impact of electrode
and particle geometry and thus to give a guideline for optimizing
ASSB electrodes, the particle structures radius and electrolyte
volume fraction are varied in this study and discharged at currents
corresponding to a discharge rate of 1C. All other material-specific
and geometric parameters are kept constant. These include electro-
lyte conductivity, electrolyte and active material diffusion coefficient
and transference number according to Table II.

Results and Discussion

In this section, first, cells containing compact particles are
compared with cells containing agglomerate particles. This is
followed by a comparison to cells with core-shell particles.
Subsequently, C-rate tests reveal the influences of core-shell and
agglomerate structures on the discharge behavior of the cells.

Effect of using agglomerate particles.—In Fig. 3, results for
cells with agglomerate particles with various electrolyte fractions are
shown. The electrolyte fraction correlates to the decrease in active
material. Figure 3a shows the cell potential during the 1C-discharge
process. The highest discharge capacity, 6.3 A h m−2, is observed for
the electrolyte fraction of 1%. Compact particles, i.e. agglomerates
with an electrolyte fraction of zero, show the lowest discharge
capacity. Cells with electrolyte fractions larger than 5% exhibit
decreasing capacity but higher potential throughout the discharge;
this causes an intercept between the 1% and 5% discharge curves.
For intermediate electrolyte fractions of 0.2 and 1%, two potential
plateaus can be seen during discharge, where the first plateau ends at
a similar capacity as the final capacity of the compact particle. To
explain this behavior, we reveal the concentration profile of lithium
within the active material and lithium ions within the electrolyte of
the secondary particle at the end of discharge in Figs. 3b and 3c,
respectively. It can be seen that the concentration in the electrolyte is
decreasing with decreasing electrolyte fraction. This is caused by the

decreasing electrolyte volume fraction and consequently lower
effective ionic transport and by consumption of lithium ions by
reaction. That is why the lithium ion concentration is lowest in the
center of the agglomerate particles, i.e. r→ 0. Further, it can be seen
that for very low electrolyte fractions, here smaller 0.2%, lithium
depletes within the electrolyte phase. As such, only a small part at
the surface of the particle is active for the electrochemical reaction.
This causes a low capacity and early voltage drop. In Fig. 3c, the
corresponding lithium concentration within the active material is
shown. It can be seen that the particles with high electrolyte fraction
allow a full lithiation of the active material, which can be seen in
constantly high lithium concentrations in the solid at the end of
discharge. In contrast, lower electrolyte fractions yield low utiliza-
tion of the active material in the center of the particle, i.e. toward
normalized radius of zero. This is also in good agreement with the
concentration in the electrolyte. It should be noted that two effects
contribute to the observed profile and low capacity: the slow ion
transport in the pores leads to a depletion of ions and thus of
electrochemical reactions within the particle. In addition, diffusion
of Li in the active material, LFP, is known do be very slow, so that
produced Li accumulates only at the outer part of the particle. An
even slower diffusion coefficient of 1 · 10−20 m2s−1, which is
representative for a Li-lean area of LFP active material, does not
change the discharge behavior, nor the concentration profiles. For
further details see Appendix.

This denotes that for LFP electrodes with low electrolyte
fractions in agglomerated secondary particles the transport of lithium
ions is limiting the battery discharge capacity. In addition, cells
containing agglomerate particles with high electrolyte fractions
above 1% also lead to low discharge capacities due to less active
material. This explains why the discharge capacity is optimal for
cells containing agglomerate particles with medium electrolyte
fractions.

The total energy drawn from the battery is an integral of capacity
and voltage. We therefore also analyze the effect of agglomerate
porosity on energy density per cathode volume in Fig. 3d. Similar as
for capacity, the lowest energy density is obtained by the cells with

Figure 3. Analysis of the effect of electrolyte content of secondary particles on (a) discharge curves, (b) lithium ion concentration profiles in the electrolyte
within the particle at the end of discharge, (c) lithium concentration in the active material within the secondary particle at the end of discharge (d) energy density
per volume of active material within the cathode. Crate = 1C and Rsec = 2 μm. Further parameters see Table II.
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electrolyte fraction of lower than 0.1%. Also similarly as for
capacity, the energy density for 1% electrolyte fraction is the highest
and is decreasing at higher electrolyte fractions for agglomerate
particles. From this we can conclude that medium electrolyte
fraction within agglomerate particles leads to higher utilization of
active material, especially for slow lithium diffusion material such as
LFP, as it shortens the solid diffusion paths by providing more active
area and additional ionic conductive paths. With high electrolyte
fraction, there is too few active material, so that the energy density
decreases. Therefore, for agglomerate particles, there is the need to
identify an optimal electrolyte fraction regarding energy and
capacity. For our investigated LFP agglomerates particles of 2 μm,
1% seems close to a local optimal electrolyte fraction.

