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Performance Investigations on All-Solid-State Polymer-
Ceramic Sodium-Ion Batteries through a Spatially Resolved
Electrochemical Model
F. Gerbig, z A. Chauhan, S. Gietl, and H. Nirschl

Institute of Mechanical Process Engineering and Mechanics, Karlsruhe Institute of Technology (KIT), 76131 Karlsruhe,
Germany

Rechargeable batteries are crucial in modern energy storage, with lithium-ion batteries dominating the market. However, the
scarcity and environmental concerns associated with lithium have spurred interest in alternative battery chemistries, particularly
sodium-ion batteries (SIBs), which utilize abundant sodium resources. Despite extensive experimental research on all-solid-state
SIBs (ASSSIBs), theoretical investigations have primarily focused on molecular-level analyses, overlooking the impact of cell
composition on overall performance. This paper aims to address this gap by developing a physical model for simulating ASSSIBs
at the particle scale. Our methodology involves integrating experimental data with simulation results to identify key factors
influencing battery performance. The study reveals slow sodium ion transport as a significant bottleneck, attributed to factors such
as low porosity of the half-cell and limited electrolyte ionic conductivity. Simulation outcomes emphasize the importance of
advancing fast-ion-conducting solid electrolytes to enhance ASSSIB performance. Moreover, the results suggest that electrodes
with high electrolyte active filler content and reduced thickness are necessary for achieving optimal battery capacity utilization.
Overall, this research underscores the intricate relationship between electrode microstructure and battery performance, offering
valuable insights for the design and optimization of sustainable sodium-ion battery systems suitable for stationary and mobile
applications.
© 2024 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
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/
1945-7111/ad7763]
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List of Symbols

cel electrolyte sodium ion concentration, mol m−3

cs active material sodium concentration, mol m−3

Del electrolyte sodium ion diffusion coefficient, m2 s−1

Ds active material sodium diffusion coefficient, m2 s−1

F Faraday constant, C mol−1

iBV Butler–Volmer current density, A m−2

i0 exchange current density, A m−2

iel electrolyte current density, A m−2

is active material current density, A m−2

k Butler–Volmer reaction constant, m2.5 mol−0.5 s−1

KNaTFSI ionic conductivity prefactor for the PEO-NaTFSI system, M−1

n surface unit normal vector pointing outside the computa-
tional domain

R universal gas constant, J mol−1 K−1

si signed stoichiometric coefficient
+t
0 transference number of sodium ions in the electrolyte
T temperature, K
Ueq equilibrium potential, V
q physical quantity
φel,fil electrolyte active filler volume fraction
φel,pol electrolyte polymer volume fraction
κ electrolyte ionic conductivity, S m−1

κd electrolyte diffusional conductivity, S m−1

ν number of moles of ions into which a mole of electrolyte
dissociates

νi moles of ion i produced when a mole of its salt dissociates
Φel electrolyte potential, V
Φs active material potential, V
σ active material conductivity, S m−1

χ mole fraction, MM−1

Rechargeable batteries have become integral to modern society due
to their scalability, cost-efficiency, and high energy storage
capabilities.1 Lithium-ion batteries (LIBs) have emerged as frontrun-
ners, experiencing widespread commercial success in portable electro-
nics and electric vehicles owing to their impressive energy density and
extended lifespan. Research on sodium-ion batteries (SIBs or SIBs)
commenced concurrently with lithium-ion batteries (LIBs) in the late
1970s but saw limited success, leading to a hiatus in research for several
decades. However, interest in SIBs revived in the late 2000s, making it
a vibrant area of study today. The main drive behind this resurgence is
the desire to develop batteries using abundant and non-critical
elements.2 Sodium is much more abundant than lithium and is
distributed evenly across the globe, making it a sustainable alternative
to lithium, which is considered a critical element by the EU.3

Particularly, the increasing need for energy storage applications with
lower energy density requirements, such as stationary battery storage,
necessitates the development of new battery chemistries. The rising
demand for LIBs has caused lithium prices to soar due to its scarcity,
thereby undermining its feasibility for large-scale energy storage
solutions. Nonetheless, for batteries to be genuinely sustainable, it is
essential not only to substitute lithium with sodium but also to remove
other critical metals such as cobalt. The chemical composition of
sodium cathode materials presents numerous opportunities to utilize
alternative and abundant elements like iron, manganese, and copper,
thereby decreasing dependence on critical materials like cobalt and
nickel found in LIBs.4 Moreover, the manufacturing processes for SIBs
are similar to those for LIBs, which lowers the barriers to large-scale
production. Nevertheless, the larger size and weight of sodium ions
compared to lithium ions result in challenges such as poor phase
stability, sluggish ion transport kinetics, and undesirable interphase
formation in sodium host materials.

Cathode materials, as vital constituents of SIBs, play a pivotal
role in providing active sodium ions, determining operational
voltage, and significantly contributing to overall battery cost (up to
32%).5 In comparison to traditional stationary battery technologies
such as lead-acid batteries, SIBs provide a notable enhancement in
energy density. This makes them ideal for stationary energy storagezE-mail: felix.gerbig@kit.edu
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applications and small vehicles where high-end Li-ion batteries are
not required. From a scientific perspective, substituting lithium with
sodium in electrochemical cells raises intriguing questions due to the
larger size of sodium ions, affecting various properties like diffusion,
phase behavior, and charge transfer. Research on SIBs primarily
focused on developing active materials similar to those in Li-ion
batteries (LIBs), but performance remains subpar.

The electrolyte, which is frequently overlooked, holds significant
importance in sodium-ion batteries, as it facilitates the transportation
of Na+ ions between the cathode and the anode. Furthermore, its
decomposition products contribute to the formation of the solid-
electrolyte interphase (SEI) and the cathode–electrolyte interphase
(CEI), which play a crucial role in various aspects of SIB
performance, including cycle life, rate capability, and safety.6

Most intercalation chemistry based battery systems utilize organic
solvents, which offer significant advantages due to their high room-
temperature ionic conductivity and their ability to accommodate
reversible volume expansion of electrode particles during cycling.7

On the other hand, their limited electrochemical and thermal stability
imposes strict safety constraints on liquid electrolyte cells, thereby
affecting the maximum achievable energy and power density of such
cells. An additional concern is that, metallic sodium irreversibly
reacts with organic electrolytes which leads to SEI formation thus
promoting dendrite growth.8 The use of sodium metal anodes with a
high theoretical specific capacity of 1166 mAh g −1 promises a
significant boost in the theoretical capacity of sodium-ion batteries.
To date, researchers have struggled to make use of purely sodium
metal anodes through uncontrolled dendrite growth.

Addressing these challenges inherent in liquid electrolytes is the
central goal of solid-state batteries (SSBs). These batteries feature a solid
electrolyte, in contrast to the liquid electrolytes used in conventional
batteries. The category of solid electrolytes encompasses a wide range of
materials, including organic polymers, inorganic crystals, glassy phases,
or hybrid compositions. Each subtype of solid electrolyte has unique
properties, conduction mechanisms, and degradation mechanisms.9–11

There is a critical need for alternative materials offering improved
attributes such as rate capability and cost-effectiveness.

Polymers, often overlooked, play vital roles in battery compo-
nents, aiding in adhesion, ionic conduction, and material stability. As
we transition from LIBs to SIBs, polymers offer versatility for
customized chemistries with advanced properties and sustainable
production methods. Research on polymer electrolytes has particu-
larly focused on polyethylene oxide (PEO). This polymer stands out
for its relatively high levels of ionic conductivity and transference
number. Typically, polymer electrolytes are combined with sodium
salts to augment conductivity, with NaTFSI standing out as a
particularly effective salt due to the plasticizing influence of the
TFSI ion. Unfortunately, solid polymer electrolytes still suffer
insufficient ionic conductivity at ambient temperatures.

In contrast, inorganic solid electrolytes exhibit high ionic
conductivity, yet they are rigid and brittle, which results in elevated
contact resistance and complicates the manufacturing process of the
cells. A hybrid polymer-ceramic electrolyte overcomes the need to
operate at high temperatures by combining the advantages of fast
ion-conducting inorganic ceramic particles and mechanically flex-
ible polymers.12 In recent years, a category of ceramic fillers that
actively engage in facilitating sodium ion transport has emerged.13

These fillers are consequently referred to as active fillers. NaSICON-
type materials, which stands for Sodium Super Ionic Conductor, are
a type of active fillers and demonstrate both high conductivity and
chemical stability. Their synthesis does not necessarily involve
critical elements, which makes them ideal active fillers for sustain-
able sodium-ion batteries.14 The proposed cell design features a non-
porous NaSICON-type separator. Its robust nature and chemical
stability are compatible with sodium-metal anodes.

While there is a growing body of literature experimentally
investigating materials and designs for all-solid-state sodium-ion
batteries (ASSSIBs), theoretical approaches have mainly focused on
exploring active materials and electrolytes on the molecular level.15,16

However, simulation studies on SIBs have predominantly con-
centrated on traditional systems featuring liquid electrolytes. For
instance, Xiang et al. used equivalent circuit models for state-of-
charge and state-of-health estimations.17 Similarly, Chayambuka et al.
proposed the application of pseudo-two-dimensional models (P2D)
for SIBs, utilizing flourinated sodium vanadium phosphate in the
positive electrode and hard carbon in the negative electrode.18

Building on these findings, Garipati et al. developed a reduced-order
single-particle-model that achieves quick computation times and low
computational cost while preserving the accuracy of the P2D model.19

The current shift from liquid electrolytes to solid or hybrid
systems opens up a new field of research, presenting unique
challenges and opportunities for simulation studies.20 Solid-state
electrolytes, with their potential for improved safety and stability,
require different modeling approaches to accurately capture their
behavior and interactions within the battery system. This necessi-
tates the development of advanced simulation techniques that can
account for the complex phenomena occurring at the interfaces and
within the bulk of solid-state materials.