Effect of core-shell design.—The previous analysis has shown
that cells with an electrolyte fraction of 1% within a secondary
particle exhibit a high capacity and almost full lithiation of active
material particles at 1C discharge. Higher electrolyte fractions lead
to better active material utilization but lower capacity. Therefore, 1%
electrolyte fraction is chosen as upper limit for agglomerate core-
shell particle investigation. In the following, the influence of an
electrolyte core is investigated.

In Fig. 4, results for cells containing no vs electrolyte core
spanning 40% of the particle radius in the secondary particle are
compared. To elucidate the dependency on porosity of the particle
shell, a non-porous shell is compared to a shell with a very low
porosity of 0.2% and a shell with 1% porosity. Fig. 4a shows the
potential evolution of the six cells during the discharge process. The
highest capacity can be observed for agglomerate particles with 1%
electrolyte fraction and no electrolyte core. On the other hand, cells
with core-shell particles with 1% electrolyte fraction and an
electrolyte core of 40% show a slightly higher cell potential through
discharge while having a slightly lower capacity. Interestingly, the
core-shell particle performs better for particles with a shell of 0.2%
electrolyte content. Thus, core-shell particles may outperform
particles without core. The lowest capacity can be observed for

cells having compact core-shell particles or compact particles
without an electrolyte core.

For deeper insight, Figs. 4b and 4c show concentration profiles of
lithium ions within the electrolyte and lithium within the active
material of the secondary particle at the end of discharge, respec-
tively. The lithium ion concentration within the electrolyte of a cell
with core-shell particles and electrolyte fraction higher than
εe,agg > 0% is always higher compared to cells with agglomerate
particles. This is caused by the shorter diffusion paths of lithium ions
in the electrolyte to the active surface area within the secondary
particle for core-shell particles, both from outside and from the core,
which constitutes an electrolyte reservoir. The lithiation takes place
only in the shell ( >r R 40%sec ) thus in the core only lithium ion
diffusion is possible. That is why the lithium-ion concentration
within the electrolyte in the core ( <r R 40%sec ) is increasing from
center to the inner boundary of the shell. In contrast, the cell with
non-porous core-shell particles shows a constant lithium-ion con-
centration unaffected from beginning within the core because no
connection to the counter electrode exists. This area is surrounded by
the solid active material so that neither diffusion nor charge transfer
reaction is possible.

The concentration for core-shell particles starts at the lower
boundary of the shell ( =r R 40%sec ) because the active material is
limited to the shell area of the secondary particle. It can be seen that
cells with high electrolyte fraction of 1% in the particle accomplish
full lithiation of active material, both for the cell without and with
electrolyte core. This explains their high discharge capacity and
voltage. In contrast, low electrolyte fraction results in a low
utilization of active material in the center of the secondary particle
for agglomerate and core shell particles. Furthermore, it can be seen
that for cells with electrolyte fraction of 0.2% core-shell particles
allow a higher lithium concentration compared to agglomerate
particles. This can be explained by the shorter diffusion paths within
the active material for core-shell particles because the diffusion is
limited to the shell of the secondary particle. In addition, reserves of
lithium ions in the electrolyte of the core support the charge transfer

Figure 4. Analysis of the effect of electrolyte content and electrolyte core radius of secondary particles on (a) discharge curves, (b) lithium ion concentration
profiles in the electrolyte within the particle at the end of discharge, (c) lithium concentration in the active material within the secondary particle at the end of
discharge (d) energy density per volume of active material within the cathode. Crate = 1C and Rsec = 2 μm. Further parameters see Table II.
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reaction. LFP as active material has a slow solid diffusion which
motivates short diffusion paths to achieve a high utilization. Further,
in Fig. 4d the energy density per cathode volume is shown. It can be
seen that cells with agglomerate particles and an electrolyte fraction
of 1% have a higher energy density than cells with core-shell
particles. This is in good agreement to the discharge capacity that
can be explained by the higher amount of active material within the
cathode. Cells with core-shell particles and 0.2% electrolyte fraction
yield higher energy density compared to agglomerate particles due to
their higher discharge capacity and voltage. As a result, cells with
core-shell particles show good performance compared to cells with
only agglomerate particles for low electrolyte fractions due to higher
active material utilization for large LFP particles. For electrolyte
fractions above 1% it changes and cells with agglomerate particles
show the highest energy density, as they contain more active
material. They thus pose the optimum between diffusion path
lengths and fraction of active material.