To address these emerging challenges, our work aims to explore
the effects of cell composition on the overall battery performance at
the particle level for the first time. We employ a physics-based
microstructure model that resolves the particle scale, allowing us to
investigate the impact of various material properties and design
parameters on the electrochemical performance of ASSSIBs. By
simulating the intricate interactions and transport processes within
the battery, this approach provides deeper insights into the factors
influencing battery efficiency and longevity, thereby guiding the
development of more effective and reliable ASSSIBs. Figure 1
illustrates the working principle of an all-solid-state sodium-ion
battery, featuring NaSICON active fillers embedded in a PEO matrix
as the electrolyte. Physics-based models offer the advantage of being
able to extrapolate data —predicting performance in scenarios that
lie outside the boundaries of the original data used to generate the
model—with sufficient parameterization and without large sets of
experimental data. Such continuum models have been effectively
used to study particle properties in LIBs and thereby predicting their
effects on the cell performance and enhancing the understanding of
otherwise inaccessible processes within the battery cell.21,22

Model

The simulations in this study were performed using the
OpenFOAM® software package, which uses the finite-volume method.
Originally designed for computational fluid dynamics, the code’s

Figure 1. Working principle of an all-solid-state sodium-ion battery with a
sodium metal anode and a hybrid polymer-ceramic electrolyte.
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versatility and open-source nature allowed us to customize it to
accommodate the implementation of governing equations and boundary
conditions required for the electrochemical model underlying our
research. The numerical solver employed in this study is derived
from a preexisting solver developed for lithium-ion batteries, suitably
adapted to model sodium-ion batteries with hybrid electrolytes.23 The
model presented uses concentrated solution theory to describe the
potential and species distribution in a binary electrolyte.24 The
implementation of the model can accommodate various active materials
and electrolytes by suitably modifying the physical parameters.

Governing equations.—Polyanion-type sodium vanadium phos-
phate (NVP) stands out as one of the most extensively researched
active materials for SIBs exhibiting remarkable stability, promising
capacity and excellent cyclability.25 In this study, NVP serves as the
active cathode material with the net reaction of the sodium-ion
battery:

( ) ⇌ ( ) + + [ ]+ −Na V PO NaV PO 2Na 2e 13 2
III

4 2
IV

4

It involves the following reaction at the insertion electrode, where Θs

represents a site in the active material, with a potential of
approximately 3.4 V vs Na+/Na with oxidation of V3+/4+.

Θ ⇌ + Θ + [ ]+ −Na Na e 2s s

The mathematical model relies on five coupled equations describing
mass and charge conservation in the solid insertion electrode and the
electrolyte. In the active material, electrons transport charge,
governed by Ohm’s law, which defines the current density within
a homogeneous, crystalline solid:

σ= − ∇Φ [ ]i 3S s

where σ is the active material conductivity and Φs the active material
potential. The NVP itself exhibits an electric conductivity as low as
3× 10−8 S cm−1.26 The model incorporates the conductivity-enhan-
cing effect of carbon coating in a constant electric conductivity.
Assuming that electrons move faster than other processes, the charge

density remains constant =ρ∂
∂

0
t
V thus resulting in the following

equation of continuity for the solid potential:

∇· = [ ]i 0 4s

In accordance with Fick’s first law, the molar flux density of sodium
is proportional to the concentration gradient. The continuity equation
depending on the active material sodium diffusion coefficient (Ds) is
then represented by Fick’s second law:

∂
∂

= ∇· ∇ [ ]c

t
D c 5s

s s

The Na+ transport in the electrolyte is modeled by concentrated
solution theory which is believed to be more precise than simple
dilute solution theory. The sodium flux in a binary electrolyte
considering diffusion and migration and depending on the electrolyte
sodium ion diffusion coefficient (Del), the transference number of
sodium ions in the electrolyte ( +t

0), the electrolyte sodium ion
concentration (cel), the Faraday constant (F) and the electrolyte
current density (iel) is expressed as:

⎜ ⎟
⎛
⎝

⎞
⎠

= − − ∇ + [ ]+J
i

D
c

c
c

t

F
1

d ln

d ln
6c el

el,0

el
el

el
0

el

The convection contribution is disregarded in this analysis due to the
fact that the solvent velocity in solid electrolytes is typically zero. A
comprehensive derivation of the equation from the Maxwell-Stefan

relationship can be found in Ref. 27. In this study the thermo-

dynamic factor −1
c

c

dln

dln
el,0

el
is set to 1. From this, the mass-balance

equation for the electrolyte is derived:

∂
∂

= ∇· ∇ −
∇·( )

[ ]+ic

t
D c

t

F
7el

el el
el

0

We enforce charge conservation in the electrolyte which states that
∇ · iel = 0. The electric current density field is divergence-free, as
the macroscopic model does not resolve double layer formation

=∂Φ
∂

0
t
el . In a binary electrolyte, the electrolyte current density is

⎜ ⎟
⎛

⎝

⎞

⎠
κ νκ
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+

+

+ +
i

RT

F

s

n

t

z

s c

nc
cln 8el el

0
0 el

0
el

with signed stoichiometric coefficient (si), moles of ion i produced
when a mole of its salt dissociates (νi), number of moles of ions into
which a mole of electrolyte dissociates (ν) and the number of
electrons produced by the reaction (n).28 Unlike Eqs. 3, 8 includes an
additional diffusion term on the right-hand side, representing ion
movement in an electrolyte due to a concentration gradient.27 The
concentration dependence of the electrolyte ionic conductivity (κ) of
a polymer is described by a semi-empirical equation inspired by the
work of Mongcopa et al.:29

⎜ ⎟
⎡

⎣
⎢

⎛
⎝

⎞
⎠

⎤

⎦
⎥κ κ( ) = ( ) −

( )
[ ]

κ
c K T c

c

c T
exp 9el NaTFSI el

el

el, max

No negatively charged species participate in the reaction (s− = 0),
NaTFSI fully dissociates in PEO and the solvent does not participate
in the reaction (s0= 0), the coefficient of Na+ is −1 (s+ =− 1), one
electron is produced in the reaction (n= 1). Also, ν+ = ν− = z+ = 1
for most salts and with the introduction of the electrolyte diffusional
conductivity (κd)

κ κ= ( − ) [ ]+
RT

F
t

2
1 10d

0

Equation 8 simplifies to

κ κ= − ∇Φ + ∇ [ ]i
c

c 11el el
d

el
el

A fifth equation to couple the four partial differential equations
(PDEs) described in Eqs. 4, 5, 7, and the continuity equation of the
electrolyte (∇ · iel = 0) is needed. It computes the rate at which
sodium is produced or consumed by the electrochemical surface
reaction. This equation accounts for the vital charge transfer kinetics
at the active material surface and in the electrolyte, which adhere to
the widely recognized Butler–Volmer equation:24,30

⎡
⎣

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎤
⎦

α

α

= (Φ − Φ − ( ))

− − (Φ − Φ − ( )) [ ]

i i
F

RT
U c

F

RT
U c

exp

exp 12

a

c

BV 0 s el eq s

s el eq s

It is a modeling approach to express the net charge transfer rate
resulting from the heterogeneous reaction occurring on the
electrolyte–cathode surface. The Butler–Volmer current density
depends on exchange current density (i0) along with the local
overpotential. In the absence of more detailed information about
reaction mechanisms, the charge transfer reaction is typically
assumed symmetric, therefore setting the anodic and cathodic
transfer coefficients αa, αc to 0.5 yielding:28
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= − [ ]i Fk c c c c 130 s,max s s el

i0 describes the dynamic equilibrium of the charge transfer reaction
and quantifies the amount of electrons exchanged back and forth
when the electrode is at rest. Typically, experimental measurements
are necessary to determine the ButlerVolmer reaction constant (k)
and the equilibrium potential (Ueq).

Boundary conditions.—Selecting appropriate boundary condi-
tions is crucial for solving the model. The Neumann-style boundary
condition for the active material potential at the cathode-to-electro-
lyte (cte) interface using the surface unit normal vector pointing
outside the computational domain (n) is given by:

σ
·∇Φ ∣ = − [ ]n

i
14s cte

BV

Figure 2 provides an overview of the boundary and interface
conditions implemented in the presented model. For clarity, our
illustrations adopt the notation ∇nφ to denote the gradient of a scalar
quantity φ in the direction of the surface normal vector n. This is
equivalent to the dot product ∇φ · n. The active material sodium
concentration boundary gradient at the cte is calculated accordingly,
while the gradient at the separator equals zero:

·∇ ∣ = ·∇ ∣ = − [ ]n nc c
i

D F
0, 15s sep s cte

BV

s

The flux of the anion into the separator and the active material is zero.
Instead, its diffusion is balanced by migration, which establishes the
boundary conditions for electrolyte sodium ion concentration:

·∇ ∣ = −
· ( − )

·∇ ∣ =
( − )

[ ]

+

+

n
n i

n

c
t

D F

c
i t

D F

1
,

1
16

el sep
el

0

el

el etc
BV

0

el

Substituting 16 in the flux-density equation leads to the expression
for the electrolyte potential:

⎜ ⎟
⎛

⎝

⎞

⎠κ
κ

·∇Φ ∣ = +
( − )

[ ]+n
i t

Fc D
1

1
17el etc

BV
0

d

el el

The periodic setup introduces additional boundaries, necessitating the
implementation of specific boundary conditions. These boundary
conditions ensure that the flux densities exiting one side of the domain
and entering the other side are equal, and that the potential and
concentration values remain consistent across both sides. The standard
Neumann or Dirichlet boundary conditions are inadequate for fulfill the
requisite specifications, necessitating the utilization of Robin-type
boundary conditions. In OpenFOAM®, a scalar value at the boundary
for such a boundary condition is determined using the equation:

ϕ ϕ ϕ ϕ= + ( − )( + Δ∇ ) [ ]w w1 18f ref c ref

The value located at the center of the boundary cell is represented
by (φc). The necessary reference values (φref), reference gradients
(∇φref) and value fractions (w) are obtained by ensuring charge
conservation (io = in) and mass conservation (Jo = Jn) between the
periodic patches and compare coefficients with the equation above
(see Table I). In this context, the subscript n denotes the neighboring

Figure 2. Illustration of the boundary and interface conditions employed in the computational model of the cathode half-cell of an all-solid-state sodium-ion
battery. The surface normal gradient is denoted by ∇nφ, which represents the dot product n · ∇φ.

Table I. Boundary conditions for the periodic setup in the OpenFOAM® simulation environment, ensuring consistent flux densities, potentials, and
concentrations across the periodic boundaries of the computational domain.

Quantity Reference value (φref) Reference gradient (∇φref) Value fraction (w)

Φel Φel,n ( − )∇ − ∇κ
κ+t c c1RT

Fc c

2 0
el,o el,n

el,o

d,n

el,n

κ
κ κ

Δ
Δ + Δ

,n n

,n n ,o n

cel cel,n 0 Δ
Δ + Δ
D

D D
el,n n

el,n n el,o n

Φs Φs,n 0 0.5
cs cs,n 0 0.5
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cell, the subscript o denotes the own cell, and f denotes the value at
the shared face, while Δ represents the face-to-cell distance with a
correction for non-orthogonal cells.