Effect of discharge rate vs particle design.—The previous
analysis revealed that agglomerate particles with 1% electrolyte
fraction with and without core, both show a high and quite similar
energy density during a 1C discharge. However, rate dependency is
an important factor for real application. Therefore, we evaluate these
cells also for three additional discharge rates.

Figure 5a shows that particles without core achieve at at
discharge rates of 0.5, 1 and 2C, higher capacities whereas the
voltage plateau is the same. In contrast to this, at higher C-rates of
3C, cells with core-shell particles show higher capacity and voltage
plateaus than those without core.

To understand the behavior, we exhibit the concentration profiles
of lithium ions within the electrolyte and lithium within the active
material of the secondary particle at the end of discharge in Figs. 5b
and 5c, respectively. As expectable, the lithium-ion concentration
within the electrolyte is decreasing with increasing discharge rate,
i.e. consumption rate of Li in electrolyte. Furthermore, the quite low

electrolyte fraction of 1% in the particle results in a slow diffusion of
lithium ions into the secondary particle which leads to an electrolyte
depletion within the center of the secondary particle at 2 and 3C
discharge rate. Similar as discussed for 1C, for discharge rates below
2C the electrolyte concentration in core-shell particles is always
higher than in agglomerate particles due to smaller diffusion
distances and the additional electrolyte reservoir.

Figure 5c shows that for 0.5 and 1C discharge rate a complete
lithiation in both particle structures is reached due to sufficiently fast
diffusion. In contrast to this for fast discharge rates, the concentra-
tion is decreasing in particle center direction. Here, the diffusion
through the active material and electrolyte are too slow and limit the
discharge performance. Except for the cell with core-shell particles
and a C-rate of 2C that is completely lithiated. Lithium and lithium
ions are accumulating at the surface of the secondary particle and
lead to high overpotentials and a fast voltage drop. Again, cells with
core-shell particles have a higher lithiation compared to cells with
agglomerate particles due to shorter diffusion paths.

Figure 5d shows that for low C-rates of 0.5, 1 and 2C cells with
agglomerate particles achieve higher energy densities than with
core-shell particles at 0.5, 1 and 2C. This is due to the sufficient time
for diffusion and higher amount of active material within agglom-
erate particles. Cells with core-shell particles have a higher energy
density at 3C compared to cells with agglomerate particles. This is
due to higher capacity and higher voltage of cells with core-shell
particles because they have shown a higher lithiation. To sum it up,
cells with core-shell structures for agglomerate particles are prefer-
able at high discharge rates. In this case, high energies can be
realized despite slow transport kinetic in the active material and
large secondary particles due to higher active material utilization. On
the other hand, agglomerate particles show better performance at
slow discharge due to more active mass. Charge simulations of
analyzed cells were performed, but showed similar features com-
pared to the discharge behavior, leading to rapid potential rises in
cells with dense particles and high charge capacities in cells with

Figure 5. Analysis of the discharge rate on cells with and without an electrolyte core on (a) discharge curves, (b) lithium ion concentration profiles in the
electrolyte within the particle at the end of discharge, (c) lithium concentration in the active material within the secondary particle at the end of discharge (d)
energy density per volume of active material within the cathode. =R R 0%core sec and 40%, εe,agg = 1% and Rsec = 2 μm. Further parameters see Table II.
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high electrolyte fraction with the agglomerate particle. Therefore,
the charge processes were not considered in more detail.

Conclusions

This work contributes to understanding the effect of cathode
particle structures in all solid-state polymer cells on discharge
behavior and energy density. Focus was layed on small LFP particles
that typically agglomerate. Depending on the electrode production
process, agglomerated particles, solid particles or particles even with
electrolyte in its core may be expected. To optimize electrode
design, our modeling work therefore compared the performance of
agglomerate core-shell particles, compact core-shell particles, ag-
glomerate particles and compact particles. Cells with agglomerated,
i.e. porous particles lead to better active material utilization and so to
higher energy densities compared to cells with compact particles.
Cells with electrolyte fraction of 1% performed best and reached the
highest energy density.