Model parameterization.—The physics based model introduced a
large set of parameters ideally directly measured or derived from
measured quantities. The parameters with constant values used in the
model are listed in Table II. However, the equilibrium potential
determines the shape of the obtained polarization curves and is
characteristic of the active material employed. Nevertheless, the
sodium ion intercalation process lacks a robust theoretical description.
The equilibrium potential of the Na+ intercalation electrodes deviates
from the Nernst equation due to solid-state redox reactions, resulting
in a distinctive anomalous voltage behavior, a topic extensively
explored and debated in the literature.25 Given the limited compre-
hension of solid-state redox reactions, experimental equilibrium
potential profiles are typically matched to empirical expressions for
subsequent model predictions.31 Karthikeyan et al. propose modeling
the equilibrium potential of insertion electrodes using excess functions
based on the principles of thermodynamics of non-ideal solutions.32

This approach expresses the equilibrium potential as a function of the
mole fraction (χ) of the intercalating species and thermodynamic
parameters. We compare thermodynamic equations such as one-
parameter Margules (1P Mar), two-parameter Margules (2P Mar), van
Laar and Redlich-Kister (R-K) equations to identify the most suitable
thermodynamic equation.33,34 Table III provides a summary of the
model equations used in this study.

Figure 3 shows the cell voltage measurements of carbon-coated
NVP samples at low C-rates extracted from Si et al. and the
corresponding fits to the thermodynamic equations.35 A non-linear

least square algorithm was used for fitting the data to the equations.
The fits were then assessed for both monotonicity and overall
quality. Table IV presents the fit parameters for quality assessments.
While the Redlich-Kister and one parameter Margules models
exhibit high fit quality, they fail to adequately capture the elongated
flat plateau and display non-monotonic behavior, which is physically
unrealistic. In contrast, the two parameter Margules model, although

Table II. Modeling parameters for a hybrid sodium-ion battery cathode half-cell with a polymer-ceramic hybrid electrolyte at room temperature.

Parameter Value References

Symmetry factors (αa, αc) 0.5 a)

NVP particle diameter (dNVP) 8 μm a)

NaSICON particle diameter (dNAS) 4 μm a)

Separator thickness (Lsep) 20 μm a)

Sodium max concentration ( )cs,max 14.2 mol l−1 b)

Sodium min concentration ( )cs,min 0 mol l−1 b)

Butler–Volmer reaction rate constant k 3 × 10−12 m2.5 mol0.5 s−1 36
NVP/C conductivity (σ) 7.14 S cm−1 37
NaSICON conductivity (κNAS) 1.5 × 10−3 S cm−1 38
Polymer conductivity (κpol) 6 × 10−5 S cm−1 39
PEO-NaTFSI conductivity prefactor (KNaTFSI) M −1 40
Peak polymer conductivity concentration ( )κcel, max 1.085 × 10−3 S cm−1 40
NaSICON diffusion coefficient (Del,NAS) 4 × 10−12 m2 s−1 41
Polymer diffusion coefficient (Del,pol) 4.7 × 10−14 m2 s−1 42

Sodium ion transference number ( )+t
0 0.39 39

a) geometric parameters used for simulation. b) calculated based on gravimetric capacity reported in Ref. 43.

Table III. Equilibrium potential model equations based on different equations of state.

Name Equation

1P Mar
⎜ ⎟
⎛
⎝

⎞
⎠

χ
χ

χ= + − + [− ( − )]FU FU RT RT Aln
1

2 1eq eq
0

[19]

2P Mar
⎜ ⎟
⎛
⎝

⎞
⎠

⎡
⎣

⎤
⎦

χ
χ

χ χ χ= + − + − + − + −FU FU RT RT A A B B Bln
1

2 3
3

2
eq eq

0 2
[20]

van Laar
⎜ ⎟
⎛
⎝

⎞
⎠

⎡
⎣⎢

⎤
⎦⎥

χ
χ

χ χ χ
χ χ
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Figure 3. Cell voltage measurements of carbon-coated NVP samples at low
C-rates, extracted from Si et al.35 along with corresponding fits to
thermodynamic equations. The fits were obtained using a non-linear least
square algorithm.
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it may have a slightly lower fit quality, is preferred due to its ability
to maintain monotonicity and its simpler formulation, making it
more straightforward to interpret and apply in subsequent analyses.

Computational solution.—During discharge, Eqs. 5 through 7
describe the movement of Na coming from the anode, through the

electrolyte as Na+, and subsequently intercalating in the cathode active
material. Simultaneously, charge conservation within the cathode, as
well as ionic conservation within the electrolyte, are addressed through
electric and ionic potentials. In the three-dimensional model, the
sodium mass is represented by a single scalar, representing Na+ within
the electrolyte and Na within the electrode. Similarly, a second scalar is
employed to depict potentials in the electrolyte and cathode phases.
Numerically, these two scalars undergo discretization using unstruc-
tured tetrahedral cells with a second-order finite-volume spatial scheme
and an implicit first-order temporal scheme. The equations are solved in
a segregated manner, employing a conjugated gradient linear solver
together with a geometric-algebraic multigrid solver for preconditioning
the matrices. Each scalar is implicitly solved over the entire cathode and
electrolyte domain. Solving uncoupled linear diffusion equations
(e.g. Eq. 5) is straightforward and efficient, even on large, intricate,
three-dimensional mesh networks. However, the significant non-line-
arity introduced by the electrochemistry (e.g. 13 and 12) and ion
transport (e.g. migration terms in 8) complicate the computational
solution considerably.

In the segregated solver, partial differential equations are solved
for each computational domain individually. Figure 4 provides an
overview of the iterative solution algorithm. Within the cathode
domain, a sufficient number of inner and outer iterations are required
to ensure consistency of the external current ( )Is

ex , the current at the
cathode–electrolyte interface ( )Is

cte , and the current at the cathode
current collector ( )Is

cc during galvanostatic cycling. The iterative
coupling between the electrolyte and cathode domains is achieved
through the Butler–Volmer charge transfer. To maintain computa-
tional stability, under-relaxation is applied when coupling the two
computational domains. Convergence is evaluated by computing the
normalized root mean square deviation (NRSMD) of respective
currents on the coupled patches, iel

etc and is
cte, which must fall below

the convergence criterion to ensure current consistency.
Additionally, the change in concentration between successive
iterations must be minimal. In the majority of simulation cases,
convergence criteria δi of 1× 10−3 were found to be sufficient.

Results and Discussion

This Section presents the impacts of polymer-ceramic cathode
electrode characteristics on the battery performance, as predicted by
the model. Through computational simulations, we explore how
various properties of the cathode electrode, such as composition,
microstructure, and thickness, may influence the overall perfor-
mance metrics of the battery system. By analyzing these predictions,
we seek insight into the underlying mechanisms that govern battery
behavior, with the aim of informing future design strategies for
enhanced battery performance.

Microstructure generation.—The cathode microstructures ex-
amined herein comprise a randomly arranged stack of dense,
smooth, spherical particles, which were simulated using the discrete
element method (DEM) via the open-source code LIGGGHTS. This
approach is adapted from a LIB microstructure generation algorithm
described in Ref. 44. The simulations aim to mimic the spatial
distribution of the cathode components, without detailed modeling
of particle interactions. The stack of particles, representing the active
material and NaSICON fillers components, was generated within a
simulation box and allowed to drop and roll under periodic
boundaries, with collisions modeled using the Hertz-Mindlin model.
This approach qualitatively replicates impedance measurement
data.45 The dimensions of the simulation box were set based on
structural property studies. Uniaxial compression was applied to fix
the cathode dimension, adjusting volume fractions. Electrodes were
modeled at specific thicknesses for different studies. The particle
stacks were extended and trimmed along the simulation box
dimensions to ensure periodic cathode geometries and half-cells
were formed. Pore volume within the cathode and a separator

Table IV. Fit parameters and quality assessments for the thermo-
dynamic models.

Parameter Ueq
0 A B R2

1P Mar 0.3781 2.1698 0 0.9616
2P Mar 3.3782 1.5837 0.2306 0.9509
Van Laar 3.3785 1.81 1.0424 0.9507
Redlich-Kister 3.3787 a) 0 0.9860

a) Coefficients are listed in Table A·I.

Figure 4. Schematic flowchart of the iterative solution algorithm used in the
segregated solver. The algorithm ensures current consistency during galva-
nostatic cycling. Under-relaxation techniques are used to maintain stability,
and the convergence of currents between the electrode and the electrolyte on
the coupled patches is assessed using the normalized root mean square
deviation (NRSMD) to confirm convergence.
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thickness were included to form the electrolyte domain. Pseudo-
random number generation regulated the initial particle insertion.
Multiple microstructures with different seeds were produced for
each study, maintaining constant volume fractions and porosity for
comparability. Figure 5 depicts a virtual cathode structure resulting
from the described microstructure generation workflow. Finally,
meshing of computational regions was performed using Simcenter.
An example of the resultant unstructured tetrahedral mesh is
illustrated in Fig. 5. The mesh generated by Simcenter maintains
non-orthogonality within 65. To ensure accurate flux approximation
and mitigate any potential issues arising from this non-orthogonality,
corrections were applied to the surface normal gradient schemes and
the Laplacian schemes in OpenFOAM®. These adjustments help
maintain the accuracy of the spatial discretization used in the
second-order finite volume method.

Filler content.—Figure 6 illustrates the discharging process for
the battery system under investigation, wherein the active filler
content in the electrolyte is varied. The NVP content was maintained
at 54% with a cathode length of 100 μm. Such an electrode boasts a
theoretical specific capacity of 204 mA h L −1. In the course of the
subsequent investigations, the electrolyte active filler volume frac-
tion (φel,fil) was varied from 0% to 100%. The results demonstrate a
large variation in utilized capacity varying from 21 mA h L −1 for a
pure PEO electrolyte to 202 mA h L −1 for a pure NaSICON
electrolyte. The premature termination of discharging in NaSICON-
poor electrolytes is attributed to slow sodium ion transport within the
electrolyte. Under galvanostatic cycling conditions, the net ionic
current is dictated by the external current, resulting in a substantial
potential difference within the electrolyte to enforce sodium ion
transport, thus satisfying the charge transfer reaction demand. In
particular, the electrode featuring an electrolyte active filler volume
fraction of 80% falls short of utilizing the maximum capacity,
exhibiting a slightly lower cell voltage compared to the electrode
with a pure NaSICON electrolyte. However, this configuration
assumes a denser packing than a close-packing of equal spheres
without overlapping. To achieve such a high electrolyte active filler
volume fraction in a real battery, the filler particles must deviate
significantly from a spherical shape, given the need for electrolyte to

fill the void spaces between the active material particles. A
configuration with an electrolyte active filler volume fraction of
59%, which is feasible with close-to-spherical filler particles without
strong compression, utilizes 138 mA h L −1 corresponding to 67%
utilization of the theoretical capacity. Figure 7 depicts a C/5
charging process for the same electrolyte active filler volume
fraction variants. As with the discharging process, nearly the entire
theoretical capacity is utilized for a pure NaSICON electrolyte, with
utilization decreasing with NaSICON content. During charging, this
pattern is more evident, as the electrode with an 80% electrolyte

Figure 5. Schematic representation of the computational mesh and the
cathode microstructure generated using the discrete element method (DEM)
with LIGGGHTS software, showcasing the randomly arranged stack of
dense, smooth, spherical particles. The simulation replicates the spatial
distribution of the cathode components under periodic boundaries.