Thereby, cells without an electrolyte core in the particles have
shown higher capacity but lower active material utilization.
Especially, core-shell particles with low electrolyte fraction can
reach a full lithiation and perform better than cells with agglomerate
particles because of shorter diffusion paths within the active

material. This is why core-shell particles are preferable when the
electrolyte fraction within the secondary particle is very low.
Nevertheless, it should be noted, that high electrolyte fraction within
the secondary particle can lead to contact losses between primary
particles, which means that active material is isolated and not usable.
To prevent this, additional conductive additives can be added to
increase the percolation paths and thus the electric conductivity.
Additional 3D microstructure models, as in Laue et al.,4,20 can be
used to investigate and optimize percolation paths within a particle
and resulting effective parameters, i.e. effective electric and ionic
conductivity.

Finally, the influence of the discharge rate on secondary particles
with and without electrolyte core and an electrolyte fraction of 1%
was analyzed. For low discharge rates, cells without electrolyte core
in the particles yielded the highest capacity and energy density. In
contrast to this, cells with core-shell particles performed better at
high discharge rates because of higher active material utilization.
This is due to shorter diffusion paths in core-shell particles, which
decreases the effect of slow solid lithium diffusion in LFP and leads
to higher energy densities.

In this study we focused on cathode particle structure and its
effect on the discharge performance. The results motivate practical
studies toward identifying production routes that enable the

Table III. Variation of the cathode thickness and corresponding voltage drops at 1C and 3C discharge rate based on the initial ionic and electric
conductivity of 0.0338 S/m and 0.5 S/m, respectively.

Cathode thickness dcat in μm Voltage drop at 1 C in V Voltage drop at 1 C in V

25 0.0099 0.0297
30 0.0143 0.0428
35 0.0194 0.0582
40 0.0253 0.0760
45 0.0321 0.0962
50 0.0396 0.1188

Figure 6. Analysis of the effect of electrolyte content of secondary particles on (a) discharge curves, (b) lithium ion concentration profiles in the electrolyte
within the particle at the end of discharge, (c) lithium concentration in the active material within the secondary particle at the end of discharge (d) energy density
per volume of active material within the cathode. Crate = 1C and Rsec = 2 μm Ds = 1 · 10−20 m2s−1. Further parameters see Table II.
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production of electrodes with the identified optimal particle struc-
ture, i.e. size, porosity and core-size. As not all structures may be
producible to sufficient accuracies, we foresee a fruitful interaction
of model-based identification of well performing particle structures
and feasible structures produced in the practical production process.
With our model, we could clearly show general trends in how and
how far particle structure impacts performance of ASSBs. Future
models may dig deeper into certain particle structures, the impact of
particle surface modification, non-idealities at the Li metal27,28 and
by multiple solid phases.23 The extensions will be relevant for
quantitative prediction of experimental results and to understand
non-idealities.
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Appendix

Potential gradient.—The assumption of a single particle model
requires a uniform current density distribution along the cathode to
be applicable. For this purpose, the voltage drop along the electrode
is investigated that determines the distribution of the current density.
This voltage drop can be calculated with the ionic and electric
conductivity to calculate the voltage drop based on Ref. 29:

Φ = · · [ · ]C C R A 1drop A rate tot

Hereby, CA is the areal capacity of the cell and Rtot the total
resistance of the cathode based on the effective ionic and electric
conductivity, calculated by the Bruggeman relation in Eq. 20. All
results were checked for a 1C and 3C discharge rate and are listed in
Table III. A criterion of maximum of 30 mV was used as a limit. It
can be seen, that for a cathode thickness of 25 μm a voltage drop
lower than the maximum limit for a 3C discharge rate was reachable.
Thicker cathodes do not fulfill the requirement and so the thickness
for performed simulation was set to 25 μm.

Slow LFP diffusion coefficient.—In Section 3.1, a constant
diffusion coefficient of 8 · 10−18 m2s−1 for lithium transport within
active material is used. LFP is a two-phase material, therefore we
investigated a slow diffusion coefficient of 1 · 10−20 m2s−1 which
corresponds to diffusion in the Li-lean phase to compare the effect
on cell performance.23 When comparing Figs. 3 and 6, we can see
almost identical discharge curve, concentration profiles and energy
densities. Small changes are visible only in the progression of the
discharge curves, which show for the slow diffusion a slight
minimum at low capacities.
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