Figure 6. The solid lines represent the cell polarization curves of a sodium-
ion battery with a hybrid composite solid electrolyte and varying electrolyte
active filler volume fractions (φel,fil) at a cathode length of 100 μm during
C/5 discharging as a function of the specific capacity. Different colors and
markers represent different electrolyte active filler volume fractions.

Figure 7. The solid lines represent the cell polarization curves of a sodium-ion
battery with a hybrid composite solid electrolyte and varying electrolyte active
filler volume fractions (φel,fil) at a cathode length of 100 μm during C/5
charging as a function of the specific capacity. Different colors and markers
represent different electrolyte active filler volume fractions.
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active filler volume fraction achieves less than 50% of the theoretical
capacity, whereas electrodes with reduced NaSICON content almost
do not utilize any capacity. The simulations did not converge for
electrolyte active filler volume fractions of less than 31%.

Examining the concentration distribution in the electrolyte eluci-
dates the discrepancy in behavior between discharging and charging.
Figure 8 presents the electrolyte sodium ion concentration averaged
along the axis between the separator and the cathode current collector
from the beginning of the charging process (t= 0) to close to the early

termination of the charging process ( =t T9

10 end). During the charging

process, the sodium ion concentration near the separator undergoes a
sharp decline from its initial concentration of 1.3 M to a concentration
of nearly 0 M. This decline is a result of as sodium ions leaving the
cathode half-cell at the separator enter the anode. Similar to the
discharging process, the majority of the charge transfer reaction
occurs in the area close to the separator. In the case of charging, the
charge transfer reaction generates sodium ions in the electrolyte,
which subsequently leave the half-cell at the separator. To counteract
this sodium ion loss in the electrolyte near the separator, the formation
of Na+ deintercalating from the active material according to the
Butler–Volmer reaction alone is insufficient. Hence, sodium ions must
travel from the current collector to the separator which is hindered by
slow Na+ transport across the electrolyte. Additionally, according to
Eq. 9 the conductivity of the polymer exhibits a pronounced decline
for low electrolyte concentrations, resulting to a self-reinforcing
phenomenon once the electrolyte concentration falls below a certain
threshold.

Cathode thickness.—A thick cathode provides multiple benefits
in a bipolar configuration. It decreases the number of necessary
separators and current collectors, thereby reducing dead space and
overall expenses. Figure 9 illustrates the simulated cell voltage over
capacity per unit current collector area for cathode half-cells ranging
from 70 m to 250 m in length. Throughout the simulations, the active
material content (55% ± 3%) and the electrolyte active filler volume
fraction (56% ± 3%) were maintained at consistent levels within the
margins of error associated with microstructure generation and
meshing. The initial discharge rate was set to 0.2 C. As anticipated,
thicker cathodes achieve higher capacities, with the thickest cathode
(250 μm) reaching approximately 2 mA h cm −2 compared to the
thinnest electrode (70 μm) with a capacity of 0.8 mA h cm −2. It is
notable that as the thickness of the cathode half-cell increases from the
thinnest to the thickest, the depth of discharge declines from 60% to
40%. This decline implies that a considerable proportion of the
theoretical capacity cannot be effectively utilized for thicker cathodes.

Active material content.—Figure 10 presents the cell voltages
plotted against the specific capacity for cathode electrodes featuring

different NVP contents. The electrolyte active filler volume fraction
was kept constant at 50% with a cathode length of 100 μm.
Discharging takes place under galvanostatic conditions at a C-rate
of 0.2. Discharging was terminated significantly earlier for the
cathodes with lower porosity. For instance, the cathode containing
80% NVP content reaches an SOC of 0.9, whereas the cathode with
39% NVP content terminates discharging below an SOC of 0.1.
Upon closer examination, this discrepancy is attributed to Na+

transport in the electrolyte. In Fig. 11, a cross-section of the cathode
electrode, spanning from the separator to the current collector, is
depicted. Two distinct color maps illustrate the sodium ion

Figure 8. The solid lines represent the electrolyte sodium ion concentration
(cel) during C/5 charging. The electrolyte sodium ion concentration are
averaged for positions between separator (Sep.) and cathode current collector
(CC).

Figure 9. The solid lines represent the cell polarization curves of a sodium-
ion battery with a hybrid composite solid electrolyte, an active material
content of (55 ± 3)% and an electrolyte active filler volume fraction of
(56 ± 3)% with varying cathode length.

Figure 10. The solid lines represent the cell polarization curves of a sodium-
ion battery with a hybrid composite solid electrolyte, a cathode length of
100 μm and an electrolyte active filler volume fraction of 50% under C/5
discharging as a function of the specific capacity. Different colors and
markers represent different active material contents.
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concentration in both the electrolyte and the active material. The
electrolyte ionic conductivity is lower than the electronic conduc-
tivity of the cathode. Consequently, current flow minimizes the time
spent in the electrolyte, leading to the charge transfer reaction
primarily occurring near the separator. During the discharging
process, the charge transfer reaction gradually shifts from the
separator region toward the current collector as the active material
particles adjacent to the separator reach the maximum sodium
concentration. This necessitates an increase in electrolyte potential
to facilitate ionic current penetration deeper into the positive half-
cell. This dependency is non-linear, resulting in a significant drop in
electrolyte potential, consequently lowering the cell potential even-
tually. Figure 12 provides insight into the electrolyte potential and
the ButlerVolmer current density at the cathode–electrolyte interface
toward the end of the discharge process. Following convention, the
ButlerVolmer current density has a negative sign during discharging.
Notably, regions with a high magnitude of ButlerVolmer current
density move away from the separator, where the exchange current
density diminishes due to the active material sodium ion concentra-
tion nearing its maximum limit of 14.2 M. To drive the ionic current
deeper into the electrode, the electrolyte potential drop exceeds
250 mV.

Conclusions

The cell design and cell composition can negatively impact the
utilization and therewith resource efficiency of all-solid-state sodium-
ion batteries and limit the performance of the batteries. Although the
integration of ultrahigh contents of fast-ion-transporting inorganic
ceramics in the electrolyte may seem intuitive, practical limitations in

real-world applications must be considered. To gain deeper insight
into the underlying processes affecting macroscopic quantities such as
cell voltage and state of charge, we developed and parameterized a
physical model that allows simulations at the particle scale. Our
microstructure generation approach involved creating cathode micro-
structures composed of dense, smooth, spherical particles using the
discrete element method, with the goal of replicating real cathodes.
We identified slow Na+ transport throughout the electrolyte as a
major bottleneck for cell performance. This sluggish Na+ transport is
mainly attributed to three factors: the low porosity of the half-cell due
to the high active material content, the substantial distance between
the separator and the current collector resulting from the large half-
cell thickness, and the overall low electrolyte ionic conductivity due to
the low active filler content. These factors lead to high Na+ gradients
in the electrolyte, particularly near the separator, for moderate C-rates.
Our simulations indicate that at room temperature, electrodes with an
electrolyte active filler volume fraction of 80% and electrode
thicknesses of 100 μm and smaller are required to achieve sufficient
utilization of the theoretical battery capacity. These results emphasize
the importance of further advancing fast-ion conducting solid
electrolytes in the development of all-solid-state sodium-ion batteries.
During charging, Na+ are predominantly consumed near the separator
severely limiting utilization except for very high electrolyte active
filler volume fractions. While further investigation is warranted, these
insights provide valuable guidance for the ongoing technical advance-
ment of cathode half-cells for sodium-ion batteries with hybrid
polymer-ceramic electrolytes. These findings highlight the intricate
relationship between electrode microstructure and battery perfor-
mance, offering valuable insights for the design and optimization of
sodium-ion battery systems.

Together with sodium metal anodes, the battery system shows
potential for sustainable batteries for stationary applications or
mobile applications with less stringent energy density constraints.
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Appendix

Appendix A.1. Derivation and fitting of the electrolyte con-
ductivity equation.—Mongcopa et al. used quasi-elastic neutron
scattering (QENS) to study the conductivity of PEO at different
Li+/EO ratios (rs) and derived the following dependence of
conductivity on LiTFSI salt concentration:29

⎡
⎣

⎛
⎝

⎞
⎠

⎤
⎦

σ = − [ · ]r
r

0.043 exp
0.085

A 1s
s

They attributed the constants 0.043 and 0.085 to the specific
conductivity of the dilute electrolyte and the exponential slowing
of segmental relaxation in the presence of salt, respectively. To align
with the formulation of the physics-based model, we express the
equation in terms of cel rather than rs. Mathematically, the numerator
in the exponent represents the abscissa at the maximum turning point
of the function which corresponds to the concentration at the peak
polymer conductivity ( )κcel, max . In our reformulated equation, a single
empirical constant remains, specific to the materials used and
denoted as KNaTFSI in this study (see Eq. 9). The data fit to evaluate
the value, based on data from Ferry et al., is shown in Fig. A·1:40

Figure 11. Cross Section of a sodium-ion battery cathode with a hybrid
composite solid electrolyte between the separator (left) and the current
collector (right). The colors indicate the active material sodium concentration
(cs) and electrolyte sodium ion concentration (cel).

Figure 12. Cross Section of a sodium-ion battery cathode with a hybrid
composite solid electrolyte between the separator (left) and the current
collector (right). The colors indicate the ButlerVolmer current density (iBV)
at the cathode–electrolyte interface and the electrolyte potential (Φel).
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Appendix A.2. Fit parameters for the Redlich-Kistner
Thermodynamic Model
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Figure A·1. Experimental values of electrolyte conductivity from Ferry et al.40

compared to the fitted conductivity function derived in this study.

Table A·I. Fit parameters and quality assessments for the Redlich-
Kistner thermodynamic model.

U0/V 3.3787

A0 4242
A1 −170.67
A2 −6814.2
A3 1406.3
A4 302 201
A5 −3549.3
A6 −37732
A7 3876.5
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